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ΠΡΟΛΟΓΟΣ 

 

Το 14ο Επιστημονικό Συνέδριο της Ελληνικής Γεωλογικής Εταιρίας, ολοκλήρωσε 

με επιτυχία τις εργασίες του και αποτελεί πλέον ιστορικό γεγονός. Στη μεγάλη αυτή 

εκδήλωση των Γεωεπιστημών, κορυφαία εκδήλωση της επιστημονικής Εταιρείας 

μας, περισσότεροι από 500 συμμετέχοντες, μεταξύ των οποίων περισσότεροι από 

200 φοιτητές και 80 νέοι επιστήμονες, παρακολούθησαν τις εργασίες ή ορισμένες 

ειδικές συνεδρίες (60% νέοι επιστήμονες), που αποτελούν και το μέλλον της 

γεωλογίας. Παρουσιάστηκαν 259 νέες επιστημονικές εργασίες, με 170 

προφορικές ανακοινώσεις και 89 επιστημονικά πόστερ. 

Προσκεκλημένοι ομιλητές, πολλοί Έλληνες και ξένοι συνάδελφοι, αλλά κυρίως 

νέοι ερευνητές, νέοι επιστήμονες και Υποψήφιοι Διδάκτορες, παρουσίασαν με τον 

καλύτερο δυνατό τρόπο συμπεράσματα και αποτελέσματα στην πρωτοπορία της 

επιστημονικής έρευνας σήμερα παγκοσμίως. Παράλληλες εκδηλώσεις όπως οι 

προβολές ταινιών γεωλογικού περιεχομένου και οι "Στρογγυλές Τράπεζες", για τη 

διδακτική, του Συλλόγου Ελλήνων Γεωλόγων, για τα ενεργά ρήγματα, 

συμπλήρωσαν τις αυστηρά επιστημονικές παρουσιάσεις, όπου συνέκλιναν σχεδόν 

όλα τα αντικείμενα του ευρύτερου κύκλου των Γεωπιστημών, βασικών και 

εφαρμοσμένων. Για μια ακόμη φορά αποδείχθηκε το υψηλό επίπεδο της έρευνας 

των Ελλήνων γεωεπιστημόνων. Η Οργανωτική Επιτροπή προσπάθησε και 

οργάνωσε κατά τον καλύτερο δυνατό τρόπο το βήμα του Συνεδρίου. Το Συνέδριο 

όμως ανήκει σε αυτούς που το πλαισιώνουν, συμμετέχουν στο γίγνεσθαι της 

επιστήμης. 

Το συνέδριο ανήκει σε όλους εσάς και οι οργανωτές καθώς και το Τμήμα 

Γεωλογίας του Α.Π.Θ. σας ευχαριστούν θερμά. Η επόμενη μεγάλη συνάντηση μας 

στην Αθήνα το 2019. 

 

Εκ μέρους της Οργανωτικής Επιτροπής 

Ο Πρόεδρος  

Σπύρος Β. Παυλίδης 

Καθηγητής Γεωλογίας 

Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης  
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PROLOGUE 

 

The 14th International Congress of the Geological Society of Greece, successfully 

completed its works and is now a historical event. In this great event of 

Geosciences, the highest expression of our Scientific Society, more than 500 

participants, including more than 200 students and 80 young scientists, attended 

the congress works or specific sessions. 60% of young scientists, the future of 

geology. There were 259 new scientific papers presented, 170 oral presentations 

and 89 scientific posters. Invited speakers, many Greeks and foreign colleagues, but 

especially young researchers, young scientists and PhD students, presented in the 

best possible way conclusions and results at the forefront of scientific research in 

the world today. 

Parallel events, such as the geological films screenings and "Round Tables" for 

Geosciences in Education, of the Greek Association of Geologists, for Active 

Faults, completed the strictly scientific presentations, where almost all objects of 

the wider circle of Geosciences converged, basic and applied. Once again the high 

level of research of Geoscientists was demonstrated. The Organizing Committee 

tried and organized in the best possible way the step of the Congress. But the 

Congress belongs to those that surround it, and participate in science development. 

The Congress belongs to all of you, and the organizers and the School of Geology 

of the Aristotle University of Thessaloniki thank you very much. Our next big 

meeting is in Athens in 2019. 

 

On behalf of the Organizing Committee 

The President 

Spyros B. Pavlides 

Professor of Geology 

Aristotle University of Thessaloniki 
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Abstract 

The Electrical Resistivity Tomography (ERT) method was used in order to study the 

karstic system in Pedini area (close to the city of Ioannina, West Greece) that is 

related with sinkholes whereby the drainage of the surficial water was possible. 

The last five years floods are causing major problems in the area, since, the 

urbanization of the basin, in which the construction of a large highway is included, 

along with the increase of rainfalls produced a huge amount of water which the 

sinkhole was not able to drain any more. 

The geophysical survey showed that the depth of the sinkholes is about 30 meters, 

proving their limited capacity to drain the basin to the desired level. At the same time, 

a fractured zone of high porosity has been revealed in the vicinity of the sinkholes.This 

zone can be used as to increase the capability of the sinkholes to drain the flood water. 

Keywords: ERT, infiltration, porosity, limestone. 

Περίληψη 

Η μέθοδος της Ηλεκτρικής Τομογραφίας χρησιμοποιήθηκε για την μελέτη της δομής 

του καρστικού συστήματος που εκδηλώνεται με καταβόθρες στη περιοχή Πεδινής στα 

Ιωάννινα. Η εξαιρετικά μεγάλη ετήσια βροχόπτωση σε συνδυασμό με το περιορισμό της 

εδαφικής επιφάνειας λόγω της επέκτασης των οικισμών αλλά και την διέλευση της 

ΕΓΝΑΤΙΑΣ οδού οδήγησε σε σημαντική αύξηση πλημμυρών σε έκταση και διάρκεια. Η 

μελέτη ανέδειξε την ύπαρξη ιζημάτων περιορισμένου πάχους κάτω από τη θέση της 

καταβόθρας αλλά εντόπισε και μια ζώνη με αυξημένο δευτερογενές πορώδες προς τα 

νότια η οποία πιθανά μπορεί να βοηθήσει στον σχεδιασμό μελλοντικών έργων για την 

αύξηση του ρυθμού κατείσδυσης των επιφανειακών υδάτων ειδικότερα κατά την 

περίοδο έντονων βροχοπτώσεων. 

Λέξεις κλειδιά: Κατείσδυση, δευτερογενές πορώδες, ασβεστόλιθοι. 

1. Introduction  

The investigation of sinkholes has always been a very challenging problem for geophysics and the 

selection of the proper geophysical tool is not always straightforward. Schoor (2002) used resistivity 

tomography in order to detect mature sinkholes in Pretoria, South Africa. Bullock and Dillman 

(2003) applied GPR while Dobecki and Upchurch (2006) used also GPR in combination with ERT 

and P-wave refraction for small scale sinkholes in Florida. In common approach sinkholes and 

cavities near the surface are treated as potentially hazardous geological formations and the main 

target of any investigation is to identify them in order to avoid using the area in case of a future 
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collapse. However, sinkholes in many occasions have significant hydrogeological role in the water 

equilibrium of small sized basins with limited surface outlet. 

Based on statistics over the last decades the area of Ioannina has one of the highest precipitation rate 

of Greece every year, with an average of 124 days of rain per year and average annual precipitation 

of 1082 mm (http://www.currentresults.com/Weather/Greece/average-yearly-precipitation.php). 

The morphology of the broader area of Ioannina forms a basin, known as basin of Pamvotis, that 

doesn’t have any significant physical surface outlet to any of the five large rivers surrounding this 

closed basin. The outflow of the huge amount of precipitation runoff is carried through the Lapsista’s 

ditch and is diverted to the river Kalamas while the remaining water infiltrates and ends up to one 

of the numerous karst aquifers formed in the widely spread limestone rocks of the area. However, 

there are cases where small subbasins with no surface outlet, discharge only through sinkholes and 

in these areas floods can occur in cases of continuous rainfalls. 

In the recent years the floods have increased in number, extend and duration due to the urbanization 

of large areas in the suburbs of the city of Ioannina, the completion of the Egnatia motorway crossing 

the area and also because of the lack of proper maintenance works in the most important and well 

known sinkholes that discharge these areas. 

The subbasin of Pedini village has suffered greatly the last five years of floods that occupied large 

areas for periods that exceeded even three months duration and cause important financial and social 

problems to the houses, farmers, small businesses and large poultry farms that are hosted there. In 

an initiative undertaken by the local authorities and land owners in the area of Pedini, an ambitious 

attempt to study the sinkholes that exist in the basin started, in order to propose and build the 

necessary infrastructure so as to maximize the hydraulic load they discharge. As part of the necessary 

studies, the area in the vicinity of the Pedini sinkhole was investigated with the Electrical Resistivity 

Tomography method (ERT). 

2. Geology and Geomorphology 

The mountainous morphology forms a large basin called Ioannina, which is located in the central 

part of the Prefecture of Epirus hosting the city of Ioannina and the Pamvotis Lake. It has a size of 

approximately 425Km2. To the east, the watershed separates it from the Arachthos River. To the 

south, from the Loyros River, to the west from the Kalama River and finally to the north the 

watershed separates the basin from Voidomatis River and Zagoritiko River.The Ioannina Plateau is 

formed from carbonates aged from Jurassic to Cretaceous and Eocene (Marnelis, 2007). In particular, 

the Ioannina basin was formed by tectonic movements that led to the development of synclines and 

anticlines of the Ionian Zone, with subsequent faulting and sedimentation at the end of the Pliocene 

and during the Quaternary. Karst solution of the limestone basement led to the development of a 

closed depression or polje. The basin is formed on a syncline and is bordered by N – S and E – W 

trending faults (IGRS-IFP, 1966), suggesting that a Late Pliocene to Early Pleistocene phase of 

fluvial deposition occurred which sealed the basin floor and the onset of continuous sedimentation. 

The main geological units observed in the Ioannina area are (Perrier et al., 1967; Brousoulis et al., 

1999) (i) Pantokrator limestone, (ii) Posidonia Beds of siliceous clay and cherts and (iii) Vigla 

limestone (iv) Senonian limestone (v) Palaeogene limestone (vi) Flysch. Finally during the 

Quaternary sedimentation mudstones, sands and gravels covered the flysch or limestone bedrock in 

many parts of the area. 

Ioannina basin can be divided into two smaller basins, the first, known as Pamvotis basin that 

occupies approximately 236Km2 of the eastern and western part of Ioannina basin and drains to the 

homonym lake. The second, called Lapsista Ditch basin that drains to the northwest through the 

homonym ditch to the Kalama River. Apart from these, there are a number of larger and smaller 

subbasins that are formed completely isolated from the rest of the Ioannina basin and discharge only 

through sinkholes. 
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The drainage system of this karst landscape comprises of numerous different size streams that 

usually end up and disappear under scree and alluvial deposits. 

Focusing to the area of Pedini, the geological map shown on figure 1 reveals that the broader area 

of the sinkhole is covered by extended alluvial deposits (al) with unknown thickness. To the east, 

there are deposits of siliceous clay and cherts originating from the Vigla limestone while deeper 

breccia limestone formations can be found. In the area of the sinkhole of Pedini these limestone 

appear on the surface as a result of some unknown geological and/or tectonic process. The precise 

location of the known sinkhole coincides with the surface boundary of the above mentioned 

limestone and the alluvial sediments. This boundary appears in the form of a very sharp change in 

the morphology of the area. 

The sinkhole has rather small size at its present state with only 3 meters diameter but according to 

the local authorities from time to time smaller sinkholes appear and then disappear suggesting that 

the surrounding area can on occasions function as one large sinkhole. 

 

Figure 1 - Geological map of the area of interest (I.G.M.E. Ioannina 1:50000). 

3. Geophysical Investigation 

3.1. Methodology 

The objective of this work was to provide, in very short time, valuable information for planning and 

designing the necessary infrastructure that could help reduce the flooding of the broader Pedini basin. 

The complex geological regime of the area in combination with lack of deep drilling data for the 

area near the sinkhole led to the choice of geophysical investigation of the subsurface near the 

sinkhole. 



1138 

 

The Electrical Resistivity Tomography method was chosen in order to study in detail the geological 

formations, the possible fractures and/or karst for the first tenths of meters underneath the sinkhole 

gathering. The same method was also used for providing information for the geology in a larger 

scale and to depths down to more than 200 meters. 

In this respect we measured 4 ERT lines (ERT1, ERT2, ERT3 and ERT4) with 24 electrodes and 

electrode spacing ‘a’ equal to 10 meters, all located in very small distance from the sinkhole area as 

presented in figure 2. This layout gave us a total length of approximately 230 metres and maximum 

depth of investigation close to 100 metres. We also measured 2 more ERT lines (ERT7 and ERT8) 

using 21 electrodes and electrode spacing ‘a’ equal to 50 meters resulting in a total length of 1000 

meters and maximum depth of investigation greater than 200 meters for each ERT. The location of 

these lines can be seen in figure 2. 

 

Figure 2 - Locations of the six ERT lines measured in Pedini sinkhole area. 

3.2. Measurements and results 

The measurements were collected using the Syscal Pro resistivity meter by IRIS INSTRUMENTS 

using an optimized array (Athanasiou et al., 2007) designed for taking advantage of the best 

measurements, in the sense of sensitivity, from more than one typical array (e.x. dipole - dipole). 

The measurements were inverted using the DC_2DPro inversion software (Kim, 2012) and the 

results are presented in figures 3 - 8, showing the resistivity distribution of the subsurface. The 

location of all the electrodes was measured with the help of a differential GPS and the precise altitude 

was used in the inversion algorithm to take into account the topography variations and the RMS 

error calculated for each one varied between 7% and 11%. 

In the results, the vertical axis is showing the elevation in meters above sea level (a.s.l) while the 

horizontal axis is the distance along the ERT line following the direction of arrows shown in figure 

2. The color scale used in all these figures is a rainbow color scale with the blue shades representing 

low resistivity values and red - purple representing high resistivity values. The black stars in the 

figure of ERT4 shows the exact location, in relation to the ERT line, of the 2 most important 

sinkholes currently visible on the surface. 

The resistivity distribution calculated for all the ERT lines reveals a significant variation from very 

low values, on the order of few Ohm-m that are typical values for rich clay content sediments, up to 

hundreds or even thousands of Ohm-m that correspond to bulk rock. The images suggest a very 
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complex geological structure that is in agreement with the geological regime of the broader area. 

Sudden lateral changes from high or very high values to low values (i.e. ERT2 or ERT7) can be 

interpreted as tectonic features that are expected in the broader area. 

 

Figure 3 - ERT1 Calculated resistivity distribution. 

 

Figure 4 - ERT2 Calculated resistivity distribution. 

 

Figure 5 - ERT3 Calculated resistivity distribution. 
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Figure 6 - ERT4 Calculated resistivity distribution. 

 

Figure 7 - ERT7 Calculated resistivity distribution. 

 

Figure 8 - ERT8 Calculated resistivity distribution. 

If we group together ERT1 and ERT2 that have more or less south - north direction we can see that 

in both cases there is a rather conductive area (formation) towards the southern part of each ERT 

that switches to a very resistive formation as we move north. The boundary especially in ERT2 is 

very sharp and can possible be attributed to some tectonic discontinuity. 

Similarly by grouping together ERT3 and ERT4 we observe that in both cases the western part of 

the lines is occupied by resistive formation which switches to a more conductive one towards east. 

The boundary of these different formations (resistive-conductive) is quite sharp thus suggesting a 

possible tectonic discontinuity again. In the case of ERT3 and ERT4 and, in different scale, also in 

ERT8 we observe that there is a rather extended and thick conductive layer with values that suggest 

the existence of clay to the east of Pedini sinkhole area explaining limited infiltration taking place 

in the broader area during the flooding. 



1141 

 

Especially for the case of ERT4 that crosses only few meters away from the sinkholes, it is shown 

that underneath this area the resistive body, attributed to limestone, forms a small basin, filled with 

sediments with an average resistivity of 40 Ohm-m and maximum thickness less than 50 meters. 

In such complex geology the three dimensional representation of the resistivity distribution of the 6 ERT 

line measured proved critical in order to combine the different possible tectonic discontinuities revealed 

by the two dimensional resistivity distribution calculated for each ERT. A snap shot from southwest, 

presented in figure 9, suggests that there might be just one tectonic feature crossing ERT1, ERT2, ERT3, 

ERT4 and ERT8 with a general southwest – northeast trend (black thick line in figure 9). 

 

Figure 9 - three dimensional representation showing the five ERT lines in the vicinity of 

Pedini sinkhole. The black surface corresponds to a possible fault line assumed by these data. 

4. Conclusions and discussion 

The ability of ERT measurements to examine fast and accurately the geological structure in 

combination with the advantage of being able to focus in different depths in order to get a better 

understanding of the geological regime in different scales for the same region proved very useful 

for the study of Pedini sinkhole. 

The ERT investigation managed to map the thickness of the top layer sediments that cover almost 

the entire broader area. The resistivity distribution suggests that there is a solid impermeable rock 

(limestone), in small depth underneath the location of the sinkholes, forming a small basin there. 

This rock is interrupted to the east and south by a SW-NE fault crossing the area. The fractured zone 

is depicted with 30 Ohm-m to 50 Ohm-m suggesting increased porosity and presumably high to very 

high values of hydraulic permeability. 

Another interesting feature is revealed by ERT8 where the large resistive body identified close to 

the surface and between 250 and 400 meters along the x axis of the tomography (black arrow in 

figure 8) coincides in location and size with the resistive body occupying the central and western 

part of ERT4 and ERT3 respectively. The depth of investigation in these two tomographies does not 

exceed 100 meters (or 400 meters a.s.l.) but in the case of ERT8 the investigation reaches greater 

depths, far below 400 meters a.s.l. and implies that the above mentioned resistive body disappears 

just below 370 - 360 meters altitude replaced by sediments with possible high water content. 
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Further investigation with drilling and investigating the hydraulic characteristics of the identified 

permeable zone east of the location of the sinkhole combined with a more extensive geophysical 

investigation could strengthen the idea that this permeable zone could be exploited for infiltrating 

the surface water in the underground faster and therefore minimise the flooding. 
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Abstract 

In this study, we applied Local Earthquake Tomography in order to investigate the 

detailed 3-D structure within and around the broader region of Western Corinth Gulf 

which is one of the most seismically active regions in the world. We use data from the 

2012-2014 time-period, selecting about 2,000 seismic events recorded by the local 

seismic stations of Hellenic Unified Seismological Network (HUSN) and the Corinth 

Rift Laboratory Network (CRLN). Applying Tomographic Inversion, we produce and 

interpret 3-D models of Vp, Vs and Vp/Vs ratio in the study area. The obtained results 

shows several distinct structures, namely areas of high and low Vp/Vs ratio 

correlating the hypocenter distribution with changes in lithology or fluid 

concentration. In the area of Patraikos Gulf, an ascending velocity volume was traced 

that could possibly be connected to salt tectonics in the alpine basement, effecting the 

fluid circulation as well as the behavior of local faults. 

Keywords: Local earthquake Tomography, velocity models, Salt tectonics, Greece. 

Περίληψη 

Η παρούσα εργασία περιγράφει τα αποτελέσματα της τρισδιάστατης τομογραφίας που 

πραγματοποιήθηκε στην ευρύτερη περιοχή του Δυτικού Κορινθιακού Κόλπου με σκοπό 

την χαρτογράφηση ενεργών τεκτονικών δομών. Για την πραγματοποίηση της παρούσης 

μελέτης χρησιμοποιήθηκαν δεδομένα από περισσότερους των 2,000 σεισμών οι οποίοι 

καταγράφηκαν από το Ενιαίο Σεισμολογικό Δίκτυο και το αντίστοιχο του Εργαστηρίου 

της Κορινθιακής Τάφρου (CRLN).Με την τομογραφική αντιστροφή παράγουμε και 

πραγματοποιούμε την ερμηνεία τρισδιάστατων μοντέλων κυμάτων χώρου (Vp, Vs) και 

του αντίστοιχου λόγου τους (Vp/Vs) για την περιοχή μελέτης. Τα τελικά αποτελέσματα 

καταδεικνύουν ορισμένες ενδιαφέρουσες δομές, κυρίως όσον αφορά τον λόγο 

Vp/Vs,που συσχετίζουν την κατανομή των προσδιορισθέντων υποκέντρων με 

διαφοροποιήσεις στη λιθολογία ή στο περιεχόμενο των γεωλογικών σχηματισμών σε 

ρευστά. Στην περιοχή του Πατραϊκού, ένας ανερχόμενος δόμος υψηλής ταχύτητας 

εντοπίστηκε, ο οποίος κάλλιστα μπορεί να συνδεθεί με την τεκτονική αλατούχων δόμων 

στο Αλπικό υπόβαθρο, γεγονός που επηρεάζει την κυκλοφορία των ρευστών καθώς και 

τη δράση των τοπικών ρηγμάτων. 

Λέξεις κλειδιά: Τρισδιάστατη Τομογραφία, πρότυπα ταχυτήτων, Αλατούχοι δόμοι, 

Ελλάδα. 
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1. Introduction 

Greece is located to the eastern end of Europe where a variety of geological procedures take place such 

as the Alpine orogenesis. The creation of the Alpine mountain chain, which is one of the most 

important geological features, is caused by the collision between Europe and Africa. Furthermore, an 

intense deformation observed in Greece and surrounding areas produces important seismicity 

concentrated in certain seismic zones, such as the Hellenic Arc, characterized by subduction, the North 

Aegean, dominated by dextral strike-slip faulting, and the back arc area dominated by normal faults. 

The Gulf of Corinth has been identified as one of the faster expanding (1 to 1.5 cm/year of north-

south extension) and most seismically active continental rifts around the world, characterized by 

normal faulting in an approximate E-W direction (Rigo et al., 1996; Makropoulos and Burton, 1981; 

Papazachos and Papazachou, 1997).The most active normal faults of the Gulf are dipping north, 

resulting a long term subsidence of the northern coast and an upward displacement of the main 

footwalls, giving the impression of an asymmetrical rift structure (Armijo et al., 1996). The area 

under study is dominated by Alpine Carbonate formations of the H1 (External Hellenides Platform) 

and H2 (Cyclades-Pindus ocean crust) terrains, and Plio-quaternary sediments in the northern shores 

of Peloponnese. The subsiding Hellenides limestone nappes to the north of the gulf are outcropping 

in the majority of sites, whereas to the south, these formations are mostly covered by a conglomerate 

layer of several hundreds of meters thickness that outcrops only on the footwall of the southern 

active faults (Armijo et al., 1996; Pitilakis et al., 2004; Cornet et al., 2004). 

In the framework of this study, a tomographic inversion of the local recorded seismicity was 

performed obtaining a reliable 3-D body-wave velocity model with the respective Vp/Vs ratio in 

order to trace main active geologic features through the resulting discontinuities. 

2. Data and analysis 

2.1. Data sources 

The present study focuses in the area of Western Corinth Gulf, where data obtained by local stations of 

the Hellenic Unified Seismological Network (HUSN) and Corinth Rift Laboratory (CRL) were used for 

the construction of regional and local 1D and 3D velocity model, concerning the 2012-2014 time period. 

HUSN comprises twenty-eight (28) seismological stations from the Seismological Laboratory of the 

University of Athens (S.L-U.O.A), fifty (50) of the Geodynamics Institute of the National 

Observatory of Athens (GE.IN.-N.O.A), forty (40) of the Geophysical Laboratory of the University 

of Thessaloniki (G.L.-A.U.TH) and twenty-four (24) of the Seismological Laboratory of the 

University of Patras (U.P.S.L.). Since 2007, continuous waveform recordings are being obtained 

from HUSN in real-time, comprising of both 1-component (1 Hz) and 3-component (either broad-

band or short-period) stations, while manual arrival-time picking is being applied to obtain more 

accurate hypocentral locations. 

 

Figure 1 - Located seismicity (M≥1.4) using regional 1-D velocity model (left) of Kaviris 

(2003) and the obtained local 1-D velocity model by the current study (right). 
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On the other hand, the Corinth Rift Laboratory Network (CRLN) is made up of twelve stations 

installed in the broader area of Western Corinth gulf, seven on the southern shores and five on the 

northern coast. Since its installation in mid-2000, the CRLN has recorded many tens of thousands 

of earthquakes in the Western Corinth Rift, with magnitudes as low as M≈1 (Lyon-Caen et al., 2004). 

A preliminary hypocenter location has been performed for the seismicity of the broader area and the 

2012-2014 time period, using the HYPOINVERSE code (Klein, 1989) and an initial regional 1D 

velocity model derived by (Kaviris, 2003). Upon selection, the resulting data set was composed of 

2,123 earthquakes. By employing a subset of events located with accuracy better than 4 km and 

having RMS < 0.2 s, the average Vp/Vs ratio and the 1D velocity structure of the area were 

investigated, using the mean travel-time residuals and location uncertainties (RMS, ERH, ERZ) 

minimization method (Kissling et al., 1994; Chiarabba and Frepoli, 1997). A 1D velocity model was 

obtained (Table 1), yielding improved hypocenter solutions for the whole dataset (Figure 1). The 

calculated median hypocentral location uncertainties, obtained by HYPOINVERSE using the 

optimum local velocity structure, are ERH = 0.34 km, ERZ = 0.73 km, and RMS = 0.14 s, while the 

corresponding median error values using the regional model are ERH = 0.38 km, ERZ = 0.88 km 

and RMS = 0.17 s, respectively. 

2.2. Tomographic Algorithm 

Seismic tomography is proven an effective tool for the detailed investigation of the Earth’s interior. 

The scope of the present tomography study is to determine the crustal structure in the broader area 

of Western Corinth Gulf, in order to identify the local activated faults through velocity variations 

using manually located events. Local earthquake tomography techniques have successfully been 

applied to reveal the velocity structure of active tectonically regions (Drakatos et al., 2002; 

Koulakov et al., 2010). In the present study, the analysis was based on the local tomographic 

inversion code (LOTOS) by Koulakov (2009). For the tomographic inversion, more than 2,000 

manually located events were taken into account, as a primary catalogue. Synthetic testing 

(checkerboard) was performed to set the parameter’s values that produce better resolution and 

increase the area of fidelity. For the 3-D tomography inversion, a dataset comprising of 51231 P and 

37267 S arrival-times, was selected, with at least 12 phases and ratio of S to P residual smaller than 

1.5. Inversion was performed for Vp, Vs and Vp-Vp/Vs to obtain additional constraints concerning 

the Vp and Vs anomalies. The LOTOS code requires input data of the station coordinates and the 

arrival times from locally recorded seismicity. The coordinates of the hypocenter and the origin time 

are not essential, as they are determined during the execution of calculations. However, if 

preliminary hypocentral locations are available, as in the present case, they are used to decrease the 

processing time of the operations. Additionally, the obtained 1-D starting velocity model and a set 

of input parameters for performing the convergence iteration steps, including parameterization, grid 

dimensions and damping parameter, were considered (Koulakov, 2009). Model parameterization of 

the velocity field delineates, according to the local characteristics, the shape and position of 

heterogeneities. A nodal representation was employed, keeping the spacing between the nodes of 

the grid considerably smaller than the expected size of the anomalies (<8 km) in order to reduce the 

bias of the resulting models due to the grid configuration. The optimal grid mesh has been 

determined taking into account the stations/events geometry. In addition, to further decrease the 

influence of the model parameterization on the solutions, the inversion was repeated using several 

grid orientations (0˚, 22˚, 45˚ and 67˚). The obtained results were combined over a 3-D model of 

absolute P and S velocities by simple averaging. 
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Table 1 - Comparison between the local velocity model by Kaviris (2003) and the custom 

velocity model calculated for this study. 

 Kaviris., 2003 

(KM) 

This study 

(CM) 

Vp/Vs ratio 1.79 1.78 

Layer P-wave Velocity 

(km/s) 

Ceiling 

Depth (km) 

P-wave Velocity 

(km/s) 

Ceiling 

Depth (km) 

1 4.8 0.0 5.1 0.0 

2 5.2 4.0 5.4 3.0 

3 5.9 9.0 5.8 7.0 

4 6.1 11.0 6.1 11.0 

5 6.3 16.5 6.4 20.0 

6 7.4 35.0 6.8 29.0 

7 8.1 80.0 7.4 40.0 

8 - - 8.0 55.0 

3. Results 

3.1. Checkerboard tests 

In the present study the checkerboard method (Humphreys and Clayton, 1988) was performed as 

indicator of the resolution and errors associated with the inversion in order to define the fidelity area. 

This kind of test uses alternating anomalies of high and low velocity evenly spaced throughout the 

model in a three-dimensional checkerboard pattern. Data resolution is mainly controlled by ray-path 

distribution, model parameterization, and smoothing. 

Checkerboard tests are performed in order to reproduce the procedure of real data processing. In the 

initial checkerboard model the size of cells corresponds to the expected anomalies that can be found in 

similar studies. The checkerboard procedure used, involves defining many spiked regions with ±15% 

in the variability of Western Corinth Gulf velocity structure compared to the one-dimensional reference 

model. Random noise of 0.15 s for P picks and 0.25 s for S picks was added to the residuals, following 

a normal distribution, in order to approximate the uncertainties of the 3D model, using the same 

parameterization as for the real data as it is described by Koulakov (2009). Then the travel-times for 

the paths between source and receiver were computed. This procedure corresponds to the real 

observation system which uses a 3-D ray tracing that follows the bending algorithm principles. 

After the computation of the synthetic travel-times, information of coordinates, origin time of sources 

and velocity model is no longer available. The reconstruction of the synthetic model is performed in 

the same way as in the real data processing, including the optimization of the 1-D model and the 

absolute source location. The same values of free parameters, as in the real case, are used in order to 

examine the area of fidelity for our results. The inversion variance is controlled by errors in the data 

including mis-picks, mis-locations, and incorrectly determined ray-paths. Several checkerboard tests 

were performed in order to obtain the most representative cell size for the horizontal resolution of each 

case. The size of the cell that in which the synthetic model is resolved corresponds to 5 km. 
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Figure 2 - Starting checkerboard anomaly distribution (central panel) and the resulting P- 

(upper panel) and S-velocity (lower panel) anomalies for the depth slices of 5, 10 and 15 km. 

The black dots indicate local earthquakes in the corresponding depth levels. 

As it can be seen in the figure 2, the fidelity area can be judged as satisfactory since the initial model 

was reconstructed successfully in both P and S waves in the study area. More specifically, the size 

and shape of the anomalies were fairly preserved in the central part of the broader area of Western 

Corinth Gulf, while the synthetic results were gradually deteriorating towards the edges of the study 

area, for depth slice of 15 km. due to poor ray coverage. This fact provides reliability to the 

interpretation of the final results for body-wave perturbations as well as Vp/Vs ratio tomograms in 

the section below. 

3.2. Real-Data Inversion 

The earthquake data used in the current study comprise more than 2,000 seismic events recorded by 

HUSN and CRLN in the area of Western Corinth Gulf. The main purpose of this study is to detect 

certain regional and local activated tectonic features through resulting velocity anomalies in the 

resolved areas. 

Regarding the 1D inversion, the observed data processing starts with preliminary source locations 

and optimization of the velocity model. In figure 3, it can be seen the final result obtained by the 

optimization procedure. The resulting 1D Vp and Vs profiles, for both regional and local models, 

seem to converge to a similar behaviour for the depth interval 10-35 km. 

The resulting body-wave anomalies and Vp/Vs ratio obtained by the 3D tomographic inversion are 

presented for the depth slices of 5, 10 and 15 km (Figure 4). The mean computed P and S anomalies 

for the study area do not exceed the absolute values 12% and 14% respectively. 
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Figure 3 - Optimization results of the 1D velocity model (red line) setting as starting model 

the one obtained by the current study (grey line). 

The orientation of P and S wave anomalies is affected by both active faults such as Andravida Fault 

Zone (AFZ), Kato Achaia normal fault (KANF) and local surface geology (Koulakov et al., 2010). 

Some interesting features of this study are revealed through anticorrelation of higher P and lower S 

velocities and as a consequence high Vp/Vs ratio values (1.90-2.06) parallel to the mean direction of 

mapped faults and thrusts in which are mainly connected to tectonic grabens filled with a thick layer 

of recent sedimentary deposits or fracturation and fluid penetration along the fault plane such as the 

case of AFZ. The presence of high Vp/Vs ratio values at 15 km depth in AFZ case indicates that the 

rupture area consists of relatively small aspect ratio water-filled pores of the basement rock under over-

pressured conditions, as similar cases has shown (Takei, 2002; Nakajima et al., 2006). On the other 

hand, the unfractured parts of the crust are clearly expressed as high-velocity and low Vp/Vs ratio 

structures such as Antirrion and Nafpaktos basins in the northern coasts of Patraikos and Western 

Corinth Gulf respectively. In other parts of the study volume a fairly good qualitative correlation of P 

and S anomalies is observed. Strong lateral velocity perturbations are mainly recognized at superficial 

depths (0-15 km), while below 30 km the overall image changes. More specifically, in the depth slice 

of 5 km depth, SW of Patras, a NNW-SSE oriented discontinuity of positive to the south and negative 

to the north body-wave velocity anomalies is seen, coinciding with KANF, dividing the Alpine 

basement of Gavrovo geotectonic and quaternary deposits respectively. Moreover, a similar striking 

feature is observed to the east, near Aigion, can be linked to Aigion normal fault which is in accordance 

with recent tomographic and seismotectonic studies (e.g. Gautier et al., 2006). More specifically, as in 

the case of AFZ, a high Vp/Vs ratio zone trending in WNW-ESE direction, parallel to the Corinth Rift, 

is situated offshore to Helike between the depth slices of 5-15 km below sea level (b.s.l). This feature 

is associated to a highly fractured zones facilitating the circulation of deep fluids, reducing the friction 

coefficient and allowing seismic slip along the low-angle detachment as it is mentioned in previous 

studies (Rietbrock et al., 1996; Gautier et al., 2006). 

The cross-sections (Figure 5) performed parallel (N120°E) and quasi-perpendicular (N40°E) to the 

Western Corinth Gulf reveal a superficial layer with absolute values of P-velocity between 5.5-6.4 

km/sec which is laterally succeeded by a high velocity layer bilaterally (Vp~6.7-7.2 km/sec). More 

specifically, in the profile 1A-1B (Figure 5), a diapir with P-velocity absolute values of 6.2-6.4 

km/sec reaches the uppermost level of the crust (<2 km) 25 km ESE from the starting point. This 

result could be possibly linked to Ionian Triassic Evaporites (Karakitsios, 1995, 2013; Tselentis et 

al., 2007) which are migrating upwards through the active local faults that form small grabens such 

as the one of Rion-Antirrion. Two more enclaves of similar P-velocity values are presented at 

superficial depths (<4 km) in profile 1A-1B (Fig.5c) between 50 and 70 km towards the SE. These 
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features could also be related to ascending Triassic evaporitic bodies of Ionian unit penetrating the 

Tripolis alpine basement if there were sufficient borehole and geophysical data in order to confirm 

this observation. In the respective profile 2A-2B there is no evidence of penetrating salt bodies since 

the geologic background differs significantly. At a depth range between 12 and 17 km, a low-

velocity zone is found that can be attributed to a ductile layer of the crust (Fig. 5d) as previous 

studies have revealed (Pham et al., 1996; Tiberi et al., 2000). This scenario would favour a 

deformation model which needs a crustal detachment horizon between the upper crust and upper 

mantle, located at the end of the low-angle normal fault (Lister and Davis, 1989). 

4. Conclusions 

In this study, a local 1-D velocity model was calculated through error minimization method in order 

to perform tomographic inversion using the obtained earthquake travel-times. Data recorded by 

HUSN and CRLN were used in order to carry out the procedure of LOCAL TOMOGRAPHIC 

SOFTWARE (LOTOS). 

Based on the distribution of velocity anomalies, Vp/Vs ratio values a clear correlation with the 

known tectonic features in the study area was seen, which could be an indirect argument for the 

reliability of the obtained models. At shallower depths (5-15 km), low velocities for both P and S 

waves with large Vp/Vs ratio were mainly observed either close to the main segments of the AFZ 

or in proximity of the Quaternary basins (Patraikos Gulf). Similar values were found to be associated 

to main faults, implying fracturation and fluid penetration along the plane. High-velocity structures 

accompanied by low Vp/Vs ratio were linked to unfractured parts of the crust such as the Rion-

Antirrion and Nafpaktos basins. 

Two cross-sections of absolute P-velocity were performed in order to obtain a more reliable 

geological model for the area of Patraikos and Western Corinth Gulf. An ascending body 

characterized by P-velocities ranging from 6.2 to 6.4 km/sec, in Patraikos Gulf, could be linked to 

Triassic salt diapirs while a low-velocity layer below 12 km in the area offshore of Aigion was 

attributed to a dactile zone which would favour a deformation model of a crustal detachment horizon 

between the upper crust and upper mantle. 

The results obtained by LOTOS algorithm, in most cases, were in accordance with available geologic 

and tectonic data. The performance of a 4-D Local Earthquake Tomography becomes evident since 

there is need of a high-precision temporal velocity models in order to distinguish whether high values 

of Vp/Vs ratio are influenced by water-saturated rocks either due to primary porosity (sedimentary 

basins) or fracturation and fluid penetration through flat cracks along a fault plane. 
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Figure 4 – Three dimensional distribution of P- (upper panel), S-velocity perturbations 

(central panel) and absolute Vp/Vs ratio (lower panel) for the depth slices of 5, 10 and 15 km. 
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Figure 5 – a) Horizontal projection of the two profiles in NW-SE (1A-1B) and SW-NE (2A-2B) 

directions b) ray-path distribution of P and S waves c) Profile 1A-1B and d) Profile 2A-2B. 
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Abstract 

An anisotropic upper crust has been revealed in the W. Gulf of Corinth with 

potentially changing properties. During 2013, a unique opportunity to conduct a 

shear-wave analysis was presented, as a combination of the significantly increased 

seismicity in the area, including a seismic swarm between May and August, and the 

existence of local seismological networks. The Hellenic Unified Seismological 

Network (HUSN) and the Corinth Rift Laboratory Network (CRLN) provided 

invaluable data during the unrest period. While shear-waves travel through an 

anisotropic medium, the splitting phenomenon takes place and, as a result, their 

propagation is characterized by two discernible components: the fast (Sfast) and the 

slow (Sslow) one, which arrives to the station in a subsequent temporal point. Modern 

advances in seismology and geophysics have rendered shear-wave splitting a 

valuable tool in determining properties of the anisotropic propagation media. One of 

the predominant causes of this phenomenon is the existence of microcracks 

throughout the upper crust. The current study presents results for 8 stations from 535 

analyzed events that are in agreement with the anisotropy models of EDA and APE. 

Keywords: seismic anisotropy, Gulf of Corinth, seismic swarm. 

Περίληψη 

Τις προηγούμενες δύο δεκαετίες έχει παρατηρηθεί ότι ο φλοιός στον Δ. Κορινθιακό 

Κόλπο παρουσιάζει το φαινόμενο της ανισοτροπίας με δυνητικά μεταβαλλόμενες 

ιδιότητες. Κατά το 2013, η εκδήλωση έντονης σεισμικότητας, συμπεριλαμβανομένης 

της σμηνοσειράς μεταξύ Μαΐου και Αυγούστου, σε συνδυασμό με την ύπαρξη τοπικών 

σεισμολογικών δικτύων, αποτέλεσε έναυσμα για τη διεξαγωγή της παρούσας μελέτης. 

Το Ενιαίο Εθνικό Δίκτυο Σεισμογράφων (ΕΕΔΣ) και το Corinth Rift Laboratory 

Network (CRLN) έχουν καταγράψει μεγάλο πλήθος δεδομένων στη διάρκεια 

εκδήλωσης του φαινομένου. Κατά τη διάδοση των εγκαρσίων κυμάτων σε ένα 

ανισοτροπικό μέσο, λαμβάνει χώρα το φαινόμενο της σχάσης, με αποτέλεσμα η διάδοση 

αυτών να μπορεί να χαρακτηρίζεται από δύο διακριτές συνιστώσες: την ταχεία (Sfast) 

και τη βραδεία (Sslow), η οποία καταγράφεται από τον σταθμό σε ύστερη χρονική στιγμή. 

Κύριο αίτιο του φαινομένου αυτού αποτελεί η ύπαρξη μικρορωγμών στον ανώτερο 

φλοιό. Οι σύγχρονες εξελίξεις στη σεισμολογία και τη γεωφυσική έχουν καταστήσει τη 

μελέτη της σχάσης των εγκαρσίων κυμάτων ως ένα πολύτιμο εργαλείο για τον 

προσδιορισμό των ιδιοτήτων ανισοτροπικών μέσων. Η παρούσα μελέτη παρουσιάζει 

αποτελέσματα για 8 σταθμούς από ένα σύνολο 535 αναλυθέντων σεισμών, τα οποία 

συμφωνούν με τα μοντέλα ανισοτροπίας EDA και APE. 

Λέξεις κλειδιά: σεισμική ανισοτροπία, Κορινθιακός Κόλπος, σμηνοσειρά. 
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1. Introduction 

The Gulf of Corinth (GoC), located in Central Greece, is a key area for seismological studies in 

Europe, due to the high local seismicity (Makropoulos and Burton, 1984; Papadimitriou et al., 2010) 

and the existence of dense seismological networks, namely the regional Hellenic Unified 

Seismological Network (HUSN), composed of stations operated by the Seismological Laboratories 

of the National and Kapodistrian University of Athens and the University of Patras, the Department 

of Geophysics of the Aristotle University of Thessaloniki and the Institute of Geodynamics of the 

National Observatory of Athens, as well as the local Corinth Rift Laboratory Network (CRLN) with 

stations in the broader Aigion area (Lyon-Caen et al., 2004). These two networks are complementary 

to each other and enable the location of hypocentres with small uncertainties. 

The extended study of the GoC by multiple researchers in the past has provided valuable insight 

about the tectonic processes that dominate the region. The gulf is characterized as a complex 

asymmetric half-graben (Armijo et al., 1996). The normal fault systems in the area strike 

approximately E - W, causing the uplift of the southern shore of the gulf and the extension in a 

general NNE - SSW direction (Fig. 1), while dipping northward (Hatzfeld et al., 2000). However, 

there are south dipping antithetic faults of lesser significance to the tectonic evolution of the area 

(Bell et al., 2009), located at the northern part of the gulf and offshore. A detachment zone with 

normal faulting characteristics and a 15 northward dip has been observed beneath the gulf at 

approximately 10 km depth (Rigo et al., 1996). 

Seismicity in the study area (Fig. 1) reveals a plethora of strong earthquakes since the pre-

instrumental era (Galanopoulos, 1936, 1960; Papazachos and Papazachou, 2003; Kouskouna and 

Makropoulos, 2004).This trend that also continued in the modern period of seismology, since 1900, 

has led to the occurrence of several large earthquakes (Mw ≥ 6.0, Makropoulos et al., 2012), such as 

the Galaxidi earthquake (Hatzfeld et al., 1996). One of the most well-known seismic events of the 

recent decades is the 15 June 1995 (Ms=6.2) Aigion earthquake (Bernard et al., 1997a). Since the 

occurrence of the Aigion event, the seismic energy in the Western GoC (WGoC) is mainly expressed 

by the generation of seismic swarms and not specific strong events (Lyon-Caen et al., 2004; 

Duverger et al., 2015; Kapetanidis et al., 2015). The two strongest events of this period were located 

at the northern part of the GoC, close to Efpalio city, in 2010, both with a magnitude of Mw = 5.1 

(Kapetanidis and Papadimitriou, 2011; Ganas et al., 2013). 

Seismic anisotropy is the variation of seismic velocity in different propagation directions. When shear-

waves enter an anisotropic medium, they split into two distinct components, presenting discernible 

seismic velocities. The phenomenon has been attributed to several causes, such as the lattice preferred 

orientation of minerals in sedimentary rocks (Valcke et al., 2006) or in accordance with the orientation 

of sedimentary grains (Crampin et al., 1984). In settings dominated by tectonic processes, it can be 

interpreted by the Extensive Dilatancy Anisotropy (EDA) model, according to which fluid-saturated 

microcracks, oriented parallel to the maximum horizontal compressive stress component, exist in the 

rockmass and control the anisotropy direction (Crampin, 1978). The evolution of EDA is the 

Anisotropic Poro-Elasticity (APE) model, which incorporates pore fluid pressure in understanding the 

mechanisms that govern seismic anisotropy in the upper crust (Crampin and Zatsepin, 1997). 

Microcrack-controlled anisotropy has been observed in both volcanic and tectonic environments, such 

as Iceland (Crampin et al., 1999), Greece (Papadimitriou et al., 1999, 2010; Kaviris et al., 2008, 2014, 

2015), Italy (Bianco et al., 2006) and U.S.A. (Liu et al., 2008). 
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In the framework of the current study, an anisotropy analysis was conducted in the WGoC during 

2013, including the period of the Helike seismic swarm (Chouliaras et al., 2015; Kapetanidis et al., 

2015). The data were recorded by stations belonging to both the HUSN and the CRLN. The manual 

processing of waveforms utilized the polarigram (Bernard and Zollo, 1989) and hodogram methods, 

leading to the measurement of two shear-wave splitting parameters: the polarization direction of the 

shear-wave component with the higher velocity (Sfast) and the time–delay between the arrival of the 

Sfast and the slow component (Sslow). 

2. Data and Method 

The local seismological stations of HUSN and CRLN enabled the recording of a great amount of 

data and the highly precise location of the selected events. A total of 535 events that occurred during 

2013 in the W. GoC were utilized, having focal depths between 6 km and 12 km. Location errors 

were very satisfactory, having mean values equal to 0.6 km for the horizontal (ERH) and 0.9 km for 

the vertical (ERZ) one, while mean RMS was equal to 0.13 sec. Hypocenters of events belonging to 

the May - August seismic swarm were adopted by Kapetanidis et al. (2015). The earthquakes 

selected for the study meet certain strict criteria. Each event is located within the shear-wave window 

with an angle of incidence equal to or less than 45, to avoid interaction with the free surface (Booth 

and Crampin, 1985). Furthermore, the shear-wave amplitude of the vertical component is smaller 

than that of the horizontal ones, preventing converted or scattered phases. The utilized waveforms 

presented a high Signal-to-Noise Ratio (SNR) in order to exhibit clear and impulsive phases, 

minimizing the possibility of false S-wave arrival identification (Kaviris, 2003). 

The current study was conducted using visual techniques to provide more accurate and verified results. 

Polarigrams and hodograms were applied to estimate the shear-wave splitting parameters. Events that 

exhibit highly elliptic polarization are rejected (Papadimitriou et al., 1999; Kaviris et al., 2010). 

Figure 1 - Seismotectonic Map of the WGoC. Focal mechanisms are published in the webpage 

of the Department of Geophysics of the University of Athens. Squares represent epicentres of 

historical events (Papazachos and Papazachou, 2003), whereas circles correspond to 

earthquakes that occurred since 1900 (Makropoulos et al., 2012). The arrows present the 

direction of extension of the gulf. Fault traces have been digitized in the Seismological 

Laboratory of the University of Athens (Karakonstantis and Papadimitriou, 2010). 
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In Fig. 2a, an example of an event that meets the selection criteria and was used in the anisotropy 

study is presented. A band-pass Butterworth filter in the frequency range of 1 Hz - 20 Hz was applied 

on the original waveform. The event occurred on 4/8/2013 18:04:48 GMT, with an azimuth equal 

to 292 and an angle of incidence equal to 13, within the shear-wave window. The selected 

waveforms were recorded by KALE station, located in the town of Kallithea, near the northern coast 

of the GoC. This station belongs to the Seismological Laboratory of the National and Kapodistrian 

University of Athens, as a part of HUSN, and is characterized by small epicentral distances for 

events located at the northern coasts of the GoC and offshore. Both the polarigram and hodogram 

of the N-E plane are presented, where the shear-wave splitting phenomenon can be clearly observed, 

as evidenced by the different S-wave arrival times in the two horizontal components. The fast shear-

wave polarization direction, measured clockwise from the north, is found equal to N105E and is 

also confirmed by the hodogram, where the particle motion in the above direction is evident. 

Hodograms can be utilized for the accurate measurement of the polarization direction when the fast 

axis coincides with the polarigram’s horizontal axis (i.e. the polarization direction is ~N90E). 

Then, the seismograms are rotated to the fast and slow direction. The obtained waveforms and 

particle motion diagrams are presented in Fig. 2b. As observed, the polarization vector of the fast 

Figure 2 - (a) Original traces (top) of an earthquake recorded at KALE station, filtered 

traces (middle up), polarigram (middle down) and hodogram (bottom) in the N–E plane 

where the polarization direction of the fast shear-wave is measured, as indicated by the 

black arrow. (b) Traces rotated to the fast and slow directions, filtered waveforms of the 

rotated traces, polarization vector and hodogram in the fast/slow plane where the time-delay 

is measured (indicated by the two red vertical lines). 
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component is perpendicular to the slow component axis and thus confirms the measurement 

performed during the previous step. In order to estimate the time delay, the fast component 

waveform is temporally moved towards the slow one, until the arrivals of the shear-wave in the two 

components coincide. In this case, the time delay is equal to 100 ms and represents the magnitude 

of anisotropy. 

3. Results 

The seismological network in WGoC is one of the densest in Greece, the other being in Santorini 

(Kaviris et al., 2015; Papadimitriou et al., 2015). Nevertheless, certain stations could not be used 

for the present anisotropy analysis. For instance, certain stations of the CRLN, while located near 

the seismic swarm’s epicentres, are installed in boreholes and, thus, the orientation of the 

seismometers is unknown. Time periods with no or very few events, in several stations, are either 

due to operational problems or lack of seismicity within the shear-wave window. This is observed, 

for example, in the LAKA station, where there is a significant amount of anisotropy measurements 

from May until early November, including the Helike seismic swarm, while in the first four months 

of 2013 the number of results is limited to 3. Another significant problem that led to a broad 

exclusion of waveforms from the analysis was the low SNR, which rendered the arrival of shear-

waves ambiguous. 

Concerning the spatial distribution of the analyzed events, the degree of azimuthal coverage for each 

station, as presented by the equal-area projections of Fig. 3, is predominantly controlled by the 

location of seismicity and, most importantly, by the existence of various seismic clusters. Stations 

that provide results in almost all azimuths are EFP and PSAR. Northern stations (i.e. KALE, SERG, 

TRIZ and VVK) present major azimuthal gaps to the north, as a result of lower seismic activity in 

their vicinity at the respective azimuthal range. For the southern stations, a more complex 

explanation is required. While events exist in regions where azimuthal gaps are observed in the SW 

part of the study area, their angles of incidence are in most cases greater than 45, outside the shear-

wave window. As a result, ROD3 presents lack of events to the south. In addition, LAKA is almost 

dominated by results in the epicentral area of the seismic swarm, which is consistent with the 

temporal distribution of the analyzed events in this station (i.e. most results are concentrated during 

the period between May and November). Almost all stations present a narrow range of fast shear-

Figure 3 - Polar equal-area projections of the upper hemisphere for the Sfast polarization 

directions for each station. The length of the bars is proportional to the time delay of each event. 
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wave polarization directions and, as a consequence, small respective mean error values. In all 

stations the majority of determined Sfast polarization directions are within 30 off the equivalent 

mean direction. 

Overall, a set of 643 results was obtained by 535 events, in 8 stations (Fig. 4). All stations present 

mean polarization directions (Fig. 4) almost parallel to the regional topographic depression that 

characterizes the GoC, consistent with its direction of extension, independent of each event’s 

azimuth. Specifically, the northern stations, i.e. EFP, KALE, PSAR, TRIZ and VVK present mean 

directions equal to N91E, N99E, N98E, N118E and N101E, respectively, while in stations 

LAKA and ROD3, located near the south coast of the WGoC, the determined mean directions  are 

equal to N123E and N107E, respectively. One exception concerns SERG, located off the northern 

coast, where the corresponding mean direction is N56E. A sum of the statistical parameters of the 

results per station is presented in Table 1. Mean directions of polarization and their corresponding 

errors have been calculated using circular statistics (Berens, 2009). 

Table 1 – Summary of shear-wave splitting analysis’ results per station. Mean errors are also 

provided. 

Time delays can be an indicator of the magnitude of anisotropy and, thus, increased time delay 

values correspond to stronger anisotropy in the propagation medium and vice versa. Based on the 

mean time delay, the distinction of two groups is possible. Stations EFP, KALE, LAKA, PSAR and 

ROD3 present mean time delays between 70 ms and 90 ms (84ms, 80 ms, 70ms, 88ms and 83ms, 

respectively) while stations SERG, TRIZ and VVK are characterized by values of approximately 60 

ms (58 ms, 61ms and 58 ms, respectively). Nevertheless, the differences between the two groups are 

not significant (the maximum mean time delay has a difference of 30 ms from the minimum) and 

the spatial distribution does not provide any correlation with the observed mean time delays. 

4. Discussion 

During 2013, a period of extended significant unrest was observed in the broader area of the WGoC, 

featuring an intense seismic swarm located off the coast of Aigion between May and August 

(Chouliaras et al., 2015; Kapetanidis et al., 2015). The total annual seismicity presents a curved 

distribution from Rio - Antirion in the west to Antikyra in the east, roughly delineated by the 

epicentres in Fig. 4. In the mainland of Peloponnese, a scattered population of events is present with 

a general linear NW – SE distribution. The largest event in the area was the Mw = 3.9 earthquake on 

28 April 2013 04:49:56.78 (GMT). The focal depths of these events mainly range between 8 km and 

10 km. The provision of a multitude of earthquakes and the dense nature of the local seismological 

networks, namely HUSN and CRLN, were critical factors in the selection of this area for the study 

of local crustal anisotropy. 

Events presenting an angle of incidence less than 45 in at least one station, inside the shear-wave 

window, were initially selected. Additional distinction of suitable events occurred during the 

analysis, since it required visual inspection of each waveform. Rejection of events during this 

Station 
Mean Direction of 

Polarization (NE) 

Mean Direction of 

Polarization Error () 

Mean Time 

Delay (ms) 

Mean Time 

Delay Error (ms) 

EFP 91 5 84 4 

KALE 99 5 80 4 

LAKA 123 5 70 5 

PSAR 98 3 88 3 

ROD3 107 4 83 5 

SERG 56 3 58 3 

TRIZ 118 3 61 2 

VVK 101 6 58 4 
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procedure is a result of vague shear-wave arrivals or elliptic polarization of the fast shear-wave due 

to noise. The final number of produced results is equal to 643, for 8 stations, derived from 535 

earthquakes. 

The existence of an anisotropic layer beneath the WGoC is observed. The mean polarization 

direction of almost all stations (Fig. 4) is parallel to the regional faults’ strike (Armijo et al., 1996; 

Rigo et al., 1996; Bell et al., 2009) and perpendicular to the extension of the neotectonic structure, 

as measured by GPS studies (Chousianitis et al., 2013). From the above, it is evident that the 

maximum horizontal compressive stress axis is trending at an approximately WNW - ESE direction. 

The previous observations can be explained by the EDA model, where the anisotropy direction is 

parallel to the strike of the rockmass’ microcracks (Crampin, 1978). Nevertheless, deviations from 

the mean direction can be associated with migration of pore fluids, as mentioned in the APE model 

(Zatsepin and Crampin, 1997). Similar variations have been observed in the area of Villia, located 

in the eastern part of the GoC (Kaviris et al., 2014).  

Previous studies in the area (Bouin et al., 1996; Bernard et al., 1997b; Kaviris et al., 2008, 2010; 

Giannopoulos et al., 2015) have produced results, concerning the mean anisotropy direction, similar 

to the ones in the current study. An important exception is the mean polarization direction in PSAR 

station by Bouin et al. (1996), where its value was found equal to N70E and N60E, for 1991 and 

1992, respectively, employing an automatic measurement procedure, while the current study 

obtained a measurement equal to N98E, in agreement with the N105E direction found by Kaviris 

et al. (2008), who utilized the same visual inspection method as the current study. Results from 

station VVK are presented for the first time. 

 

Figure 4 - Mean Sfast polarization directions at 8 stations at the WGoC. The arrows 

correspond to the direction of extension of the gulf. Epicentres of the 535 used events are also 

presented. 

The above observations are evidence of no major variations in the direction of the fast shear-wave, 

and consequently the orientation of the microcracks, during the past decades. Notable deviations can 

be explained by the different measurement method of each research team. It is no coincidence that 

most differences can be found between results derived from automatic methods and non-automatic 

(as in the case of our study). Lesser deviations of results can be attributed to the APE model. As 

expected, no 90-flips (Crampin et al., 2013) were observed in the temporal distribution of the 

polarization direction in any station, being a characteristic of volcanic settings under critical 

conditions (Bianco et al., 2006). 
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Time delays present two main groups of stations, but these do not correlate with any suggestable 

spatial distribution of anisotropy. In comparison to older studies, our analysis provided varied 

differences. For instance, the mean time delay value measured in 2013 in the area of Psaromyta 

(PSAR station) is far higher, equal to 88 ms, than the ones observed by Bouin et al. (1996), which 

were 38 ms for 1991 and 54 ms for 1992. The opposite is observed for LAKA station, where Kaviris 

et al. (2008, 2010) found time delay ranges (24 - 104 ms and 10 - 130 ms, respectively) similar to 

those derived by the current study. 

While the direction of anisotropy is shown to be a somewhat stable feature of microcracks contained 

in the rockmass beneath the WGoC, the magnitude of anisotropy, represented by time delays, can 

be altered tremendously. Such variations have been observed in smaller periods of time (Crampin et 

al., 1999), than the ones presented in the comparison of results between the current study and 

previous one. Additional analysis of daily measurements of time delays can provide further insight 

to the processes of stress accumulation and relaxation. This can be achieved by utilizing normalized 

time delays, which will be the scope of further research on the presented data. 
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Abstract 

Broad band seismic waveforms are used to determine the source model of the 16 April 

2015 (UTC 18:07:44) earthquake, Mw6.1, which occurred 14 km SW of Kasos Island, 

in the eastern Hellenic subduction zone. The mainshock is connected with oblique left-

lateral motion on a reverse fault, dipping to SE. Most of the aftershocks are 

compatible with strike-slip or oblique normal faulting, with the T-axes showing along 

arc extension. A finite fault slip inversion was performed, allowing for the rake angle 

to vary across the fault, to capture the variation in the slip vectors. The rupture 

initiated in the lower crust, at a centroid depth of 23 km, and propagated mainly 

towards SW. The slip is confined in depth within ~17km and 27km, mainly in a single 

asperity, with the peak slip of the order of 60 cm. The slip model provided synthetic 

seismograms which matched satisfactory the observed, and with forward modelling 

the ShakeMap was calculated. The 2015 Kasos earthquake sequence is compatible 

with shear motions parallel to the strike of the subduction zone. It provides evidence 

that part of the deformation in the eastern Hellenic subduction is taken up by the 

simultaneous operation of reverse faulting and of minor strike-slip and oblique 

normal faulting, with slip vectors aligned ~ parallel to the Pliny and Strabo Trenches 

and the long axis of the local bathymetry. 

Keywords: earthquake, slip model, focal mechanism, Hellenic trench. 

Περίληψη 

Μελετάται η ακολουθία του σεισμού της 16ης Απριλίου (UTC 18:07:44; Mw6.1) που 

συνέβη ΝΔ της Κάσου. Ο μηχανισμός γένεσης του κύριου σεισμού δείχνει την 

ενεργοποίηση ενός ανάστροφου ρήγματος, με κλίση προς τα ΝΑ, ενώ των περισσότερων 

μετασεισμών σχετίζονται με ρήγματα οριζόντιας μετατόπισης ή πλαγιο-κανονικά με 

αριστερόστροφη οριζόντια συνιστώσα. Η διάρρηξη ξεκίνησε στον κατώτερο φλοιό και 

διαδόθηκε κυρίως προς τα ΝΔ, προς την Κρήτη. Η ολίσθηση κατανέμεται σε βάθη από 

17-27κμ σε ένα κυρίως κλείθρο με μέγιστη τιμή ~60cm. Με ευθύ υπολογισμό 

υπολογίσθηκε η κατανομή της ταχύτητας στο κοντινό πεδίο, ενώ από εμπειρικές σχέσεις 

προέκυψε και η κατανομή της μέγιστης επιτάχυνσης, για σύγκριση με τις τιμές που 

καταγράφηκαν στους επιταχυνσιογράφους. Ο σεισμός της Κάσου καταδεικνύει ότι 

τμήμα της παραμόρφωσης στην ανατολική περιοχή του ελληνικού τόξου, 

καταναλώνεται μέσω της δράσης τόσο ανάστροφων ρηγμάτων, όσο και ρηγμάτων 

οριζόντιας μετάθεσης, με αριστερόστροφη συνιστώσα, των οποίων τα διανύσματα 

ολίσθησης είναι σχεδόν παράλληλα με την τοπική βαθυμετρία και τις τάφρους. 

Λέξεις κλειδιά: σεισμός, ολίσθηση, μηχανισμός γένεσης, Ελληνικό Τόξο. 
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1. Introduction 

The Eastern Mediterranean active tectonics are mainly controlled by the convergence between Nubia 

(Africa) and Eurasia at less than 10mm/yr and the rapid movement of southern Aegean southwards, 

away from Eurasia, at ~30 mm/yr. In this framework, the front part of the Nubia lithosphere, the 

Mediterranean seafloor, subducts rapidly (~40 mm/yr) beneath the Aegean, forming the well-known 

Hellenic Subduction Zone. The subduction zone is overlain by a thick (~10 km) pile of sediments 

which form an accretionary prism, known as the Mediterranean Ridge (see Kiratzi, 2014 and 

references therein). The bathymetry from Peloponnese, to south of Crete and up to Rodos, is 

dominated by a number of trenches, the Hellenic Trench dominating in the west, between 

Peloponnese and western Crete (Fig. 1). 

 

Figure 1 - The 2015 Kasos sequence (within the dashed rectangle) and the tectonic setting of 

the eastern Hellenic subduction zone. Only strike-slip focal mechanisms are plotted for 

earthquakes with M>6.0. Black beach-balls denote shallow depths and red beach balls 

denote focal mechanisms for intermediate depth (h>=40 km) earthquakes. The arrows 

indicate GPS velocity vectors relative to Eurasia (GPS data from Chousianitis et al., 2015). 

The Hellenic Trench does not mark the actual interface of contact between the down going Nubia 

lithosphere and the overriding Aegean lithosphere. This interface is marked by the occurrence of 

earthquakes compatible with low angle thrust mechanisms, dipping towards the overriding Aegean 

plate. Evidently, these shallow-dipping planes project beneath the pile of sediments, south of Crete. 

Taking into account the large thickness of these sediments it is very doubtful whether the interface 

reaches the surface, and more probably it is hidden beneath the sediments, in the form of a blind 

thrust (Shaw, 2012). The overriding Aegean plate mainly encompasses along-arc E-W extension. 

This type of normal faulting is widespread in southern Aegean, that is south of the volcanic arc, and 
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is also evident within the mainland of Crete Island. The subducting Nubia lithosphere undergoes 

along arc compression, as revealed by the distribution of the focal mechanisms of intermediate depth 

(h>40 km) earthquakes (Taymaz et al., 1991). Apart from the low-angle thrust and reverse focal 

mechanisms, which are the signature of the Africa – Eurasia convergence, along the subduction zone 

strike-slip focal mechanisms are also observed, which are not clearly connected with the interface 

or the subducting slab. Here, we mainly focus on the reverse and strike-slip faulting on the eastern 

section of the subduction zone, where the 16 April 2015 (Mw6.0-6.1) earthquake sequence occurred, 

near Kasos Island. We study the focal mechanism of the mainshock and of its strongest aftershocks, 

and calculate a finite-fault slip model for the mainshock, in an attempt to better understand the 

deformation pattern along the eastern subduction zone. The instrumentally recorded seismicity along 

the subduction zone is rather moderate in size, and the kinematics along this part of the subduction 

zone are still poorly understood. 

2. Characteristics of the 2015 Kasos sequence 

2.1 Teleseismic body waveform modelling of the mainshock 

The MT5 code (McCaffrey et al., 1991; Zwick et al., 1994) was used to jointly invert the P and SH 

waveforms, and solve for the strike, dip, rake, centroid depth, seismic moment and source time 

function, using Green’s functions calculated for a point source. For this purpose, broad band GDSN 

seismograms were downloaded from the Incorporated Research Institutions for Seismology (IRIS) 

Data Management Centre. The selected stations are in the 30°-80° distance range to avoid 

complications relating to core phases and shallow velocity structures. The velocity model used was 

for one layer of 30 km thickness (Vp=6.5 km/s; Vs=3.7 km/s; ρ=2.8 gr/cm3) over a half-space 

(Vp=8.0 km/s; Vs=4.5 km/s; ρ=3.3 gr/cm3). A water layer of 1.5 km layer thickness was applied on 

top of the velocity structure. Prior to the inversion the waveforms were corrected for the instrument 

response and band pass filtered between 0.01 and 1 Hz. The corrected velocity waveforms were 

integrated to displacement, and they were re-convolved with the response of the WWSSN 15-100s 

long period instrument. Finally, the waveforms were decimated at 1s and were cut 20s before and 

80s after the phase arrival. 28 P-waves and 17 SH waveforms were finally inverted. The azimuthal 

coverage is not perfect, and parts of the focal sphere quadrants are not well sampled. This is a 

common feature with the southern Aegean Sea earthquakes and the geometry of the global stations. 

The seismograms were weighted according to azimuthal density, and the weights of the SH 

waveforms were further downscaled to compensate for their generally larger amplitudes. The source 

time function was parameterized as a series of overlapping isosceles triangles, each having a half 

duration of 1s. The routine minimizes the weighted squared residuals between observed waveforms 

and synthetic seismograms computed by combining direct arrivals (P or S) with near-source 

reflections (pP and sP, or sS). The calculated synthetic waveform amplitudes were corrected for 

geometrical spreading (Langston and Helmberger, 1975) and for anelastic attenuation using a 

Futterman Q operator with t* = 1.0 s for P and t*=4.0 s for SH waves - any uncertainties in t* have 

little effect on other source parameters, but mainly result in uncertainties in source duration and 

seismic moment. 

The best fitting solution is summarized in Table 1 and Figure 2. The mechanism shows 

predominantly reverse motion with a significant component of strike-slip motion, with the centroid 

depth at 23 km, when the Moho depth in this region is ~26km. The source duration of this model is 

~7s. The solution provides an acceptable fit (R/D 75%) between observed and synthetic waveforms 

in most stations. The uncertainty in the strike of the nodal planes is large (-15°, +0°), whereas for 

the dip and rake are of the order of ±7°, and for the depth is -4, +2 km. From the published solutions 

for the mainshock (Table 1) our solution is closer to the one determined by NOA-GI. Even though 

all solutions mostly agree on the centroid depth, there is a large variation, among them, regarding 

the strike of the nodal planes, which in our modelling as well, the uncertainties regarding the strike, 

are significant. 



1166 

 

 

Figure 2 - Mechanism of the 2015 Kasos mainshock from the inversion of P and SH body 

waves. The top focal sphere shows the lower hemisphere projection of the P waveform nodal 

planes and the positions of the seismic stations used. The lower focal sphere shows the SH 

nodal planes. Capital letters next to the stations names correspond to the position on the 

focal sphere. The inversion window is marked with vertical lines in each waveform. Dashed 

lines represent synthetics and straight lines, observed waveforms. The source time function 

scale and the waveforms scale are shown at the right corner. The amplitude scale for the 

waveforms is shown left to each focal sphere. 

2.2 Distribution of aftershocks and their focal mechanisms 

To calculate the focal mechanisms of the aftershocks the moment tensor inversion technique of 

Dreger (2002), as described in Roumelioti et al. (2011) was applied. The seismic data were broad 

band velocity waveforms retrieved from the Hellenic Unified Seismic Network (HUSN) and the 
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Turkish Seismological Network, operated by the Kandilli Observatory. Prior to the inversions, the 

waveforms were corrected for the instrument response, integrated to displacement, rotated to 

transverse and radial components, band-pass filtered, and resampled at 1 sps. The cut-off frequencies 

of the filter applied were 0.02 and 0.08 Hz for the mainshock and the strongest aftershocks, while 

moderate size aftershocks were filtered between 0.05 to 0.08 Hz. Synthetic Green’s functions were 

computed using the frequency-wavenumber integration code developed by Saikia (1994). Both the 

waveforms and the synthetics were filtered using the same bandwidth selected. Two 1-D velocity 

models were tested (e.g., Karagianni et al., 2005 and Novotny et al., 2001) in their ability to describe 

the low frequency content of the recorded broad band waveforms, and in most cases the latter 

provided better fits. 

Figure 3 (top left) shows the location of the mainshock and of the 20150417 UTC 02:05 Mw5.4 

strongest aftershock (asterisks), together with the best located aftershocks. The majority of the 

aftershocks are forming a ~N-S trending cloud between Kasos and western Crete. A number of 

minor structures east of Karpathos were also activated. Figure 3 (top right) shows the focal 

mechanisms of the mainshock and of the strongest aftershocks (Table 1), and the cross-section 

(bottom of the figure) perpendicular to the strike of local bathymetry, clearly shows that the strongest 

events occurred mainly in the lower crust, and extend in depth from 20 to ~40 km. It is the shallow 

seismicity that obscures the pattern of the aftershocks, forming the N-S cloud that does not coincide 

by any of the nodal planes, and shows the activation of smaller-scale shallower structures. 

Table 1 – Source parameters of the mainshock and the strongest aftershocks of the 16 April 

2015 Kasos Island sequence. 

Date Origin 

Time 

Lat Long h Mw NODAL 

PLANE 1 

NODAL  

PLANE 2 

Slip Vector R 

Y/M/D h:m:s °N °E km  s° d° r° s° d° r° az° pl°  

20150416 18:07:44 35.23 26.82 23 6.1 75 40 56 296 58 115 26 -32 1 

″ ″ 35.03 26.85 24 6.1 56 43 21 310 76 131 40 -14 2 

″ ″ 35.23 26.82 28 6.0 71 51 68 284 44 115 14 -46 3 

20150416 18:52:37 35.17 26.90 22 4.7 233 83 -6 324 84 -173 234 6 1 

20150416 19:02:14 35.13 26.85 26 5.0 236 86 5 146 85 176 236 -5 1 

″ 19:02:18 35.17 26.80 20 5.0 249 71 38 145 55 156 235 -36 2 

20150416 20:01:13 35.19 26.75 25 4.1 324 83 -176 234 86 -7 144 4 3 

20150416 21:52:24 35.22 26.86 21 4.0 218 68 1 128 89 158 218 -1 3 

20150417 01:50:45 35.17 26.74 25 4.1 223 65 -26 325 67 -152 235 23 3 

20150417 02:05:42 35.16 26.74 25 5.4 234 71 -35 337 57 -157 247 33 1 

″ 02:05:44 35.00 26.61 25 5.5 231 77 -40 332 51 -163 242 39 2 

20150417 10:23:46 35.20 26.67 28 4.2 239 71 2 148 88 161 238 -2 3 

20150417 16:39:41 34.96 26.74 24 4.5 215 81 -9 306 81 -171 216 9 1 

20150422 20:19:58 35.29 26.71 28 4.2 222 70 10 129 81 160 219 -9 3 

20150427 14:16:32 35.17 26.82 28 4.0 227 26 39 101 74 111 191 -16 3 

20150511 05:02:01 35.01 26.90 32 4.5 46 82 2 316 88 172 46 -2 3 

20150609 21:49:48 35.07 26.80 24 5.4 236 80 19 143 71 169 233 -19 1 

Ref (R): 1: this study; 2: GCMT solution; 3: NOA-GI (National Observatory of Athens- Geodynamic 

Institute). 
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Figure 3 - top left: Epicentres of the sequence (orange circles) and the location of the 

mainshock and the strongest aftershock (stars); top right: focal mechanism of the mainshock 

and of the aftershocks (orange beach balls) together with those from previous strong events 

(grey beach balls). Oblique normal and strike-slip motions are prevailing in most of the cases 

whose slip vector is marked with the orange arrow (SV), compatible with left-lateral shear 

parallel to the trench. The GPS velocity vector shows the motion of the islands relative to 

Eurasia, which is oblique to the trench; bottom: cross-section along A-B line shows that a) the 

main sequence is confined at the northern edge of the Pliny Trench and the strongest 

aftershocks alongside the mainshock occurred below 20 km, in the lower crust, and b) it is 

the shallower seismicity that obscures the pattern of the ENE-WSW trending fault plane. 
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From the cross section (Fig. 3) it can be deduced that the mainshock is compatible with reverse 

faulting that dips to the SE. This is confirmed by the subsequent analysis for the calculation of the 

slip model, during which the nodal plane which provides statistically significant better fit to the data, 

can be identified. The ENE trending plane that dips towards SE implies a moderate component of 

left-lateral strike-slip motion. It must be noted, that the strongest Mw5.4-5.5 aftershock, implies 

oblique normal faulting and E-W extension, like the one observed within the overriding Aegean 

plate. The focal depths of all events analysed are around 20-32 km. The average orientation of the 

slip vectors, for the earthquakes listed in Table 1, is 220°. This orientation is oblique to the local 

orientation of the GPS velocity vectors (~195°), but is parallel to the strike of the subduction zone 

and aligns with the long axis of the basin bathymetry (Pliny and Strabo Trenches). 

3. Slip Model of the Mainshock 

3.1 Method 

The slip distribution onto the fault plane is investigated through a linearized least-squares inversion 

with simultaneous smoothing (e.g., Hartzell and Heaton, 1983; Dreger and Kaverina, 2000; 

Kaverina et al., 2002) as applied to previous Aegean earthquakes (Kiratzi et al., 2013 and references 

therein). Extensive resolution and checkerboard tests of the applied method are included in 

Benetatos et al. (2007). The source has finite dimensions and the fault plane is discretized into a 

number of subfaults. The rupture is assumed to propagate from the hypocentre with constant rupture 

speed and each subfault is allowed to rupture only once as the rupture front passes. In our model 

parameterization, the slip history of each subfault was represented by an appropriate number of 

isosceles triangles, and moreover, the rake angle was allowed to vary over the fault plane. Synthetic 

waveforms are finally derived as the result of the summation of the individual subfault contributions, 

using appropriate time delays for both the time needed for the wave to propagate from the hypocentre 

to the recording stations and the time needed for the rupture front to propagate from the hypocentre 

to the centre of each subfault. The applied linearized least-squares inversion is combined with slip 

positivity, spatial gradient smoothing and moment minimization constraints. The slip positivity 

constraint implies that slip is allowed to occur only along the rake direction, while the moment 

minimization constraint reduces spurious slip in the later portions of the rupture. 

3.2 Finite-fault slip model 

Initial inversion runs indicated that the SE dipping plane provided significant better Variance 

Reduction (63%) compared to the conjugate nodal plane (44%). Thus the slip model was calculated 

for the geometry of this plane (Table 1). To capture the variation of slip vectors onto the fault plane, 

the rake angle was allowed to vary ±45°. The fault plane was discretized into 35×35 square subfaults, 

of 1×1 km² area, along strike and dip, respectively. The subfaults were sized so that the rupture 

process is smooth and the transit time across them, taking into account the rupture velocity, is also 

smooth.  The dimensions of the fault model were chosen large enough to allow the slip to find its 

preferred position. The rise time and the rupture velocity, were grid searched for the optimal values, 

and were finally adopted equal to 0.5s and 2.7 km/s, respectively. We separately calculated the dip-

slip and strike-slip components, finally using the vector summation for both components. 

Figure 4 summarizes the preferred slip model, in fault coordinates centred at the rupture initiation 

point at 12 km depth, for the parameterization adopted. Slip is confined within 17 to 27 km depth, 

mainly in a single asperity. Minor slip is also found in a smaller asperity at southwest, alongside 

rather unstable spurious shallow slip. The average slip is 9 cm and the peak slip is ~60 cm in 

accordance with the predictions of empirical scaling relations. The total moment of the model is 

1.55e18 N-m, corresponding to Mw6.1, in accordance with the reported values to the European 

Mediterranean Seismological Centre (EMSC) from the various seismological agencies. The slip 

model predicts synthetic waveforms that fit the observed ones very satisfactorily as can be seen from 

the comparison (Fig. 5). 



1170 

 

 

Figure 4 - Slip model for the mainshock, obtained from finite fault inversion, using regional 

broad band seismic waveforms. The white lines denote the variable rake onto the fault plane, 

and the red asterisk marks the rupture initiation point (note that it is at 12 km). The locus of 

maximum slip (~60cm) is confined within 17 and 27 km in agreement with the centroid depth 

from the teleseismic modelling. 

 

Figure 5 - Comparison of synthetic waveforms (dashed lines) calculated using the slip model 

for the mainshock, with the observed ones (straight lines) for all station components included 

in the slip model inversion. 

3.3 ShakeMap from forward modelling 

The slip model was used in a forward modelling procedure in order to calculate synthetic velocity records 

in a grid of nodes covering the broader region. These velocity records were then used to map the spatial 

variation of ground motions. The mainshock was recorded in a number of accelerographs, located in 
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Kasos, Crete and Karpathos islands (Table 2). The acceleration on the instrument located in a rock site in 

Zakros (Crete) at a distance of 56 km was 56.0 cm/s². The recording at an alluvium site at the Town Hall 

on Karpathos island, at a distance of 47 km, was 98.5 cm/s² (Kalogeras and Melis, 2015). 

Table 2 – Recorded PGA’s at selected accelerographs located on nearby locations. 

 

Station 

Code 

Location 
Surface 

geology 

Station 

coordinates 

Lat °N      Lon °E 

Distance 

km 

PGA (cm/s²) 

Z X (E) Y (N) 

KSS1 Kasos Isl.  n/a 35.4189 26.9209 23  32.1 29.3 43.2 

KRPA Karpathos  Alluvium 35.5082 27.2092 47 25.6 83.3 98.5 

ZKR Zakros limestone 35.1146 26.2171 56 20.0 49.8 56.0 

SIT2 Sitia n/a 35.2059 26.1070 68 33.0 78.4 60.3 

The map of Figure 6b compares the distribution of PGA as this is predicted from the empirical 

scaling relations of Skarlatoudis et al. (2003, 2007). The predicted accelerations on the Kasos island 

are of the order of 60 to 70 cm/s², and overestimate by ~40% the values actually recorded by the 

KSS1 strong motion instrument. On the other hand, the empirical GMPs seem to accurately predict 

the values on the limestone site on the ZKR station in Crete. It must be noted here, that all maps 

presented in Figure 6, have been corrected for the site effect, using the topography gradient, as proxy, 

for the values of Vs30, following Wald and Allen (2007). 

a) b) 

Figure 6 - a) ShakeMap (PGVs in cm/s) of the 2015 mainshock, produced using forward 

modelling and the slip model (Fig. 4). b) Distribution of PGA in cm/s² using the empirical 

relations of Skarlatoudis et al. (2003, 2007). 
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4. Summary 

The Kasos 2015 earthquake which occurred in the eastern Hellenic subduction zone is connected 

with rupture of a reverse fault, at 23 km depth, trending ~ ENE-WSW and dipping to the SE. The 

calculated slip model, using broad band regional waveforms, and finite-fault inversion techniques, 

shows that the slip was mainly confined in two patches onto the fault plane. This slip model predicts 

synthetic waveforms that satisfactorily match the observed ones. The ShakeMap calculated from the 

slip model shows moderate ground shaking, mainly along the southern coast of the island of Kasos, 

and offshore towards southwest. 

The Kasos sequence occurred shoreward of the Pliny Trench at depths that range from 20 to ~40km. 

The Moho at this region is at ~26km and the thickness of the seismogenic layer is approximately 40 

km. The focal mechanism of the mainshock (reverse faulting) implies that the P-axis is trending 

N164°E. It must be noted that the focal mechanisms of most of the strong aftershocks are compatible 

with left lateral strike-slip and oblique normal faulting, mainly along ENE-WSW (~50°) trending 

planes, which implies along arc extension. Within this framework, the GPS obtained velocity vectors 

(Fig. 1) show that the motion of the Karpathos, Kasos and western Crete relative to Africa is oblique 

to the strike of the subduction zone, as well as the long axis of the Pliny and Strabo Trenches. This 

oblique convergence motion implies that a trench-parallel and a trench - perpendicular component 

is expected. The trench - parallel component is mainly accommodated by the distributed strike-slip 

and oblique normal faulting earthquakes, as is the case of most aftershocks in these sequence, whose 

slip vectors are oriented parallel to the trench and imply left-lateral shear at this part of the 

subduction zone. The trench - perpendicular component is expected to be accommodated by large 

reverse faults, parallel to the strike of both the subduction zone and to the Pliny and Strabo Trenches. 

In fact, these trenches in analogy with the Hellenic Trench, may equally well be the surface 

expressions of large scale reverse faults, which are geometrically required to accommodate part of 

the deformation. The 2015 Kasos sequence is compatible with trench-parallel shear motions. 

5. Data and resources 

Digital seismic waveforms were retrieved from the Hellenic Broad Band Seismic Network (NOA: 

doi:10.7914/SN/HL; AUTH: doi:10.7914/SN/HT; UPSL: doi:10.7914/SN/HP). The catalogues 

AUTH and NOA were used. Moment tensors were computed using the code developed by Douglas 

Dreger and Sean Ford of the Berkeley Seismological Laboratory, and Green’s functions were 

computed using the FKRPROG software developed by Chandan Saikia. All figures were produced 

using the GMT software (Wessel and Smith, 1998). The Earthquake Planning and Protection 

Organization (EPPO-OASP) is gratefully thanked for partial support of the operation of the AUTh 

Seismological Network. Nikos Theodoulidis provided the accelerograms from stations KSS1 and SIT2. 
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Abstract 

On June 8, 2008, a MW 6.4 earthquake occurred on a strike-slip fault in north-west 

Peloponnese, Greece, 35 km southwest of the city of Patras. We analysed part of the 

aftershock sequence of the 2008 earthquake, recorded by a portable network of six 

stations and a permanent station of the Hellenic Unified Seismological Network, in 

order to perform a shear wave splitting analysis. We determined fast polarization 

directions φ, and normalized time-delays dt between the fast and slow components. 

The average value of dt was calculated at 1.7 ±0.5 ms/km, while φ values varied 

between 155o ±8o and 11o ±9o, with an average of 170o ±9o. The observed φ values at 

all stations were inconsistent with the regional stress field, which is characterized-by 

a general E-W orientation of the maximum horizontal compressive stress. On the 

contrary, the observed fast directions appear to intersect the strike of the causative 

fault (210o) in smaller angles than the regional principal compressive stress axis. The 

findings of this work are consistent with those of previous studies in the area, 

reflecting possibly the presence of a locally rotated principal stress axis to more 

favorable angles to the strike of the fault of the 2008 strong earthquake. 

Keywords: shear wave splitting, stress field, wave propagation. 

Περίληψη 

Στις 8 Ιουνίου 2008, ένας σεισμός μεγέθους MW 6.4 εκδηλώθηκε στην βορειοδυτική 

Πελοπόννησο, 35 km νοτιοδυτικά της Πάτρας. Στην παρούσα εργασία, 

χρησιμοποιήσαμε ένα μέρος της μετασεισμικής ακολουθίας που καταγράφηκε από ένα 

φορητό δίκτυο έξι σεισμογράφων και έναν μόνιμο σταθμό του Ενιαίου Εθνικού Δικτύου 

Σεισμογράφων, με σκοπό να πραγματοποιήσουμε μετρήσεις ανισοτροπίας S κυμάτων. 

Μετρήσαμε διευθύνσεις πόλωσης της ταχείας συνιστώσας των S κυμάτων και χρονικές 

καθυστερήσεις μεταξύ της βραδείας και της ταχείας συνιστώσας. Η μέση τιμή των 

κανονικοποιημένων χρονικών καθυστερήσεων υπολογίστηκε στα 1.7 ±0.5 ms/km, ενώ 

οι διευθύνσεις πόλωσης της ταχείας συνιστώσας κυμάνθηκαν από 155o ±8o έως 11o ±9o, 

εμφανίζοντας μέση τιμή 170o ±9o. Η υπολογισθείσα μέση διεύθυνση πόλωσης ήταν 

ασύμφωνη με το πεδίο τάσεων της ευρύτερης περιοχής, το οποίο χαρακτηρίζεται από 
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μέγιστη οριζόντια συμπιεστική τάση με διεύθυνση σχεδόν Α-Δ. Ωστόσο, η μέση 

διεύθυνση πόλωσης εμφανίζεται να τέμνει τη διεύθυνση του σεισμογόνου ρήγματος 

(210ο) σε γωνία μικρότερη από αυτή με την οποία το τέμνει ο άξονας της κύριας 

συμπιεστικής τάσης του πεδίου τάσεων της ευρύτερης περιοχής. Τα αποτελέσματα της 

παρούσας εργασίας είναι σε συμφωνία με αυτά προηγούμενων εργασιών, 

υποστηρίζοντας την ύπαρξη ενός τοπικού πεδίου τάσεων, με χαρακτηριστικά 

διαφορετικά από αυτά της ευρύτερης περιοχής, με τον άξονα της κύριας τάσης να έχει 

περιστραφεί σε γωνίες ευνοϊκότερες ως προς τη διεύθυνση του σεισμογόνου ρήγματος 

σε σύγκριση με τη διεύθυνση της κύριας τάσης που επικρατεί στην ευρύτερη περιοχή. 

Λέξεις κλειδιά: Ανισοτροπία S κυμάτων, πεδίο τάσεων, διάδοση κυμάτων. 

1. Introduction 

On June 8, 2008, on 12:25 GMT, a strong earthquake occurred in northwest Peloponnese, western 

Greece. The main shock was accurately located by Konstantinou et al. (2009) at a hypocentral depth 

of 18 km, using a shrinking grid-search relocation algorithm. Several studies have been performed 

to study the aftershock distribution and the rupture process of this event (Ganas et al., 2009; Gallovič 

et al., 2009; Konstantinou et al., 2009; Papadopoulos et al., 2010; Feng et al., 2010). Various 

organizations have provided moment tensor solutions (Institute of Geodynamics of the National 

Observatory of Athens, Harvard University, United States Geological Survey, Aristotle University 

of Thessaloniki, National and Kapodistrian University of Athens), which have indicated a nearly 

vertical dextral strike-slip fault striking NE-SW.  

The event was reported as an earthquake with a mean moment magnitude, MW, of 6.4, which is the 

largest instrumentally recorded event in this area to date (Konstantinou et al., 2009).The seismogenic 

fault of the earthquake had no direct surface expression, and none of the major surface-fault traces 

in the area fit with a NNE-trending fault at depth (Koukouvelas et al., 2009). Konstantinou et al., 

(2011) suggested that the presence of over-pressured fluids of deep origin might have been 

responsible for the elevated fluid pressure levels near the hypocenter that led to the reactivation of 

the unknown fault that generated this event. 

One of the frequently used indicators to indentify and measure seismic anisotropy of the Earth is the 

shear wave splitting (SWS) phenomenon. SWS occurs during S wave propagation through an 

anisotropic medium as S waves are splitted into two components with perpendicular polarization 

directions and different propagation velocities (Crampin and Chastin, 2003; Crampin and Peacock, 

2005). The two splitting parameters that can be measured through shear wave data processing 

defining the anisotropy are the polarization direction φ of the fast shear wave component and the 

time-delay dt between the two components. Various models have been proposed to interpret the 

observed seismic anisotropy in the upper crust. One of the widely accepted physical models, which 

is known as the extensive dilatancy anisotropy (EDA) model (Crampin, 1978, 1993; Crampin et al., 

1984), explains the principal cause of the local SWS phenomenon as S wave propagation through 

stress-aligned, micro-cracks with orientations parallel/sub-parallel to the direction of the maximum 

horizontal compressive stress. This model has since been modified, and led to the anisotropic poro-

elasticity (APE) model (Crampin and Zatsepin, 1997; Zatsepin and Crampin, 1997), which explains 

the way in which such fluid-saturated micro-cracks evolve in response to changing conditions in 

permeable rock. Several studies investigating micro-crack-induced anisotropy have been carried out 

on various tectonic regimes in Greece. Such cases are, among others, the studies of Kaviris et al. 

(2015, 2014, 2010, 2008); Giannopoulos et al. (2015, 2013); Papadimitriou et al. (1999, 2010). 



1176 

 

 

Figure 1 - Geological map of the NW Peloponnese showing the active faults of the study area 

as well as the reactivated faults during the June 2008 earthquake (star) according to 

Koukouvelas et al. (2009). Figure modified from Koukouvelas et al. (2009). 

In this work, we first study the existence of S wave anisotropy in the crust around the epicentral area 

of the 2008 earthquake and then we interpret and discuss the measured splitting parameters in 

relation with both the local and the regional stress fields, as well as with the occurrence of the 2008 

earthquake. 

2. Data and Methodology 

The French national SISMOB network (https://sismob.resif.fr/) deployed six mobile seismological 

stations in the study area (see Fig. 2) soon after the occurrence of the 2008 strong earthquake for 

almost 4 months. The stations were equipped with three-component broad-band seismometers 

(GURALP-CMG40), high dynamic range at 100Hz (four TAURUS-Nanometrics and two OSIRIS-

Agecodagis) and Global Positioning System (GPS) units. The only permanent station (RLS) 

operated by the Hellenic Unified Seismological Network (HUSN) was also equipped with a three-

component broad-band seismometer (Lennartz electronic-Le3D/20). 

For the purpose of this study, we used aftershocks recorded between June 14th and September 17th 

2008. The hypocentral locations were determined using the HYPOINVERSE software (Klein, 2002). 

The 1-D crustal velocity model adopted was the one proposed by Tselentis et al. (1996) and the 

magnitudes were computed using the coda duration method (Lee et al., 1972). The hypocentral 

location process provided a dataset of 78 earthquakes as the input of the splitting analysis, with focal 

depths ranging from 7km to 25km and magnitudes from 2.3 to 3.4. The calculated mean location 

uncertainties were, RMS=0.12 s, ERZ=1.27 km and ERH=1.14 km. 

https://sismob.resif.fr/
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Figure 2 - Map of the study area in NW Peloponnese. Seismic stations used for the shear 

wave splitting measurements are shown as triangles. ALIS, FOST, ROG, CHAI, MITO and 

SANT stations deployed by the French national SISMOB network. RLS station is a 

permanent station operated under the framework of the Hellenic Unified Seismological 

Network. The seismic events (colored circles) from which the valid seismic results were 

obtained, the June 2008 main shock (star) and major cities (squares) are also shown. The 

depths of the events are color coded according to the color scale (bottom-right). The 

diameters of the circles are proportional to the magnitudes. 

For the estimation of the splitting parameters we applied the cross-correlation method proposed by 

Ando et al. (1983). The seismograms were interpolated to 200 samples s−1, integrated to 

displacement and then band-pass filtered between 1 Hz and 10 Hz. The measurement window for 

each waveform was defined in the following way: the start of the window was fixed 0.05 s before 

the S-wave arrival while the endpoint was adjusted until the value of cross-correlation coefficient C 

between the fast and slow components was maximized. 

According to the cross-correlation method, both horizontal seismograms are rotated in the horizontal 

plane at 1° increment of azimuth from -90° to 90°. Then, for each azimuth, the cross-correlation 

coefficient C is calculated between the two orthogonal seismograms, for a range of time-delays in a 

selected time window. When the absolute value of C reaches a maximum, the corresponding values 

of azimuth and time are chosen as the fast polarization direction and the time-delay between the 

separated shear waves, respectively. The measurement’s uncertainty is estimated using a t-test at a 

95% confidence level on the values of C as described by Kuo et al. (1994). 

We accepted as valid the splitting measurements which conform to the following criteria: (a) the C 

value is larger than 0.80, (b) the signal-to-noise ratio is larger than 2.5, (c) the change of the 

measured dt is less than 0.02 s when the window size is varied by ±0.02 s and (d) the change of the 

measured φ is less than 10° when the window size is varied by ±0.02 s. An example of a valid 
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splitting measurement is shown in Fig. 3. The recordings, from which we calculated the splitting 

parameters are derived from seismic events located within the effective shear-wave window 

(Crampin and Gao, 2006) of every station (incidence angle ≤45o). 

 

Figure 3 - An example of a valid splitting measurement of the shear waves recorded at the 

ALIS station for an event that occurred in June 14, 2008. Upper panel: Contour diagram of 

the cross-correlation coefficient in the (φ, dt) space. The preferred solution of (φ, dt) 

corresponding to the maximum value (dot) is shown within the 95% confidence region 

(dotted line). Lower panel: Superposition of the horizontal components (upper traces), and 

the corrected fast and slow components (lower traces) once the splitting effects have been 

removed. Particle motions are shown to the right of each subpanel. 
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3. Results 

After the shear wave analysis we obtained 200 valid splitting measurements derived from 78 seismic 

events. Specifically, we obtained 28 valid measurements from ALIS station, 33 from CHAI, 28 from 

FOST, 38 from MITO, 24 from RLS, 20 from ROG and 29 measurements from SANT station. A 

first overview of the results shows the following: the time-delays, which were normalized according 

to the hypocentral distances, varied between 1.1 ±0.5 ms/km at MITO station, and 2.6 ±0.6 ms/km 

at FOST station, with a mean value of 1.7 ±0.5 ms/km. The fast polarization directions varied 

between an average NNW-SSE direction at RLS station and an average of a NNE-SSW direction at 

CHAI station, exhibiting a mean of 170o ±9o (~N-S). Table 1 gives a summary of the average values 

of the splitting parameters measured per seismic station. 

Table 1 - Summary of the average values of the splitting parameters per seismic station. 

Station Nobs φ (o) dt (ms km-1) 

ALIS 28 8 ±10 1.9 ±0.6 

CHAI 33 11 ±9 1.3 ±0.4 

FOST 28 159 ±6 2.6 ±0.6 

MITO 38 179 ±8 1.1 ±0.5  

RLS 24 155 ±8 1.3 ±0.3 

ROG 20 161 ±10 1.2 ±0.4 

SANT 29 159 ±9 2.5 ±0.6 

Note: Nobs denote the number of observations per station, ϕ is the mean of the fast polarization 

directions based on directional statistics (Trauth, 2010), dt is the average time delays normalized 

according to the hypocentral distance. 

4. Interpretation and Discussion 

The June 2008 earthquake in northwest Peloponnese occurred on a pre-existing dextral strike slip 

fault formed during past tectonic processes that affected the area. The strike of the fault is 210o as 

determined by seismological means (Konstantinou et al., 2009). Konstantinou et al. (2011) 

performed a stress inversion of all available focal mechanisms in the area and estimated that the 

principal compressive stress axis of the regional stress field has an azimuth of ~273o (see Fig.4). 

The angle between the strike of the fault and the σ1 of the regional stress field shows that the fault 

is severely misoriented compared to the regional prevailing stress field. This means that the 2008 

earthquake occurred within an unfavorable stress regime. 

According to Sibson (1990) for seismogenic fault reactivation to occur, a favorable orientation 

between the strike of the fault and σ1, is needed. Konstantinou et al. (2011) suggested that the 

presence of fluids may have facilitated the reactivation of the fault causing the 2008 event. Fluids 

could have allowed the fault to slip by rotating the principal stress axis locally around the fault to 

more favorable angles. 

Recent studies have confirmed the existence of fluids in the study area. For instance, Konstantinou 

et al. (2011) made use of a database of helium isotope measurements around Greece and surroundi

ng areas compiled by Pik and Marty, (2009). One such measurement taken at a location about 20 k

m away from the earthquake’s epicentre, shows a significant percentage (7%) of mantle helium. Fu

rthermore, tomographic imaging of Pn velocities performed by Al-Lazki et al. (2004), indicate abn

ormal low values beneath northwest Peloponnese. These low Pn velocities may represent molten ar

eas in the upper mantle that can be considered as possible sources of degassing fluids. Fluids are lo
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wer crust or upper mantle sourced and possibly the relatively permeable and fractured fault zone ac

ted as passage way (Konstantinou et al., 2011). 

 

Figure 4 - Map of the study area showing rose diagrams of the measured fast shear wave 

polarization directions.The direction of the principal compressive stress axis (σ1) of the 

regional stress field (Konstantinou et al., 2011) and the proposed direction of the local 

rotated σ1 axis are presented with black and gray arrows, respectively. Seismic stations, the 

2008 main shock and major cities are also presented as in Fig. 2. 

The fast polarization directions are usually parallel or sub-parallel to the present-day direction of the 

maximum compressive stress throughout the crust (Crampin and Lovell, 1991). The mean fast polariz

ation orientation, using the complete dataset of the present study, was measured at 170o ±9o. Thus, we

 can claim that the direction of the maximum horizontal compressive stress at the study area is almost

 parallel to this value. Consequently, this indicates the presence of a local stress field in the vicinity of

 the fault with different characteristics from those of the prevailing regional stress field.  

Comparing the strike of the fault (210o) and the mean fast polarization direction (170o ±9o), we infe

r that the angle between the strike of the fault and the rotated principal local stress axis is about 40
o. It seems that the local σ1 is rotated towards lower angles to fault compared to the regional σ1. Thi

s supports the suggestion of Konstantinou et al. (2011), according to which σ1 had to form locally s

maller and more favorable angles in relation to the strike of the fault in order for the 2008 earthqua
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ke to occur. The findings of the present work, as well as the suggestion of fluid involvement, is sup

ported by a recent shear wave anisotropy analysis that was carried out by Giannopoulos et al. (201

3) at the same area. Giannopoulos et al. (2013) measured shear wave splitting parameters by analy

zing foreshocks and aftershocks of the 2008 earthquake recorded at RLS station. The results of the 

previous work revealed fast polarization directions of 164o ±10o, indicating the observed disagreem

ent between the calculated orientation and the regional principal stress axis. 

In  conclusion,  our  observat ions  can be expla in  by the EDA and APE models  

(Crampin, 1978; Zatsepin and Crampin, 1997), highlighting a key role for over-pressured fluids in 

the splitting parameters. We suggest that shear-wave splitting in the epicentral area of the 2008 ear

thquake was most probably caused by fluid-saturated micro-cracks, oriented parallel or sub-paralle

l to the maximum compressive stress axis of a local stress field in the vicinity of the fault. We sugg

est that the cause of the observed differences between the fast polarization directions and their mea

n directions was a possible migration of fluids through the fractured damage zone which allowed lo

cal rotations of the stress field. This suggestion could also explain to some extent, the differences b

etween the average normalized time-delay values per station (see Table 1). These differences possi

bly reflect parts of the crust with different level of deformation and micro-crack systems with diffe

rent geometry (crack density and aspect ratio) and level of saturation. 

5. Conclusions 

The results of the shear wave splitting analysis are summarized as follows: 

(i) the data analysis revealed the existence of an anisotropic crust around the epicentral area of the 

2008 earthquake in north-western Peloponnese, as shear wave splitting processes were observed in 

all stations  

(ii) fast polarization directions presented a general N-S orientation (170o ±9o), which is in 

disagreement with the orientation of the regional stress field. 

(iii) S-wave anisotropy at the study area was most probably caused by micro-cracks and micro-

fractures that were oriented parallel or sub-parallel to the maximum compressive stress axis of a 

local stress field in the vicinity of the seismogenic fault. 

(iv) the results of this work support in some extent the suggestion of a rotated local stress field to 

more favorable angles to the strike of the seismogenic fault of the 2008 earthquake. 
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Abstract 

The conditional probabilities method is considered to be an alternative approach in 

order to estimate the earthquake hazard. For this purpose, this technique was applied 

to the western side of South America, one of the most seismogenic regions of the 

world. The method is applied in six pre-determined zones which covered the whole 

examine area.  The occurrence of the earthquakes as a function of time was assessed, 

using the conditional probabilities technique. The Kolmogorov-Smirnov test was 

applied in order to determine the distribution followed by the inter-arrival times 

between the successive past events. The test shows that the lognormal is the best fit 

distribution, for the scope of the present work. 

The obtained results are in good accordance to the method applied. High probabilities 

are estimated for events with Mw7.0. For the whole western part of South America, 

there is a probability about 64% for an earthquake occurrence with magnitude M8.0, 

during a time period of 20 years. Higher probability (≈73%) was estimated for a time 

period of 50 years and for an earthquake of magnitude M8.5. This is clearly showed 

for the event of 1960, where the next (a posteriori procedure) earthquake of M=8.8 

occurred on 2010. 

Keywords: conditional probability, Kolmogorov-Smirnov test, lognormal distribution, 

seismic zones, South America. 

Περίληψη 

Η εκτίμηση των υπό συνθήκη πιθανοτήτων στη σεισμολογία θεωρείται μία εναλλακτική 

προσέγγιση του υπολογισμού της σεισμικότητας μίας περιοχής. Η μέθοδος εφαρμόσθηκε 

στις δυτικές ακτές της Νότιας Αμερικής η οποία θεωρείται ως μία από τις πλέον 

σεισμογενείς περιοχές της Γης. Η υπό έρευνα περιοχή είχε χωρισθεί σε έξι ζώνες από 

προηγούμενες μελέτες και σε αυτές έγινε η εφαρμογή της μεθοδολογίας. Η έκλυση των 

σεισμών σε σχέση με τον χρόνο γένεσής τους υπολογίσθηκε χρησιμοποιώντας την 

μέθοδο των πιθανοτήτων υπό συνθήκη. Το στατιστικό τεστ των Kolmogorov-Smirnov 

εφαρμόσθηκε για να καθορισθεί η στατιστική κατανομή που ακολουθούν οι ενδιάμεσοι 

χρόνοι μεταξύ διαδοχικών σεισμών που συνέβησαν στο παρελθόν. Το τεστ έδειξε ότι η 

πλέον ενδεδειγμένη κατανομή για την παρούσα μελέτη είναι η λογαριθμοκανονική. 

mailto:georgiavuk@hotmail.com
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Υπολογίσθηκαν υψηλές τιμές πιθανοτήτων για γένεση σεισμών με μεγέθη Μ7.0. 

Επίσης βρέθηκε για όλη την υπό μελέτη περιοχή πιθανότητα 64% για γένεση σεισμού 

με μέγεθος Μ8,0 κατά την διάρκεια των 20 επόμενων ετών. Υψηλότερη είναι η 

πιθανότητα για γένεση σεισμών με μεγέθη Μ8.5 που εκτιμήθηκε στο 73% τα επόμενα 

50 χρόνια. Στην τελευταία περίπτωση υπήρξε η σύμπτωση των θεωρητικών 

αποτελεσμάτων με την πραγματικότητα αφού 50 χρόνια μετά την γένεση του σεισμού 

του 1960 (Μ9.5), δηλαδή το 2010, συνέβη σεισμός με μέγεθος Μ=8.8. 

Λέξεις κλειδιά: υπό συνθήκη πιθανότητα, Kolmogorov-Smirnov τεστ, 

λογαριθμοκανονική κατανομή, σεισμικές ζώνες, Νότια Αμερική. 

1. Introduction 

South America is one of the most seismically active regions of the world. Especially, Chile and Peru 

were ranked in the second and the forth position, respectively, among fifty seismogenic countries of 

the world, in terms of their seismicity (Tsapanos and Burton, 1991). 

The reason for the high seismicity level and other associated phenomena (e.g. deformation) is related 

to the lithospheric process of the region. Nazca plate seems to be of complicated tectonic structure 

(Bilek, 2010) and is subducting underneath the South America plate. The seismic activity is mostly 

concentrated along the coasts of the Pacific Ocean, where the subduction process takes place and 

reverse faulting dominates the tectonic regime (Suarez et al., 1990). The relative velocity of the 

convergence is about 9.3 cm/yr (Casaverde and Vargas, 1984), while there were referred velocities 

like 8.5 cm/yr (Quezada, 1997) and 9.0 cm/yr (Dewey and Lamb, 1992).The main characteristic of 

the area is the generation of large to great earthquakes like the widely known event of 1960 with 

moment magnitude Mw=9.5. Very large earthquakes were referred or recorded since historical era 

up to now at the interface between the two plates. Descriptions back to 16th century provide 

information about very large shocks (e.g. the event of 1570 in Conception or the one of 1687 in Ica). 

The magnitudes and the return periods (100-150 years) of such events indicate that most of the 90% 

of the deformation, caused by the relative motion at the interface of the two plates, is released by 

earthquakes (Kelleher, 1972; Prince and Scheweller, 1978; Stein et al., 1986, Tsapanos and 

Christova, 2000). 

Conditional probabilities can be considered as the quantity which allows the estimation of the 

likelihood that a region or an active fault is prone for the occurrence of a large event. McCann et al. 

(1979) stated a number of criteria in order to categorize the seismic potential. Later on, Nishenko 

and McCann (1981) used some tectonic and temporal criteria in order to estimate seismic potential 

for large earthquakes generation along segments of some major plate boundaries of the globe. Based 

on seismic potential technique, Nishenko (1985) estimated a probability of 59% for the occurrence 

of an earthquake of M7.5 along Chile. His estimation was verified by the occurrence of Valparaiso 

(Chile) earthquake (during 1985 with M=7.8). Nishenko (1991) estimated the seismic potential for 

plate boundary segments around the Pacific rim in terms of conditional probabilities, in order to find 

large earthquakes occurrence during the forthcoming years. Moreover, Tsapanos (2001) proposed 

the seismic zone and the magnitude interval (M7.8) of the 2001 earthquake (near coast of Peru), 

by the application of a Markov - chain process. The probability estimated for this particular shock 

was about 65%. 

The paper confines itself to the reappraisal of the earthquake hazard along the western coast of South 

America, in terms of conditional probabilities. 

2. Data used 

The present study focuses in six pre-determined (Tsapanos, 2001) seismic zones (Fig. 1). These 

zones almost coincided with the zones defined by other researchers (Papadimitriou, 1993; Galanis 

et al., 2001). 
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Figure 1 - Map of earthquake epicentres along the western side of the South America, is 

shown. The six zones considered are also revealed. 

The initial data set (M6.5) for South America’s shocks was extracted from the data bank of NEIC. 

The data are restricted only to shallow earthquakes. The catalogue is free of depended events, like 

fore – and aftershocks, by applying the method proposed by Musson (2000). Due to the high 

seismicity of the area, the final catalogue adopted includes only large earthquake (M7.0). The 

magnitude of the events in the catalogue is expressed as moment magnitude, Mw. In several cases, 

especially for historical and/or older earthquakes, the magnitudes were estimated as surface 

magnitudes, Ms. In such cases the Ms earthquake magnitudes were converted into Mw applied for 

this purpose the relation introduced by Scordilis (2006). The number of the data in each zone and 

their time interval, the mean and the standard deviation are listed in Table 1. 
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Table 1 - The number of the data used and the time period for which data are available in 

each one of the six zones examined. The mean μ and the standard deviation σ for each zone is 

tabulated, as well. 

ZONE Number of data Time period of data μ σ 

1 13 1797-2013 0.186 0.656 

2 11 1619-2007 1.007 1,520 

3 15 1604-2001 0.549 1.064 

4 21 1796-1995 0.538 1.162 

5 13 1575-1985 0.515 1.145 

6 18 1570-2010 0.798 1.384 

It is obvious that in each zone the data set includes both historical and instrumental events. It is 

interesting that the percentage of historical events varies from 47% (zone 3) to 62% (zone 5). The 

use of numerous historical events enriches the final data set at each zone and so the results are more 

precise. 

3. The method applied 

Several approaches exist concerning the estimation of the probability of recurrence of large 

earthquakes. The most important are the random and the conditional probability models. 

The random model assumes that the recurrence time of an earthquake is randomly distributed. It 

adopts the Poisson distribution, where the probability of recurrence of an earthquake event is 

independent of the time elapsed since the last event. 

The model of conditional probability for the earthquake recurrence assumes that there is dependence 

between the probability of recurrence and the time elapsed since the large previous earthquake. 

In order to use the model of conditional probability, it is proved that the time t of an earthquake 

event approximates the lognormal distribution better than the normal distribution. For this aim, the 

Kolmogorov-Smirnov test (K-S test) is applied. The test compares the sample of each zone with the 

reference probability function. In the case of normal distribution, the K-S test compares the sample 

of each zone with the standard normal distribution and the null hypothesis that the sample follows 

this distribution is rejected. In the case of lognormal distribution, knowing that if the time t follows 

the lognormal distribution, the log(t) is normally distributed, the K-S test compares the logarithms 

of data for each one of the six zones with the standard normal distribution and the null hypothesis is 

accepted. All the tests were done at level a=0.10. 

Equation 1 - Formula for the probability density function of t: 

2
1 (lnt - μ)

f(t) = exp -
2tσ 2π 2σ

 
 
 

                            (1) 

where, the parameters denoted as μ and σ are the mean and the standard deviation, respectively, of 

the logarithm’s variables, which means 

Equation 2 - Formula for the transformation of the log-normal distribution to standard 

normal: 

μ+σΖX = e                                                (2) 

where, X is random variable, Z is a standard normal variable. Both parameters μ and σ are portrayed 

in Table 1. 
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In order to estimate the probability of recurrence of an earthquake, we estimate the conditional 

probability within a given time interval from t0 to t+t0. This conditional probability equals to: 

Equation 3 - Formula for the conditional probability: 

 

 
   

 
0 0

0

F t + t - F t
P E =

1- F t
                           (3) 

where, F(t) is the cumulative distribution function of the variable t and can be expressed as the 

integral of its probability density function f(x) as follows: 

Equation 4 - Formula for the probability density function f(x): 

   
x

0
F x = f t dt                                (4) 

From the equation (3) the conditional probability is estimated, for the given time interval from t0 to 

t+t0 presupposing that no earthquake happened after the last prescribed event. 

Fig. 2 delineates that the probability depends on the shape of the curve (μ and σ values) and of course 

to the width of the time window t. It is obvious that the conditional probability is rising up as the 

time window is widening. 

 

Figure 2 - Theoretical distribution of conditional probability for an earthquake inter-event 

time is shown.  The earthquake inter-event time probability in the time interval t, t+Δt is 

presented by the black “column” and is under the probability density curve. The ratio of the 

dark “column” area to the sum of the areas with both dark and grey colour outlines the 

conditional probability of the inter-event time of the next earthquake. 

The data of the six zones, as well as for the whole South America, follow this distribution in a lower 

or higher degree. 

4. Results and Discussion 

In Fig. 3 the plots of the conditional probabilities against the time for the six zones are presented. 

As it is depicted in Fig. 3 the shape of the distribution of these probabilities in time depends on the 

values of the standard deviation σ (http://en.wikipedia.org/wiki/Log-normal_distribution). A 

demonstration of the Cumulative Distribution Function, CDF (where μ=0) is presented in Fig. 4, 

from which it is revealed that the values of σ play a key role in the drawing of the distribution. For 

instance, when the value of σ is equal to 1/8 (0.125) the shape became very sharp (S-shape), e.g. 

zone 5. 

http://en.wikipedia.org/wiki/Log-normal_distribution
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Figure 3 - The conditional probability of an earthquake inter-event time is shown, during a 

specific time period for the six zones considered, along the western part of South America. 

The conditional probabilities seem very high for all time periods (e.g. for zone 1 and for the 

magnitudes M7.0). As it is depicted in Fig.3 the conditional probabilities for magnitudes M7.5 

and M7.8, are higher than the one of M7.0 in a time period of 8 and 6 years, respectively. Despite 

the values of σ, this can be interpreted if the probabilities of M7.0 would be estimated for longer 

time periods (e.g. 20 years). Very large earthquakes occurred in this zone in 1797 (M=8.3), in 1906 

(M=8.8), 1958 (M=7.8), 1979 (M=8.1), as the last one generated in 2013 (M=7.0). The event of 

1906 ruptured a segment of about 500 Km long (Kanamori and McNally, 1982). 
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Figure 4 - Cumulative Distribution Function for various values of standard deviation (σ) and 

the value of mean μ=0 (http://en.wikipedia.org/wiki/Log-normal_distribution). We added the 

curve (dark black) according to the obtained outputs σ=0.076 and μ≈0. 

In zone 2, the estimated conditional probabilities are low, exceed only the 50% (for M7.0), in a 

time period of 50 years. Lower probabilities (44% and 33%) are also observed and for the other two 

magnitude ranges M7.5 and M7.8, respectively. They illustrate an ordinary distribution in time. 

The very large earthquakes in this zone are: 1619 (M=8.6), 1746 (M=8.7) in 1960 (M=7.8), 1970 

(M=7.9) and the last one in 2007, with M=8.0. For a 10 years time period and for M7.5 a low 

conditional probability was estimated (10.3%), while Nishenko (1991) estimated as 13% for the 

same time period. 

Ordinarily distribution is also observed in zone 3. High conditional probabilities (70.5%), in a time 

period of 50 years, is calculated for earthquakes of M7.0. Slightly lower probabilities of 60% are 

observed for magnitudes M7.5 and definitely lower about 43.5% for magnitudes M7.8. Very large 

earthquakes occurred in this zone since the historical epoch: 1604 (M=8.5), 1615 (M=8.8) in 1687 

(M=8.7), 1831 (M=7.8), 1868 (M=9.0) 1877 (M=8.3), 1942 (M=8.2) and the last one is in 2001 

(M=8.4). Nishenko (1985) suggested conditional probabilities of 20%, for the next 10 years and for 

large earthquakes. Comparable results were estimated in the present study, where the conditional 

probability is about at 16.5% level for a 10-years time window. 

An unregulated distribution is depicted in zone 4. Statistically, it behaves like the distribution of 

zone 1. Very high values are observed for the conditional probabilities, which reached the 90%, in 

a time period of 50 years and for M7.5. The probabilities are slightly lower (83%) for the 

earthquakes of magnitude M7.0 in a time period of 50 years. This lower pattern is observed from 

the beginning of the time period up to its end. Conditional probability reached the value of 58% for 

earthquakes of magnitude M7.8 in a time period of 50 years. The very large earthquakes reported 

in this zone are: 1819 (M=8.3), 1918 (M=7.9), 1922 (M=8.5), 1946 (M=7.9), 1966 (M=7.8) and 

1995 (M=8.0). 

Zone 5 is of special interest because for magnitude level M7.8 it shows an abnormal distribution. 

The conditional probabilities estimated are of intermediate values (58.3%, for M7.0), in a time 

period of 50 years, while a bit lower (50%) are the probabilities estimated for the magnitude range 

of M7.5. Both exhibit an ordinary distribution in time. The very large earthquakes of this zone 

occurred in: 1730 (M=8.7), 1822 (M=8.5), 1906 (M=8.2) and 1985 (M=8.0). The number of 

http://en.wikipedia.org/wiki/Log-normal_distribution
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earthquakes that occurred during the historical era is predominant (≈60%) in this zone. This could 

be one of the reasons that the earthquakes having magnitudes M7.8 show this kind of distribution. 

The time interval is generally long (35 years) and the conditional probabilities are more reliable 

for long time periods (Fig. 5). Fig.5a shows the distribution for short time period (50 years), while 

Fig. 5b illustrates the same distribution for longer time-window (150 years). Historical records, 

concerning the very large earthquakes, point out that the recurrence time period along the examined 

area is larger than 60 years (Kelleher, 1972). According to Nishenko (1991) the average recurrence 

time for this zone is 95±10 years. But as it is aforementioned the values of σ is the key of the shape 

of the distribution. For the zone the calculated value is μ=-0.0019, which practically is zero or tend 

to zero and σ=0.076. Based on these values we set on Fig. 4 the new curve (in dark black), in order 

to compare the obtained σ value given that the μ value is practically the same, (tends to zero). The 

new curve fits much better to those values with σ less than 0.125. So we conclude that indeed σ 

controls the shape of the conditional probability curve. 

 

Figure 5 - The conditional probabilities of zone 5 and for magnitude interval M7.8 are 

shown: a) for a range up to 50-years time period, and b) for a range up to150-years time 

period. 

Zone 6 seems to be the active seismogenic part of the examined area and more specifically during 

the historical epoch, given that about 70% of the very large earthquakes along the western coast of 

South America occurred in this zone. The estimated conditional probabilities are high 67.3% (for 

M7.0), in a time period of 50 years. Lower probabilities (61.2% and 50.8%) are also observed and 

for the other two magnitude ranges M7.5 and M7.8, respectively. The very large earthquakes in 

this zone are: 1570 (M=8.3), 1575 (M=8.5), 1647 (M=8.5), 1657 (M=8.0), 1751 (M=8.5), 1835 

(M=8.2), 1837 (M=8.0), 1914 (M=8.2), 1960 (M=9.5) and the last one occurred in 2010 with M=8.8.  

Conditional probabilities for time periods of  10, 20, 30, 40 and 50 years, for earthquakes with 

magnitude M7.0 in the six zones in which South America was divided, are listed in Table 2. 

Conditional probabilities in time are also estimated for earthquakes ranged in magnitudes M8.0 

and M8.5 (Table 3). 

Numerous earthquakes of such magnitudes occurred along the entire western coast of South America. 

The area is very productive in such events and already three earthquakes occurred during the present 

century (2001 M=8.4, 2007, M=8.0 and 2010 M=8.8). 
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Table 2 - Conditional probabilities estimated for earthquakes with M7.0 in each zone for 

the next 10, 20, 30, 40 and 50 years from the present time. 

Years /Zones 10 20 30 40 50 

1 22.62 59.30 79.65 89.54 94.40 

2 18.81 31.70 41.10 48.30 54.01 

3 24.77 42.30 54.74 63.78 70.52 

4 38.15 58.48 70.55 78.25 83.44 

5 18.48 32.41 43.14 51.58 58.33 

6 26.32 42.75 53.70 61.51 67.34 

Table 3 - The conditional probabilities estimated of earthquakes with magnitudes M8.0 and 

M8.5, along the western side of South America. The estimations are for the next 10, 20, 30, 

40, 50 and 100 years, from the present time. 

Time Periods M8.0 (%) M8.5 (%) 

10 38.25 17.19 

20 62.77 37.75 

30 76.41 53.70 

40 84.34 65.25 

50 89.19 73.53 

100 97.52 91.70 

Due to these shocks, low conditional probabilities are computed for the next 10-years. The 

probabilities are high during the next 30 years. It is very interesting that the “recent” earthquake of 

2010 (M=8.8) occurred fifty years after the 1960 (M=9.5) earthquake, the largest event of the world 

up to now. The conditional probability along the west side of South America for a 50-years time 

window and for earthquakes with M8.5 is estimated equal to 73.5%. 

5. Conclusions 

It is widely known that an earthquake is the result of the strain energy released in a location, which 

originates a seismic slip in the collision of two lithospheric plates. This energy is accumulated in the 

interface of two plates for tens or hundreds of years and depends, between others, on the velocity of 

the under-thrusting plates. Slow and fast collision velocities reflect to longer or shorter recurrence 

time for an earthquake, respectively. The inter-event time of earthquakes as a function of time, as 

well as their recurrence time were assessed, using the conditional probabilities technique. This 

technique was applied in six pre-determined zones along the western side of South America, one of 

the most seismogenic regions of the world, due to the collision between Nazca and South America 

plates. In two of them (zones 4 and 5) some abnormalities observed showed that greater events have 

greater probability of inter-event time. This may due to the quality of the data because we have 

greater number of large earthquake during the historic epoch than in present era (20th and 21st 

century). As a general conclusion we can say that the results of the detailed analysis of the last event 

inter-event time show that the technique of the conditional probability seems to be a more advanced 

methodology and considered as a useful tool for the earthquake hazard mitigation. It is interesting 

that zone 1 showed the highest conditional probabilities for an earthquake occurrence with 

magnitude, Mw>7.0. During the review process of the present paper and specifically on 16th of April 

2016, an earthquake with Mw=7.8 struck the coastal region of this zone, given that the previous 

event with Mw>7.8 occurred during 1979 (≈40 years). For this time span the estimated conditional 

probability is about 90% (Table 2). 
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Abstract 

Horizontal to Vertical Spectral Ratio (HVSR) method has been applied on ambient 

noise records at the Rio- Antirio area (central Greece). The dataset used was recorded 

during 7 days by 12 temporary seismic stations deployed in the area. The stations 

were laid out along a profile and their interval was approximately 500m. The main 

part of the processing was done using Geopsy software. The aim of this study was to 

estimate the fundamental frequency at the station sites and its variation with time and 

azimuth. The processing results showed that for most stations along the profile, the 

peaks of the HVSR curve are not strong enough and often there are, more than one, 

peaks, which seem to be persistent during the whole recording time. When taking the 

azimuth into account, some of the stations show dominant and persistent directions 

were the HVSR ratio is stronger, while it has been observed that this direction could 

vary for different frequency peaks of the same stations. Finally, the top sediment 

layer’s geometry and thickness were estimated using Vs velocity results from nearby 

crosshole measurements. 

Keywords: Nakamura method, Horizontal to Vertical Spectral Ratio vs Azimuth, 

fundamental frequency. 

Περίληψη 

Η τεχνική HVSR-Nakamura εφαρμόστηκε στην περιοχή του Ρίου-Αντιρίου (κεντρική 

Ελλάδα), σε καταγραφές σεισμικού εδαφικού θορύβου. Αξιοποιήθηκαν τα δεδομένα 7 

ημερών από 12 σταθμούς ενός προσωρινού σεισμικού δικτύου, το οποίο ήταν 

εγκατεστημένο στην περιοχή. Οι σταθμοί ήταν διατεταγμένοι κατά μήκος ενός προφίλ 

και απείχαν μεταξύ τους περί τα 500m. Η επεξεργασία έγινε κυρίως μέσω του 

λογισμικού Geopsy. Σκοπός της μελέτης ήταν ο υπολογισμός της θεμελιώδους 

συχνότητας του κάθε σταθμού και η μεταβολή αυτής με το χρόνο και το αζιμούθιο. 

Η επεξεργασία των δεδομένων έδειξε ότι για την πλειονότητα των σταθμών του προφίλ, 

οι κορυφές του λόγου HVSR δεν έχουν μεγάλα πλάτη ενώ υπάρχουν περισσότερες της μίας 

κορύφες, γενικά σταθερές καθ’ όλη την καταγεγραμμένη διάρκεια. Αναφορικά με το 

αζιμούθιο κάποιοι σταθμοί εμφανίζουν σταθερές, δεσπόζουσες διευθύνσεις στις οποίες οι 

τιμές του φασματικού λόγου είναι ισχυρότερες, ενώ έχει παρατηρηθεί ότι ακόμα και για 

τον ίδιο σταθμό η διευθύνσεις αυτές μπορεί να αλλάζουν για διαφορετικές κορυφές. Τέλος, 

έγινε εκτίμηση της γεωμετρίας και του πάχους των υπερκείμενων ιζημάτων, με βάση τις 

ταχύτητες Vs για τους σχηματισμούς από μετρήσεις crosshole σε κοντινές γεωτρήσεις. 

Λέξεις κλειδιά: Μέθοδος Nakamura, Αζιμούθιο - HVSR, θεμελιώδης συχνότητα. 
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1. Introduction 

Ambient noise is defined as, the generally low, amplitude vibrations of the Earth’s surface that is 

caused by various sources that can be either natural (such as weather phenomena, sea currents, wind, 

rain etc.) or anthropogenic (traffic, heavy machinery, urban activity, etc.). The term microtremors, 

has also been used in the bibliography more or less as synonymous to ambient noise. The HVSR 

method is used to calculate the dominant frequency, usually, for sedimentary layers in a basin. This 

information is commonly used for microzoning studies in order to identify possible areas that could 

amplify earthquake ground motions (Nakamura, 1989, 1997) and has also been used in evaluating 

the geometry and thickness of sedimentary layers in a basin by examining the variation of the 

calculated dominant frequency (e.g Oliveto et al., 2004). 

In this paper, the application of the Horizontal to Vertical Spectral Ratio (HVSR) method is 

described as it was applied at the Rio-Antirio area (central Greece). The ambient seismic noise data 

used were selected, from a previously recorded larger dataset, along a profile consisting of 12 

seismic stations with a NNW-SSE orientation. 

2. Area and methodology 

2.1. Geological characteristics of the area 

The Rio-Antirio strait is located in central Greece, connecting the gulf of Corinth with the gulf of 

Patras. Across the strait, the Rio Antirion bridge has been constructed, which is an important 

infrastructure. Corinth gulf is an active rift, in fact it is one of the fastest spreading continental rifts 

in the world (Avallone et al., 2004). The main fault directions are ENE-WSW and WNW-ESE. 

2.2. Methodology 

The HVSR, method is relatively fast and simple processing is required. The methodology used in 

order to acquire and process the data is outlined in the following paragraphs. 

2.2.1. Data acquisition 

The data used in this paper were recorded during May 2004, for another seismic experiment that 

took place in the area (Tselentis et al., 2007). The dataset used for the HVSR study presented here 

consisted of a subset of 12 stations placed along a profile laid out in a NNW- SSE direction that 

started from the Antirio area and ended up to Rio across the strait (Figure 1). 

 

Figure 1 – Layout of the stations used and surface geology. 
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The station’s distance interval ranged from 500m to 800m and the time period processed was 

approximately 7 days. In general, in a HVSR survey, the recording time for each station does not 

need to be that long and depending on the frequencies studied, can range from several tens of minutes 

up to several hours. But in this case, taking advantage of the available recorded data, it was possible 

to evaluate the variability of the spectral ratio’s characteristics with time. 

The recording equipment, were Earthdata PR24 seismographs. The sensor used was a short period, 

Landtech S100 3-component seismometer with a flat instrument response from 1 up 70 Hz. The 

sampling frequency was set to 100Hz (Tselentis et al., 2007). 

2.2.2. Processing 

The available ambient noise records were processed using the open source GEOPSY software 

(www.geopsy.org), while the HVSRmat (Paraskevopoulos, 2015) suite of programs written in 

matlab were used for data preparation and post processing of the results. Initially the continuous 

recording was divided in records of 1 hour duration. For each of these records: 

 The hourly signal was divided in 30 second windows. Using STA/LTA anti-triggering and 

visual inspection the windows with high amplitude transient noise were removed. 

 For each time window and each component the amplitude spectrum between 0.5 - 20Hz was 

calculated using FFT. 

 Each spectrum was smoothed using the Konno and Ohmachi method (Konno and Ohmachi, 

1998) setting the constant b=40 in order to avoid any artefacts in the HVSR ratio. 

 The HVSR ratio was calculated for each window using Equation 1 and the mean spectral 

ratio was calculated for each hourly record. 

 The mean of all the hourly HVSRs was calculated as the mean HVSR for each station. 

Equation 1–HVSR calculation. 

)(

)(
)(

fV

fH
fHVSR  . 

Where HVSR(f) is the spectral ratio, V(f) the amplitude spectrum of the vertical component and 

H(f) the quadratic mean of the two horizontal components. 

The reliability of each hourly curve as well as the reliability of the dominant frequency was evaluated 

using the SESAME guidelines’ criteria (SESAME, 2004). 

Additionally it is also possible to calculate the HVSR in relation to the azimuth. As the EW and NS 

horizontal components were recorded it was possible to calculate the HVSR from 0o up to 180o using 

an interval of 10o. The ratio HVSR from 180o up to 360o was symmetric to 0o up to 180oso it was 

not necessary to calculate it. 

From the literature it is known that the fundamental frequency is related to the thickness of the top 

soft sediment layer by Equation 2. 

Equation 2– Relation of f0 to the thickness of the soft sediment layer. 

0
4

SV
f

H
 , 

where 
0f  is the fundamental frequency, Vs the velocity of S waves and H is the soft sediment layer 

thickness. Equation 2 shows that lower frequencies correspond to deeper bedrock. The Vs velocities used, 

were approximated based on crosshole measurements made in the vicinity of the Rion - Antirio bridge 

(CPWL, 1992). Based on this, the Vs for Antirio area was set to 300m/sec, while for Rio it was 250 m/sec. 
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3. Results 

3.1. HVSR ratios of the stations 

HVSR ratio was calculated using up to 168 hourly mean HVSR ratios. The total duration used was 

relatively long especially compared to the recording durations usually used in these type of 

measurements, so that any transient low amplitude noise that would affect the measurements and 

could not be detected visually or by the STA/ LTA anti-triggering, would be cancelled out. 

3.1.1. Antirio 

The first result of the processing was the average HVSR ratios (Figure 2). All the HVSR curves were 

found to be reliable according to the SESAME criteria (SESAME, 2004). The peaks that can be seen 

in the HVSR results in the area are weak, having small amplitudes, and almost all stations, except from 

24 and partially station 04, fail the peak reliability tests of SESAME. On the other side, the ratio curve 

form seems to be relatively stable during the whole duration of the measurements. Thus even if HVSR 

curve peaks vary in amplitude causing the dominant one (the one with the larger amplitude) to vary 

with time the peaks themselves are persistent in time when observing the overall curve. 

  

 

 

  

Figure 2 – Mean HVSRs for the Antirio stations. The solid black line is the mean HVSR, the 

two black dashed lines are the standard deviation while the coloured lines represent the 

mean hourly HVSRs. 
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In the Antirio part, the profile crosses two different geological formations. This change can be seen 

in the form of the HVSR ratio, which is consistent with the change in geology. Stations 04, 11 and 

18, were located on the Pleistocene sediments, while stations 28 and 30 were placed on recent 

sediments and station 24 was placed near the contact line of the two formations. This is a clear 

indication that the HVSR ratio is sensitive to the change in the geology. 

In summary the following observations could be made: 

 Stations 04, 11, 18, and 24 present no clear and/or strong H/V peak that is higher than 2 even 

though the weak peaks present are persistent with time. 

 Stations 28 and 30 exhibit a plateau with slightly higher amplitudes (above 2). 

 Rio 

In Rio there is no apparent change in geology that can be seen on surface, as all stations were located 

on recent deposits. Figure 3 presents the HVSR ratio results for the Rio stations. The HVSR curves 

computed for this dataset were also reliable according to the SESAME criteria. 

  

 
 

 
 

Figure 3 – Mean HVSRs for the Rio stations. The solid black line is the mean HVSR, the two 

black dashed lines are the standard deviation while the coloured lines show the mean hourly 

HVSRs. 
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The dominant peaks were slightly higher than in the Antirio part of the profile, but their higher 

amplitude did not exceed 3.5 even for the hourly records with the higher values. Regarding the peak 

reliability criteria, stations 31, 32, 51 and 58 would fail, while for stations 36 and 43 the criteria were 

generally successful. As in the Antirio stations the stability of the curve’s form can also be seen in 

these stations, as well as the peak persistence in time. 

In summary the following observations could be made for the results on the Rio part: 

 There are three different types of HVSR curves. 

 Stations 31 and 32 show no clear H/V peak but two frequency plateau, where the spectral 

ratio is higher along the whole frequency area without a clear sharp apparent peak. 

 Stations 36 and 43 show the most clear and unique peaks in the whole profile with relatively 

high amplitudes. Station 36 has an f0=1.8Hz while 43 a frequency f0=1.5Hz. 

 At positions 51 and 58, relatively flat ratio curves with low ratio amplitudes are observed. 

Even though the amplitudes of the peaks are lower than 1.5, failing the SESAME guidelines 

criteria, the form of peaks and troughs of the ratio are consistent throughout the duration of 

the records while the frequency with the higher amplitude may change with time. It should 

be noted that station 58 displays two distant dominant frequency peaks at f=2Hz and f=17Hz. 

 HVSR ratios with the azimuth 

Another result that can be obtained from ambient noise measurements is the variation of the HVSR 

ratio with azimuth. For every station the average azimuth- frequency- HVSR diagram was calculated 

taking into account all the hourly records. 

3.1.2. Antirrio 

The Azimuth- HVSR ratio diagrams also change when the geology of the area where the stations are 

located changes. For stations 30 and 28 the HVSR ratios seem to have almost the same amplitude for all 

azimuths. While for stations 04, 11 and 18 the HVSR ratio has higher values in certain azimuth directions. 

Moreover this direction can vary with frequency, as can be seen on e.g. station 11 (Figure 4). 

3.1.3. Rio 

In the case of Rio the azimuth-HVSR ratio does not change notably. Stations 31 and 32 present 

strong directionality of the HVSR peaks while for station 58 this is mainly observed in the higher 

frequency peaks (~17Hz). For stations 36 and 43 this effect is not as strong. As in the Antirio results, 

this azimuthal direction of the HVSR peak can vary for different frequencies. Generally the 

dominant directions are NNE-SSW up to NE-SW except for the higher frequencies of station 58. 
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Figure 4 – Mean HVSRs with varying azimuth for the Antirio stations. The colour 

represents the HVSR ratio frequencies of 0.5Hz are near the center of the circle while 10Hz 

towards the perimeter of the circle. 

3.2. HVSR profile 

The HVSR ratio can be used as a preliminary geophysical survey tool. The fundamental frequencies 

derived from the HVSR ratio can be used for approximating the thickness of the sediments in a basin, 

even though determining an appropriate value for Vs for the whole top sediment column for 

Equation 2 can be difficult. In a profile, the relative lateral variation of the fundamental frequency 

can also be used to delineate the geometry of the top layer rather than its accurate depth. 

Figure 5 shows average HVSR ratios along the station’s profile as well as two boreholes that were 

made in the area (C.P.W.L, 1992). For this profile, station 04 was set to position 0m and the rest of 

the stations were positioned along the profile according to increasing distances. In general, the 

dominant frequency decreases towards the sea, indicating an apparent increase in the thickness of 

the sediments. At the stations further from the sea (stations 04, 11, 18, 24, 51 and 58) the ratios are 

relatively flat with weak picks were some higher frequencies (with f0 up to 17Hz) can become 

dominant. 
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Figure 4 – Average HVSRs with varying azimuth for the Rio stations. 

The azimuthal projections of HVSR show that stations with similar characteristics also seem to be 

geographically close (Figure 5). Also as it can be seen in the case of Antirio, this directionality effect 

is more prominent at the stations further from the sea. These results could imply that the HVSR azimuth 

could be related to the geological and geophysical characteristics at the vicinity of the station, such as 

lithology characteristics or the presence of faults but further investigation is needed. 

 

Figure 5 – HVSR ratios placed along the profile, solid black lines show the HVSR ratio, 

black dashed lines represent ± 1 standard deviation. Two boreholes are included for 

comparison. 
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Figure 6 – The average azimuth-HVSR diagrams for the Antirio area. HVSR ratios are up to 

20Hz. 

4. Conclusions 

A study of the HVSR ratio has been made in the Rio Antirio area using recordings of ambient seismic 

noise. The diagrams of the HVSR have shown that in most recording positions there is no significant 

seismic amplification with the exception of stations 36 and 43 where a higher HVSR peak is present. 

For most of the stations the peaks present in the HVSR curve have weak amplitudes and the 

frequency where the higher value is found can vary with time. But these peaks are present and 

persistent during the whole recording time. The HVSR when analyzed in relation to the azimuth can 

show that for some stations the HVSR ratio is consistently higher along preferred directions. The 

long duration of the recording time, approximately 7 days, indicates that this is mainly due to 

permanent local conditions such as geology, and tectonics, even though some persistent noise 

sources such as the sea cannot be ruled out. Finally an attempt to delineate the geometry of the top 

sedimentary layer was made using the whole spectral ratio curve. Even though the HVSR method is 

widely used for finding out the peaks of the dominant frequency in an area, under the assumption of 

a 1-D soil profile, there is potential in extracting more useful information using the whole form of 

the HVSR curve even in areas where the ratio is relatively weak. 
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Abstract 

The most common test of breaking rocks in the laboratory under compression has 

provided the basis for most of the widely used modeling of faulting and the earthquake 

instability in the earth’s crust. But it has not been able to explain the actual complexity 

of fault systems insitu. However a greatly generalized lab experiment - widely 

overlooked for decades - provides the missing links needed to begin to understand the 

actual complexity of fault systems insitu. 

Keywords: earthquakes, faults, domains. 

A perennial problem in fault mechanics is that fault geometries in situ-especially of strike- slip faults-

often contradict theoretical predictions. According to experimental and theoretical rock mechanics as 

captured by Coulomb’s law, fault directions and motions should correspond simply to stresses in the 

crust. However, the complex geometrical distribution and regional trends of observable faults in the 

crust often seem at odds with the regional state of stress (Figs 1, 2). 

 

Fig. 1 - Earthquake hypocenter distribution in Southern California shows a bewildering 

complexity in delineating fault directions. 
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Fig. 2 - The late tertiary fault systems in the Mojave region of Southern California are 

organized in domains of sub parallel fault sets. The sense of slip in neighboring domains 

is akin to conjugate faults observed in lab failure of rocks. 

Fortunately, these discrepancies can be neatly reconciled with Coulomb’s law if we recognize that 

many faults did not form in their current orientations, but have rotated over time, and/or the stress field 

has rotated as well. 

 

Fig. 3 - Non rotational plane strain experiments in clay distorted by a sheet of rubber 

beneath it showing the gradual progression of rotation, bending, coalescence, and domain 

formation with growing NS shortening and EW extension (Freund1974, after Hoeppener, 

1969). 
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Following Hoeppener’s model (Fig.3) we describe a comprehensive tectonic model for the strike-

slip fault geometry, seismicity, material rotation, and stress rotation, in which new, optimally 

oriented faults can form when older ones have rotated about a vertical axis out of favorable 

orientations. The model was successfully tested in the Mojave region using stress rotation and three 

independent data sets: the alignment of epicenters and fault plane solutions from the six largest 

central Mojave earthquakes since 1947 (Fig. 4), material rotations inferred from paleomagnetic 

declination anomalies, and rotated dike strands of the Independence dike swarm (Fig. 5). 

 
Fig. 4 - Reproduction of the Nur et al. (1989) figure showing the nearly fault-

normal orientation of the Mojave compression to the older faults and its optimal 

orientation to the Manix, Calico, Homestead Valley, and Galway Lake ruptures, 

suggesting the emergence of a new fault line (in blue) and the gradual locking of the 

older faults. 
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Fig. 5 - Map of the Mojave showing its three fault domains: northeastern Mojave (NEM), 

central Mojave (CM), and eastern Transverse Range (ETR). A. Rose diagrams and statistics 

of Independence dike swarm populations in each domain. B. Paleomagnetically derived 

rotations of each domain. 
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Fig. 6 - Block rotation in domains, stress-field rotation, and the formation of optimally 

oriented new faults in the Mojave region. A. In the initial configuration, the east Mojave 

(EM) and eastern Transverse Range (ET) domain faults are oriented at 30°. B. In the 

present-day configuration, paleomagnetic evidence and some structural data suggest a 55° or 

so clockwise rotation of blocks and faults in the EM and ETR domains, and no 

counterclockwise rotation in the CM domain. These material rotations imply a stress field 

rotation of 15°–25°, into today’s direction of N15°W. Because the existing faults are so 

unfavorably oriented relative to the cur- rent stress, new ones should form (broken lines in the 

CM and the Landers-Mojave line may be such faults.) 
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The success of the rotation model in the Mojave (Fig. 6) has applications well beyond this special region 

alone. The implication for crustal deformation in general is that rotations-of material (faults and the 

blocks between them) and of stress-provide the key link between the geology of faults and the 

mechanical theory of faulting. Excluding rotations from the kinematics and mechanical analysis of 

crustal deformation makes it impossible to explain the complexity of what geologists see in faults, or 

what seismicity shows us about active faults. However, when we allow for rotation of material and 

stress, Coulomb’s law becomes consistent with the complexity of faults and faulting observed in situ. 

We believe that the complexity of the tectonics of the Mojave region and the Landers and Hector Mine 

earthquakes can be reconciled with mechanics by invoking rotations both of material and stress. 

Otherwise this complexity will remain totally enigmatic. This strongly supports the necessity of 

including rotations for understanding crustal deformation in general. The general implication is that 

the rotation of material-the faults and the blocks between them-and the rotation of stress together 

provide the key linking the geometry of faults and faulting in situ and the mechanics of faulting. With- 

out rotations, it appears that it is impossible to explain the complexity of what geologists see in situ, 

or what seismicity shows about active faults. 

Unfortunately, some stubbornly resist the notion that rotations may be such a key aspect of crustal 

deformation. Said Greg Davis (pers. commun. 1993): “As it is impossible to measure a regional 

stress tensor in the field … any interpretation which depends on such a tensor is at best a gross 

simplification. Thus the so called ‘mechanical’ evidence cited … couldn’t form the basis for 

startling new ideas about the birth of faults.” Rockwell et al. (1995) questioned our analysis of the 

Landers earthquake: “Is this a new fault, or business as usual?” The phraseology of the question 

makes his skepticism clear. 

Many more crustal deformation investigators have simply paid little attention to rotations (e.g., 

Sibson, 2002; Yeats et al., 1997). This is especially perplexing because, as a research community, 

we seem to have adhered to the totally arbitrary assumption of irrotational crustal deformation. 

However, there is absolutely no a priori reason to make such a limiting assumption. There is no 

logical reason, and as this study shows, no factual reason to exclude rotations in crustal deformation. 

Fortunately a few (Fig. 7) have already come to recognize how important kinematic mechanical 

rotations are for a fuller understanding of crustal deformation. McKenzie “Rotations make nonsense 

of the two-dimensional reconstructions that are still so popular among structural geologists” best 

said this. (McKenzie, 1990) are caused by material rotations. That is work for future research. 
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Fig. 7 - A summary of the history and trends of thought about material and stress rotations in 

crustal deformation, including key references to studies relevant to the debate about 

rotations in crustal deformation. A theory of coupled stress rotation and material rotation 

remains to be developed. 
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Abstract 

A study on the aftershock sequences distributed along the subductions in Japan and 

Kuril islands, as well as in Kamchatka is undertaken. Aftershock sequences, having a 

main shock magnitude Mw >7.0, during the time period 1973-2013 are taken into 

account. The data used (mainshocks, aftershocks and foreshocks if there are any) are 

restricted in shallow focal depths. A large earthquake in Japan Trench (11 March 

2011 / Mw=9.0) occurred and for this reason the investigated area is of particular 

interest. Our study is concentrated on the spatial distribution of some parameters [Mc, 

a, b (Gutenberg-Richter distribution) and p, c, k (Omori’s law)] closely associated 

with the seismic sequences statistics. 

Keywords: aftershock sequences, spatial distribution of aftershock parameters, 

Japan, Kuril Islands, Kamchatka. 

Περίληψη 

Στη παρούσα εργασία γίνεται η μελέτη των μετασεισμικών ακολουθιών που συμβαίνουν 

κατά μήκος της Ιαπωνίας, των νήσων Κουρίλες και της ευρύτερης  περιοχής της 

Καμτσάτκας. Για τον σκοπό αυτό εξετάσθηκαν όλες οι μετασεισμικές ακολουθίες των 

περιοχών που προαναφέρθηκαν με μέγεθος κύριου σεισμού Mw >7.0 και κάλυπταν το 

χρονικό διάστημα 1973-2013. Στη μελέτη λήφθηκαν υπόψη μόνο οι επιφανειακοί 

σεισμοί. Είναι γνωστό επίσης ότι στη περιοχή της Ιαπωνίας συνέβη στις 11 Μαρτίου 

του 2011 ένας γιγαντιαίος σεισμός με μέγεθος Mw =9.0 και έτσι η εξέταση των 

μετασεισμικών ακολουθιών στην περιοχή είναι ιδιαίτερα ενδιαφέρουσα. Η μελέτη αυτή 

επικεντρώνεται στην χωρική κατανομή διαφόρων παραμέτρων που σχετίζονται με 

παραμέτρους άμεσα συνδεδεμένες με τις μετασεισμικές ακολουθίες 

Λέξεις κλειδιά: μετασεισμικές ακολουθίες, χωρική κατανομή παραμέτρων 

μετασεισμών, Ιαπωνία, νησιά Κουρίλες, Καμτσάτκα. 

1. Introduction 

A large amount of the residual seismic energy, caused by the heterogeneity of the focal region, is 

released with the aftershocks. Spatial and temporal variation of aftershocks parameters are sources of 

information about earthquake nucleation and reveal the internal crustal dynamics which related with 

the redistribution of the stress field in the fault zone (Dieterich, 1986; Frohlich, 1987; Tsapanos et al., 
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1994; Heuret et al., 2011). Aftershocks of large earthquakes contribute to a significant hazard, which 

of course, can cause further damages to the already vulnerable constructions. 

A large number of studies which focus on the properties of aftershock sequences have been 

published during the last decades (Tsapanos, 1990, 1992; Drakatos, 2000; Henry and Das, 2001; 

Felzer et al., 2004; Shcherbakov et al., 2005; Schorlemmer et al., 2005; Lay et al., 2009; Marsan 

and Lengliné, 2010; Goda, 2012; Scholz and Campos, 2012; Shcherbakov et al., 2013; Mousavi-

Bafrouei et al., 2014; among others). Moment release rates during mainshocks compared with 

moment release rates during aftershock sequences showed that the moment release rates of 

aftershock sequence are 30 times smaller than the maximum moment rate of the main shock (Kagan 

and Houston, 2005) 

It is well known that aftershock sequences follow statistical laws. The most well known of these is the 

one referred to by seismologists as "Bath's law". According to this law, the difference D1 between the 

magnitude of the main shock M and the largest aftershock M1 of an earthquake sequence has a 

statistical mean value of 1.2 (Richter, 1958) and is apparently independent of the magnitude of the 

earthquakes (Papazachos, 1974; Purcaru, 1974). One of the purposes of the present work is to examine 

this difference in the aftershock sequences occurred in the studied areas. 

Characteristics of seismic sequences that may provide useful information are: the distribution in 

space and time, the total number of aftershocks, the completeness magnitude Mc, and the parameters 

a and b of Gutenberg-Richter relationship as well as the parameters of Omori’s law. The last can be 

measured by the difference, D1. 

This study confines itself to the computation of some simple but very useful aftershock parameters 

in the areas of Japan, Kuril Islands and Kamchatka, all parts of north-western Pacific Rim. 

2. Data processing 

All earthquakes, main shocks, fore- and aftershocks for the present study are extracted from the 

NEIC catalogue. The time span is 41 years, starting from January 1973 to December 2013. Earlier 

sequences (since 1960) are omitted given that they have not enough data (Shcherbakov et al., 2013). 

The earthquake magnitudes of the catalogue used are not provided in a unique scale. Local 

magnitudes, body wave magnitudes, among others are listed. For this reason and because there is a 

need for a unique magnitude scale, we converted all magnitudes in moment magnitude scale Mw, 

using for this purpose the empirical equations (Scordilis, 2006) by considering data from the whole 

earth. So, our sample is constituted of 31 seismic sequences with magnitude of the main shock Mw 

>7.0. An earthquake is considered to be an aftershock if it occurs within one year after the main 

shock (Shcherbakov et al., 2013) and its location is within a distance L (in Km) from the epicentre 

of the main shock. The evaluation of the distance L is based on the empirical relations Wells and 

Coppersmith (1994) between the magnitude and the rupture area. Useful relations for aftershock 

zones of large shallow earthquakes suggested by Henry and Das (2001), which concerning their fault 

dimension and aftershock area expansion. All the data used are of shallow depths h<60 Km 

(according to NEIC depth distribution). The magnitudes of the subsequent shocks are greater than 

or equal to 4.0 after 1973. In Figure (1) the main shocks under investigation, as well as their focal 

mechanisms are illustrated. The available data are 16 events for Japan, 5 earthquakes for the broader 

area of Kamchatka and 10 shocks for the Kuril Islands. As we observed the majority of the focal 

mechanisms are thrust faults given that they belong to subduction regions, while normal faults are 

also detected and a good paradigm is the giant event of Mw=9.0 which occurred in Japan Trench 

(Sato et al., 2012). As they pointed out Coulomb stress changes for normal fault aftershocks near 

Japan Trench which are found to be strongly related with the slip on the shallow portion of the faults. 

In the investigated area the focal mechanisms showed 1 megathrust, 3 of normal type, 6 reverse 3 

strike slip 16 thrust and 1 underthrust. 
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3. The completeness magnitude Mc of the aftershock sequences in the studied 

areas 

The estimation of completeness magnitude is an essential and required step for any seismicity study. 

This magnitude, MC, is assigned as the lowest magnitude which included all the events which generated 

in a space-time volume. This is crucial for further seismicity analysis, given that a magnitude lower 

than MC leads to bias results. Wiemer and Wyss (2000) assessed the minimum magnitude for complete 

earthquake data. Later, Woessner and Wiemer (2005) evaluated the quality of earthquake catalogues 

by an estimation of MC and its uncertainty. Mignan and Woessner (2012) provided an online resource 

for statistical analysis of seismicity focused on estimation of the completeness magnitude. The possible 

incompleteness of the data especially in the first time after the main shock plays a key role to the 

aftershock sequence processing (Lolli and Gasperini, 2006). 

 
Figure 1 - The spatial distribution of the main shocks with their focal mechanism in the 

investigated area. 
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We applied Z-map programme provided by Wiemer (2001) in order to assess the magnitude of 

completeness Mc for the 31 aftershock sequences in the area under investigation. Then the 

parameters a and b are computed using for this purpose the simple least square process A sample of 

the results is depicted in Figure (2). It is obvious (Fig. 3) that almost the dominant completeness 

magnitude of the examined is MC=4.9. The completeness magnitude ranged from 4.1 to 5.5. The 

results for Mc, a and b values are portrayed in Table 1. An interesting observation is coming out 

from the spatial distribution of the b parameter. It is clearly shown that in Hokkaido and Honshu, 

islands of Japan, the b-values are slightly lower than those calculated for Kuril Islands and 

Kamchatka. These differences need further investigation and according to our knowledge this may 

depends on the tectonics of the areas. Two b-values one at Honshu Island (during 2012) and one at 

Kuril Islands (during 1978) have values greater than 2.0 which are 2.35 and 2.05, respectively. For 

the areas of Japan and Kuril islands (Shcherbakov et al., 2013) found that b-values ranged between 

0.9 and 1.6 with a mean at 1.21. For a-values areas with lower b-value tend to have lower a-values 

while those with larger b-values have greater a-values although admittedly a short number of 

exception to this generalization are also observed to exist. 

  
10/06/1975 Kuril Islands 27/05/1995 Sakhalin, Russia 

  
05/12/1997 Kamchatka Peninsula, Russia 31/10/2003 Honshu, Japan 
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13/01/2007 Kuril Islands 07/12/2012 Honshu, Japan 

Figure 2 - A sample of completeness magnitude graphs of the studied aftershock sequences. 

 

Figure 3 - The range of completeness magnitudes where the magnitude MC=4.9 is dominated. 

4. The difference D1 between the main shock and its largest aftershock 

The difference between the main shock and the largest aftershock in an aftershock sequences is 

called by “Bath’s law” and its statistical mean is proposed as 1.2 It is interesting that the statistical 

distribution of D1 for earthquake sequences located at the examine areas is actually characterized 

by not one but rather two well defined peaks. One of them has a mean of 1.0 and is in good agreement 

with Bath's law. Papazachos (1974) found also the same values for the aftershocks sequences 

occurred in Greece. The second peak corresponds to the values of 1.8. Tsapanos (1990) found also 

a same pattern for the aftershock sequences distributed in the circum Pacific Rim. The second mean 

of the three values found by the same author is exactly the same as the second peak observed for the 

whole investigated area. He also made an effort to associate these values with the stress field in the 

focal area. Although the data are not enough (especially for the second peak) this may could be a 

tendency when we add the results from all the aftershock sequences, with an alternative for the 

second peak is to be disappeared with plenty of data. In Figure (4) the histogram of the difference 
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D1 for the aftershock sequences of the whole examined area are illustrated. Shcherbakov et al. 

(2015) computed D1-values for Japan and Kuril Islands and found o mean of D1=1.11. This value 

is compatible with our results (first peak). 

 

Figure 4 - The values of the difference D1 between the magnitudes of the main shock and its 

largest aftershock in the seismic zones of the examined area. 

Other authors related this difference with various parameters. For example, Gibowitz (1973) has 

shown that this difference is associated with the stress drop in the main shock. He points out that the 

difference M - M1 is small when the stress drop in the main shock is low, or the remaining stress is 

high, and vice versa. Also Okada (1979) has shown that this difference may be related to the 

parameter b of the Gutenberg-Richter equation, while Purcaru (1974) observed that the difference 

D1 is a linear function of b. Additionally, Mogi (1963) and Scholz (1968) have shown from 

laboratory experiments on rocks that the parameter b depends on the stress conditions and on the 

homogeneity of the materials in the focal area. 

5. Omori’s law in the studied area 

According to the work of Omori (1895) the aftershock rate is roughly proportional to the inverse of 

the time, t, elapsed after the main shock and is given by the following equation: 

Equation 1 – The origin formula of the Omori’s law: 

)/()( ctktn                                                                                   (1) 

In eq. (1) c and k are coefficients, while time t is the time since the main shock origin and n(t) is the 

aftershock frequency measured over a certain time interval. 

A modified version, where aftershocks decay as a power law is introduced by Utsu (1961); 

Equation 2 – The modified version of Omori’s law: 

)(tn
pct

k

)( 
                                                                                   (2) 

Coefficients t, k and c (in eq 1 and 2) are of same meaning as in the origin formula. The p-value is 

the decay parameter, which, according to Utsu (1961), varies between 0.7 and 1.5. 
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Table 1 - Overall values of the computed aftershock parameters of the two empirical laws 

(Gutenberg-Richter and Omori) in the studied area. The date, the magnitude of the main 

shock and the place of the generation of aftershock activity are also listed. 

No DATE Mw Region 
Gutenberg-Richter Omori 

Mc a b p c k 

1 1973/06/17 7.7 Hokkaido, Japan 5.50 9.99 1.51 0.94 0.08 10.00 

2 1976/01/21 7.0 Kuril Islands 5.30 10.66 1.69 1.60 0.76 10.00 

3 1978/03/24 7.6 Kuril Islands 5.30 12.67 2.05 1.15 0.62 95.80 

4 1978/06/12 7.7 Honshu, Japan 4.80 5.90 0.88 0.73 0.01 16.90 

5 1980/02/23 7.0 Kuril Islands 5.50 7.43 1.19 0.71 0.40 10.00 

6 1982/07/23 7.1 Honshu, Japan 4.90 7.41 1.20 0.69 0.01 10.00 

7 1983/05/26 7.4 Honshu, Japan 4.80 6.18 0.94 1.08 0.20 19.70 

8 1984/03/24 7.2 Kuril Islands 4.90 7.85 1.34 0.75 1.16 10.00 

9 1989/11/01 7.4 Honshu, Japan 4.90 7.51 1.18 0.75 0.01 10.00 

10 1990/11/06 7.1 

Komandorskiye Ostrova, 

Russia 4.40 4.66 0.81 1.32 2.93 10.00 

11 1991/12/22 7.6 Kuril Islands 5.10 11.80 1.96 0.58 0.01 14.80 

12 1993/07/12 7.7 Hokkaido, Japan 4.80 7.61 1.18 1.30 0.35 10.00 

13 1993/11/13 7.0 

Kamchatka Peninsula, 

Russia 4.60 4.22 0.66 1.16 5.00 10.00 

14 1994/10/04 8.3 Kuril Islands 5.20 10.27 1.52 0.81 0.71 76.40 

15 1994/12/28 7.8 Honshu, Japan 5.20 7.65 1.14 0.78 0.07 10.00 

16 1995/05/27 7.1 Sakhalin, Russia 4.50 6.60 1.12 1.03 0.10 10.00 

17 1995/12/03 7.9 Kuril Islands 4.90 8.05 1.16 0.75 5.00 10.00 

18 1997/12/05 7.8 

Kamchatka Peninsula, 

Russia 4.80 9.55 1.58 1.10 0.85 25.60 

19 2003/09/25 8.3 Hokkaido, Japan  4.80 7.08 1.02 0.76 0.01 14.70 

20 2003/10/31 7.0 Honshu, Japan 4.60 5.87 1.00 1.00 0.16 24.40 

21 2004/09/05 7.4 Honshu, Japan 4.50 6.03 0.96 1.24 0.34 146.50 

22 2004/11/28 7.0 Hokkaido, Japan 4.30 4.95 0.79 1.13 4.77 10.00 

23 2005/08/16 7.2 Honshu, Japan 4.10 4.14 0.59 0.72 0.01 10.00 

24 2006/04/20 7.6 

Kamchatka Peninsula, 

Russia 4.80 9.27 1.49 1.08 0.05 44.70 

25 2006/11/15 8.3 Kuril Islands 4.90 12.18 1.98 0.89 0.26 222.30 

26 2007/01/13 8.1 Kuril Islands 4.80 9.55 1.63 1.17 0.23 107.60 

27 2008/07/19 7.0 Honshu, Japan 4.60 7.79 1.42 1.15 1.46 10.00 

28 2009/01/15 7.4 Kuril Islands 4.70 8.85 1.59 0.60 0.01 10.00 

29 201103/11 9.1 Honshu, Japan 5.30 8.73 1.14 0.65 0.20 10.00 

30 2012/12/07 7.3 Honshu, Japan 4.90 13.63 2.35 0.48 0.01 20.50 

31 2013/10/25 7.1 Honshu, Japan 4.70 6.87 1.15 1.37 0.23 10.00 
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Kisslinger and Jones (1991) suggested that k is depended on the total number of aftershocks in the 

sequence and c on the activity in the earliest part of the sequence. Shcherbakov et al. (2006) taken into 

account three laws (Gutenberg and Richter, Omori’s and Bath’s) proposed that c-parameter plays the role 

of a characteristic time for establishment of Gutenberg and Richter scaling. This time increases 

systematically with a decreasing lower magnitude cutoff. The k-parameter slightly varies with lower 

magnitude cutoff of the sequence the parameter p depends on the physical properties of the material in 

the focal region and its common mean is 1.0. Tsapanos (1995) suggested the p-values, estimated from 

170 aftershock sequences in the Pacific rim, follows the normal distribution with a mean p=0.935 and 

this values is in good agreement with the value proposed by Davis and Frohlich (1991) of p=0.892 

(swarms excluded). Davis and Frohlich (1991) also found for all aftershock sequences in all tectonic 

structures of the Earth a mean p=0.868 and they suggested that aftershock statistics do vary depending on 

regional tectonics. Tsapanos (1995) also computed for the whole west Pacific a value of p=0.912 which 

is compatible with the one found for the whole Pacific. The computed values of p, c and k in the present 

study are listed in Table 1. The parameter p varies from 0.48 to 1.60 with a mean p=0.95, which is almost 

the same with one p=0.98 found by Shcherbakov et al. (2013) for Japan and Kuril islands. It is also 

compatible with the previously referred (from other authors) values and it is in good agreement with the 

common mean p=1.0. The parameter c varies from 0.01 to 5.00 with a mean 0.84, while k-parameter has 

values from 10 to 222 with a mean 33. The mean c-value for Kamchatka aftershock sequences is 

c=1,97which is larger than the one calculated for e.g. Kuril islands with a corresponding c-value=0.92. 

This means that the aftershock sequences occurred in Kamchatka seem to be very active during the first 

times after the main shock occurrence. One may argue to the results that in Kamchatka only three 

earthquakes occurred. But this is well observed in Kuril island and Honshu where the number of 

aftershock sequences is approximately of same number. Kuril islands show exactly the same behaviour. 

Following Kisslinger and Jones (1991) the mean c-value=1.30 for e.g. Hokkaido, while its mean k-

value=11,18, we can suggested that the activity is high in the first part of the aftershock sequences in this 

region but the aftershock sequences released with short number of aftershocks. 

6. Conclusions 

This paper presents some preliminary considerations of aftershock sequences occurred in the north-

western part of the Pacific Rim. Japan, Kuril Islands, as well as Kamchatka are the areas under 

investigation. The data collection and their further processing play a key role.  They must be 

accurate, homogeneous and complete. So the data sets were extracted from NEIC catalogue, their 

magnitudes were expressed in Mw and their completeness (Mc) is assessed for each one of the 

sequences. It was observed that the most common Mc is the magnitude 4.9. Software Z-map applied 

for this purpose and the parameter a and b of the Gutenberg-Richter distribution calculated by the 

least square fitting. Generally speaking we observed that the b values evaluated in Kuril Islands and 

Kamchatka are larger than those found for Hokkaido and Honshu. 

We also defined the Bath’s law parameter (D1) for which we observed two peaks with values of 1.0 

and 1.8, respectively, although one can argue for the limited data used for the second peak. The 

majority of the examined aftershock sequences belong to subduction zones, where large amount of 

energy accumulated along the plate interface. In such cases the main shock releases a part of the 

stored energy while the remaining energy, which is still large, is released as large aftershock. In such 

cases small values of D1 parameter are expected. 

The Z-map package is also applied for obtaining the parameters derived by the Omori’s law, which are 

the known p, c and k components for each individual of the studied aftershock sequences. The results 

indicated that high p-value means that the number of aftershocks decay faster in time than for a lower 

p-value. The other two parameters of Omori law c and k provided important insight into aftershocks 

behaviour. According to Kisslinger (1996) the k-value depends on the total number of events in the 

sequence and reflects the earliest part of the sequence and accounts for the observed fact that the earliest 

aftershocks do not follow a steady decay rate rather their rate increases in the first minutes to hours, 

then begins to decrease. On the other hand c-parameter depends on the activity in the earliest part of 
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the sequence. The tectonic setting and the mode of faulting are factors other than fault surface 

properties that might control the behaviour of the sequences. The temporal properties of California’s 

aftershock sequences studied by Narteau et al. (2008) and they found that the c-parameter is a 

decreasing function of the magnitude of aftershocks and that it varies across different types of faulting. 

They also suggested that the time delay before the onset of the power law aftershock decay rate is in 

average shorter for earthquakes that generated in thrust than in normal faults. For earthquakes which 

occurred in strike-slip faults this time delay is of intermediate values. All our results are listed in a very 

informative table where one can read the values computed (Mc, a, b, p, c and k) through this study. 

Due to intense aftershock activity in short time-span after the mainshock occurrence the c-value of 

Omori’s law (Utsu et al., 1995; Kisslinger, 1996; Woessner et al., 2004) is commonly considered as a  

time offset estimating for incomplete detection of aftershock activity. 

Average values of p-parameter are: 1.03 for Hokkaido, 0.89 for Honshu, 0.90 for Kuril Islands and 

1.14 for Kamchatka. Corresponding estimates of c and k components are: 1.30 and 11.2 for 

Hokkaido, 0.23 and 24.8 for Honshu, 0.92 and 56.7 for Kuril Islands and 1.79 and 20.1 for 

Kamchatka.  Based on the obtained results we can conclude that in average the activity, in 

Kamchatka, in the first times after the mainshock occurrence the activity is higher than the other 

examined regions. The larger average k-parameter, as shown, is evaluated for Kuril Islands (56.7) 

lead us to the conclusion that the aftershock activity in sequences released with large number of 

aftershocks, while Kamchatka comes second. 

The obtained results of the paper (albeit they are preliminary ones) are in quite good agreement with 

previous ones estimated by numerous authors. Their spatial distribution reveals the distribution of the 

homogeneity of the crustal material, as well as the distribution of the stresses which prevail. 
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Abstract 

On the basis of all available information eight circular seismogenic sources, where 

shallow (h 100km) earthquakes occur, are defined in the broader Aegean area. The 

location of each source is further improved by optimization of the quasi-periodic 

properties of the strong (M≥6.0) instrumentally recorded mainshocks, identified in a 

complete catalogue of earthquakes (1911-2014) after declustering. Moreover, in the 

same seismogenic sources, all M≥6.3 mainshocks that comprise another complete 

catalogue (1850-2014) have also occurred. Interevent times of mainshocks generated 

in each source have predictive properties expressed by the TIMAPR (Time and 

Magnitude Predictable Regional) model whereas preshocks of recent mainshocks 

have also such properties expressed by the D-AS (Decelerating-Accelerating 

Seismicity) model. Retrospective prediction of the last mainshock in each source by 

the joint application of the two models resulted in reasonable uncertainties. Then, as 

a forward test, data up to the end of 2014 were used to predict the next expected 

mainshock in each of the eight sources and to identify the fault where its epicentre 

will probably be located. 

Keywords: Seismogenic sources, Preshocks, Aegean. 

Περίληψη 

Με βάση όλα τα διαθέσιμα δεδομένα ορίζονται οκτώ κυκλικές σεισμογόνες πηγές στην 

ευρύτερη περιοχή του Αιγαίου. Η ακριβής θέση του κέντρου κάθε πηγής βελτιώνεται με 

την διερεύνηση της οιωνεί-περιοδικής γένεσης ισχυρών (M≥6.0) επιφανειακών (h 

100km) κύριων σεισμών που έγιναν στο διάστημα 1911-2014. Στις ίδιες σεισμογόνες 

πηγές έγιναν και όλοι οι κύριοι σεισμοί με μεγέθη M≥6.3 στο διάστημα 1850-2014. Οι 

χρόνοι επανάληψης των σεισμών και στους δύο πλήρεις καταλόγους, μετά από 

κατάλληλη απο-ομαδοποίηση, βρέθηκε ότι έχουν προγνωστικές ιδιότητες που 

εκφράζονται στο μοντέλο TIMAPR (Time and Magnitude Predictable Regional 

model). Παρόμοιες ιδιότητες έχουν και οι προσεισμοί πρόσφατων κύριων σεισμών, οι 

οποίες εκφράζονται στο μοντέλο D-AS (Decelerating-Accelerating Seismicity model). 

Από την αναδρομική πρόγνωση του τελευταίου κύριου σεισμού σε κάθε μια από τις οκτώ 

περιοχές με την εφαρμογή και των δύο μοντέλων, προκύπτουν αποδεκτές τιμές 

σφαλμάτων στον χρόνο γένεσης, το επίκεντρο και το μέγεθος. Επιπρόσθετα, 

χρησιμοποιήθηκαν δεδομένα ως το τέλος του 2014 με στόχο την πρόγνωση πιθανώς 

επερχόμενου κύριου σεισμού σε κάθε μία από οκτώ πηγές, καθώς και την αναγνώριση 

του ρήγματος στο οποίο πιθανώς αυτός θα γίνει. 

Λέξεις κλειδιά: Σεισμικές πηγές, Αιγαίο. 
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1. Introduction 

Prediction of strong (M≥6.0) earthquakes is of primary social importance for areas with high 

seismicity, like Greece and other countries in the broader Aegean area (34o-42oN, 19o-28oE). Such 

prediction, however, is a very difficult scientific problem. Thus, intense international effort of about 

three decades (1960-1990) for short-term earthquake prediction (with time-window up to a few 

days) did not lead to important positive results. During the same time period, less scientific effort 

has been made for long-term earthquake prediction (time window of a few decades, probably 

because its social importance is similar to that of the existing scientific knowledge on the space 

variation of seismicity, which is currently applied in facing important social problems (e.g. seismic 

zonation applied in seismic codes, etc.). Scientific work on intermediate term earthquake prediction 

(time window in years up to a decade) is currently intensively carried out (e.g. Jaumè and Sykes, 

1999; Mignan, 2011 and references therein), because it is scientifically promising and its results can 

be effectively applied for taking early pre-mainshock protection measures. 

The goal of the present work is to locate seismogenic sources (networks of active seismic faults) in the 

broader Aegean area and define their predictive properties, in order to perform, in each of these sources, 

backward and forward predictive tests of two time-dependent seismicity models. The one of these models 

is based on predictive properties of the interevent times of the strong mainshocks located in each 

seismogenic source. This is called TIMAPR (Time and Magnitude Predictable Regional) model 

(Papazachos et al., 2011). The other is based on triggering of each strong mainshock by a decelerating 

and an accelerating precursory seismic sequence and is called D-AS (Decelerating-Accelerating 

Seismicity) model (Papazachos et al., 2006). Data used for application of the TIMAPR model are those 

included in the two most recent complete samples of strong earthquakes [a) 1911-2014, M≥6.0; b) 1850-

2014, M≥6.3]. The data used for application of the D-AS model are included in an instrumental catalogue 

of this area, which is complete for the period 1965-2014 for M≥4.3 (when a dense network of 

seismological stations has been in operation in the Aegean area). 

2. Seismogenic sources in the Aegean area 

From instrumental and historical seismological data and from geological observations, it can be 

observed that strong (M≥6.0) earthquakes are not generated everywhere in the broader Aegean area 

(Aegean Sea and its surroundings) but in certain seismogenic zones which include networks 

(systems) of large active seismic faults. Global observations also show that strong mainshocks are 

generated only in such seismogenic zones and follow relations (1, 2) of the TIMAPR model 

(Papazachos et al., 2014). The decelerating preshocks (a seismic excitation followed by seismic 

quiescence), which precede strong mainshocks, are also generated in these seismogenic sources. 

Identification of seismogenic sources, which are considered circular in the present work, and 

investigation of their properties are feasible by known scientific procedures and available datasets. 

Such work can contribute much to the intermediate-term prediction (time window of one decade) of 

strong earthquakes because strong future earthquakes will be also generated in already defined and 

investigated seismogenic sources. 

To define circular seismogenic sources in the broader Aegean area, a procedure of two steps was 

followed. In the first step, all available relative geophysical and geological information were used 

to define the existing seismogenic zones in the Aegean. This information includes: the geographical 

distribution of all known strong (M>6.0), shallow, accurately located earthquakes with h≤100km, 

the geographical distribution and properties of all known active seismic faults (Papazachos et. al, 

2001), the type of lithospheric plate movements (McKenzie, 1970; Papazachos and Comninakis, 

1971), as well as previously published information on seismotectonic zonation in the Aegean area 

(Karakaisis et al., 2010). The selection criterion for h<100 km was based on the observation since 

70’s that the damage pattern and intensity values of the intermediate depth earthquakes in Southern 

Greece are much higher than might be expected for such events. A possible explanation is that the 
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faulting of these type events extends upward to much shallower depths than indicated by the 

instrumental depth (Algermissen et al., 1976). 

In the second step, the instrumental complete earthquake catalogue (1911-2014, M≥6.0) is used to 

define the center, K, and the radius, r (in km), of each of the eight circular seismogenic sources where 

corresponding mainshocks (resulted from proper declustering procedure of the original complete 

catalogue) are located. The origin times and magnitudes of the mainshocks of a seismogenic source fit 

relations 1 and 2 of the TIMAPR model and the degree of fit of relation 1 is expressed by an 

optimization parameter, OP (section 3.1). Thus, in order to define a circular seismogenic source with 

center in the corresponding seismotectonic zone of the Aegean area, each zone is covered by a dense 

grid of geographic points. Each point of the grid is considered as probable center of a candidate circular 

seismogenic source and circles with increasing radii in small steps (e.g. 10km) are defined. The 

complete catalogue of the earthquakes located within each such circle is declustered to define the 

mainshocks located in it. The parameters of the mainshocks of each circle are used to calculate the 

value of the corresponding optimization parameters. Of all circular regions, with radius <200km, 

considered as candidate seismogenic sources, the one with the highest value of the optimization 

parameter, OP, is accepted as the circular seismogenic source. 

Table 1 gives information on the location and other properties of the eight circular seismogenic 

sources of the broader Aegean Area. Each seismogenic source is a part of the lithosphere which 

includes systems (networks) of large seismic faults. These seismic faults have been very active for 

long time in the past and are also expected to be equally active in the future. 

Almost all strong (M≥6.0) earthquakes which occurred in Greece during the time period 1965-2014 

(when location and magnitudes are accurately determined due to the continuous operation of a dense 

seismological network) are located in these eight (8) circular seismogenic sources defined in the 

present work. Also, of the 66 large (M>7.0) earthquakes that occurred in the Aegean since 1.1.1600, 

62 were located in these eight circular seismogenic sources and only 4 are out of these sources (due, 

probably, to location errors). This supports our hypothesis that strong future earthquakes must be 

also expected in these eight circular seismogenic sources.  

Each of the eight circular seismogenic sources has been finally defined in the Aegean area on the 

basis of periodic properties of mainshocks located in each of these sources (Figure 1). However, the 

seismicity level (epicenter density of strong shocks) is higher in the inner part of each source (around 

its center). Both the best available complete instrumental sample of strong earthquakes (1911-2014, 

M>6.0) as well as the most reliable and recent such sample (1965-2014, M>5.5) show that the 

epicenter density is high in the inner circle (with center, Ki, of the i-th seismogenic source and radius 

100km) and low in the outer (100-200km) part. Figure 2 shows the cumulative value, N(<x), of the 

mean epicenter density of the strong earthquakes (M>6.0, 1911-2014) of all eight seismogenic 

sources, as a function of the distance, x (in km), from the center of the corresponding seismogenic 

source. This figure shows clearly two zones with different seismicity levels: one circular (0-100km) 

seismic zone with high epicenter density (~0.4 rate with distance from the center of the seismogenic 

source) and the other (100-200km) with low (background) seismicity as it comes out from the low 

epicenter density (~0.2 rate). Figure 1 shows the eight circular seismogenic sources (dashed line 

circles) and their inner active parts (solid line circles). 

The observation that all these eight inner seismicity zones of the Aegean area have almost equal 

horizontal dimensions (radius ~100km) is not surprising, because these dimensions depend on the 

maximum length of the active parts of the faults which are expected to generate maximum 

earthquakes of similar magnitudes in each circular seismogenic source. Observations showed that 

the magnitudes of the largest earthquakes in each of the eight inner circular seismicity zones are 

similar (the average maximum magnitude with its standard deviation of these eight largest 

earthquakes is 7.1+0.3). 
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Table 1 - Information on the eight circular seismogenic sources (networks of seismic faults) 

in the Aegean sea and its surroundings. The first two columns show the code numbers, n, 

and the names of the seismogenic sources. All data used have been instrumentally recorded 

(1911-2014) and are complete (Mmin≥6.0). The third and fourth columns give the 

geographical coordinates of the center, K(φ,λ), and the radius, r (in km), of each circular 

seismogenic source. In the next column the values of the optimization parameter, OP, are 

given, and the last four columns give the mean values of the constants q and w of relations 1 

and 2 and their standard deviations (σq, σw), respectively. 

n Source Name K(φ,λ) r(km) OP q σq w σw 

1 NW. Greece 40.5, 20.7 120 14 1.50 0.19 0.75 0.24 

2 Ionian Sea 38.3, 20.2 150 53 1.30 0.05 1.13 0.24 

3 W. Hellenic Arc 36.0, 22.5 200 14 1.42 0.17 0.95 0.28 

4 E. Hellenic Arc 36.0, 26.5 200 11 1.48 0.16 1.06 0.31 

5 E. Centr. Greece 39.0, 22.9 150 27 1.48 0.09 0.91 0.20 

6 E. Aegean 38.0, 27.0 120 35 1.58 0.05 1.24 0.45 

7 Serbomacedonia 41.0, 23.0 150 14 1.46 0.22 1.15 0.34 

8 NE. Aegean 39.6, 26.6 160 43 1.33 0.09 1.21 0.25 

 

Figure 1 - The eight circular (Ki , r=100km) regions of high seismicity (solid line circles) 

which form the inner parts of the corresponding eight circular seismogenic sources (dashed 

line circles) of the Aegean. The numbers correspond to the code-numbers of these sources for 

which detailed information is given in Table 1. 
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Figure 25 - Variation of the cumulative density, N(<x), of the mean epicenter density 

(number of epicenters per 103km2) of the instrumentally located strong earthquakes (1911-

2014, M>6.0) in the broader Aegean area, with the distance, x (in km), from the center of the 

corresponding seismogenic source. It is clear that the epicenter density is very high in the 

inner (0-100km) circular part of the seismogenic sources (rate=0.41) and is much reduced in 

the outer (>100km) parts (rate=0.20) which are dominated by background seismicity. 

3. Predictive properties of the two time dependent seismicity models 

The TIMAPR and the D-AS models have been developed during the last two decades and details on 

their properties are given in published papers cited in the present work. In the present section, the 

procedure followed for the application of the two models is described and backward tests are made 

to estimate the uncertainties of the parameters calculated by these models. Forward tests are also 

performed by the joint application of the two time dependent models, in an attempt to predict the 

probably expected next mainshock in each of the eight seismogenic sources of the broader Aegean 

area. 

3.1. The TIMAPR model 

This model has been developed by the use of information on earthquakes of original (complete) 

catalogues concerning a large number of global seismogenic sources (Papazachos et al., 2014). Each 

complete catalogue is declustered so that the remaining earthquakes (mainshocks) to fulfil the 

condition: (σ/Τ) < 0.50, where T is the mean return period of the mainshocks of a seismogenic source 

and σ is its standard deviation, that is, the mainshocks to exhibit a quasi-periodic behavior (Kagan 

and Jackson, 1991). The ratio σ/Τ decreases with increasing declustering time-window, Δt. For 

Δt≥15.0 years this ratio becomes small and remains almost constant (~0.30). In this way, a large 

number of complete global samples of mainshocks had been available and were used to derive the 

following two relations of global validity: 

Equation 1 

logTt = 0.19Mmin + 0.33Mp – 0.54 logSd + q 
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Equation 2 

Mf = 0.73Mmin – 0.28Mp + 0.48logSd + w 

where Tt  (in years) is the interevent time, Mp is the magnitude of the previous mainshock in the 

seismogenic source, Mf is the magnitude of the following mainshock in this source, Mmin is the 

minimum mainshock magnitude and Sd (in J½ /yr) is the annual rate of the Benioff strain. The average 

values of q and w and their standard deviations (σq, σw) are calculated (by equations 1 and 2 and by 

using the respective complete data for each of the eight seismogenic sources of the Aegean area). 

The ratio T/Tt of the observed time, T, to the calculated (by equation 1) time, Tt, follows a lognormal 

distribution with mean equal to zero and a standard deviation, σ (e.g. Papazachos and Papaioannou, 

1993), which allows the calculation of the probability, P(Δt), for the occurrence of a mainshock with 

M≥Mmin during the next Δt years if the previous mainshock occurred in the seismogenic source t 

years ago. The optimization parameter, OP, for the selection of the circle (K,r) is given by the 

relation OP=N1/2/σq, where N is the number of the interevent times of the mainshocks located in the 

corresponding seismogenic source and σq is the standard deviation of q of equation 1. The best 

solution is obtained when OP takes its maximum value with N≥3 and is used for the prediction of 

the probably ensuing mainshock. Thus, for this model, as epicenter, Et, of an ensuring mainshock is 

considered the geographic mean (mean latitude, mean longitude) of the past known mainshocks 

located in the seismogenic source, its magnitude, Mt, is the Mf calculated by equation 2 and its origin 

time, tt, results by adding the interevent time, Tt (equation 1), to the origin time of the last mainshock. 

3.2. The D-AS model 

This model requires the identification of a relatively small circular (seismogenic) region where 

decelerating preshocks are generated and another larger circular (critical) region where accelerating 

preshocks are generated. The cumulative Benioff strain, S (in J½), of the preshocks of a mainshock 

is given by the power law relation: 

Equation 3 

S(t) = A + B(tc – t)m 

where, tc is the origin time of the mainshock, t is the time to the mainshock and A, B, m are 

parameters calculated by the available instrumental relative data (Bufe and Varnes, 1993), with m<1 

(e.g. m=0.30) for accelerating preshocks and m>1 (e.g. m=3.0) for decelerating preshocks. 

The radius, r (in km), of the circular seismogenic region and, R (in km), of the circular critical region 

are given by the relations: 

Equation 4 

logr = 0.23M – 0.14logsd + 1.40      σ = 0.15 

Equation 5 

logR = 0.42M – 0.30logsa + 1.25     σ = 0.16 

where, M is the mainshock magnitude and sd and sa  (in J½/yr .104km2) are the Benioff strain rate per 

10,000km2 in the seismogenic and critical region, respectively. The circular seismogenic region 

[expressed by relation (4)] is also the region where all previous mainshocks are located. The 

following two relations hold also for the decelerating and accelerating preshock sequences: 

Equation 6 

log(tc – tsd) = 2.95 – 0.31logsd    σ = 0.12 

Equation 7 

log(tc – tsa) = 4.60 – 0.57logsa    σ = 0.17 
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where, tsd and tsa are the start times (in years) of the decelerating and accelerating preshock sequence, 

respectively, and tc is the origin time of the ensuing mainshock. 

The D-AS model is also applied for prediction of ensuing mainshocks. Thus, as predicted epicenter 

Ed(φ,λ) of an ensuing mainshock by the D-AS model is considered the geographic mean (mean 

latitude, mean longitude) of the epicenters of the decelerating preshocks. Two magnitude values are 

calculated by the D-AS model (Md, Ma) by relations 4 and 5 and two values of the origin time, tc, by 

relations 6 and 7. 

Strong evidence supporting the validity of the D-AS model is that this model has been successfully 

tested backwards by fitting data on preshocks which preceded many strong (M=6.5-9.0) recent 

(1980-2012) earthquakes that comprise nine complete samples of mainshocks occurred globally 

(Papazachos et al., 2014). The model has been successfully tested against synthetic catalogues with 

spatiotemporal clustering (Papazachos et al., 2006; Karakaisis et al., 2013). Using this model, two 

strong mainshocks of the Aegean area (where relative monitoring is systematic) were successfully 

predicted. The first case concerns a strong earthquake occurred in the southwestern Aegean 

(Papazachos et al., 2007) and the other a strong earthquake occurred in the southeastern Aegean 

(Papazachos et al., 2009). 

4. Backward and forward tests of the two models 

The predictive ability of the joint application of the two models is supported by the fact that both 

models give similar results although they are based on different physical principles and their 

applications require different data sets. However, their predictive ability must be tested on already 

occurred mainshocks (backward tests) and on expected (ensuing) mainshocks (forward tests) 

because such tests give further evidence for their predictive ability. 

Backward tests are made through retrospective prediction of the last strong mainshock occurred in 

each of the eight circular seismogenic sources of the Aegean Area (defined in section 2). The purpose 

of these backward tests is to define the uncertainties of the joint application of the two models in the 

estimated (predicted) origin time, Δt, magnitude ΔM, and epicenter location, Δx. Thus: a) The 

estimated (predicted) origin time is the average of four values [two calculated by relation 1 of the 

TIMAPR model using the available two complete data samples and two by relations 6 and 7 of the 

D-AS model], b) the estimated (predicted) moment magnitude is the average of four values [two 

calculated by relation 2 of the TIMAPR model based on the two complete data samples and other 

two by relations 4 and 5 of the D-AS model], c) the estimated (predicted) epicenter location is the 

geographic mean (mean latitude, mean longitude) of three locations [two obtained by the geographic 

mean of the epicenters defined by the two complete samples of mainshocks used in the TIMAPR 

model and one determined by the D-AS model (geographic mean of the epicenters of decelerating 

preshocks)]. 

The first four columns of Table 2 give the code number of the seismogenic sources, the observed 

origin time, tc, magnitude, M, and epicenter coordinates, E(φ,λ), of the last mainshock occurred in 

each source. The next three columns list the retrospectively calculated (predicted) parameters by the 

joint application of the two models. The one standard deviation, σt, of the mean time difference and, 

σm, of the mean magnitude difference as well as the mean distance, x (in km), between observed and 

predicted epicenters and its standard deviation, σx, are given by the relations: 

Equation 8 

σt = 2.1 years      σm = 0.2        x = 80 km      σx = 30 km 

The next three columns of Τable 2 show the estimated (predicted) by both models values of the 

origin time, tc
*, moment magnitude, M*, and epicenter coordinates, E*(φ,λ), of the shallow 

(h≤100km) mainshocks, probably expected during the period 2015-2024, in each of the eight 

seismogenic sources of the Aegean area. It must be also noticed that the number eight (8) of 
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mainshocks expected during the next decade in the Aegean area is reasonable, because this number 

is equivalent to the mean number of mainshocks per decade occurred in this area during the 

instrumental period (1911-2014). 

Table 2 - Results of backward and forward tests for the prediction of mainshocks in each of 

the eight seismogenic sources of the broader Aegean area (340-420N, 190-280E). The tc, M, 

E(φ,λ) are the origin time, the magnitude and the epicentral coordinates of the past last 

mainshock in each of these eight seismogenic sources. The tb, Mb, Eb(φ,λ) are the 

corresponding retrospectively predicted parameters for these last eight already occurred 

mainshocks. The tc
*, M*, E*(φ,λ) are the calculated (predicted) parameters of the expected 

(ensuing) mainshocks in each of the eight seismogenic sources. The last four columns list the 

strike angle, ζ, the dip angle, θ, the rake angle, λ, and the length, L (in km), of the seismic 

fault where each corresponding mainshock is expected to occur. 

n tc M E(φ,λ) tb Mb Eb(φ,λ) tc
* M* E*(φ,λ) ζ 0 θ0 λ0 L 

1 13.05.1995 6.5 40.2, 21.7 1991.9 6.6 40.3, 20.9 2018.8 6.7 40.1, 20.8 196 49 -87 21 

2 14.08.2003 6.3 39.0, 20.6 2004.8 6.8 38.8, 20.5 2021.4 6.8 38.9, 20.8 30 77 178 38 

3 14.02.2008 6.8 36.5, 21.7 2004.3 6.6 36.7, 22.2 2021.7 6.7 36.5, 21.7 320 32 106 90 

4 15.07.2008 6.4 35.8, 27.9 2008.5 6.6 36.3, 26.7 2021.2 6.9 35.3, 25.9 10 47 -98 65 

5 26.07.2001 6.4 39.1, 24.4 2001.9 6.5 39.3, 23.6 2022.1 7.0 38.6, 22.3 85 40 -125 40 

6 06.11.1992 6.1 38.1, 27.0 1990.3 6.3 38.6, 26.5 2017.9 7.0 39.1, 26.0 45 89 -172 50 

7 13.05.1995 6.5 40.2, 21.7 1996.5 6.3 40.6, 23.2 2020.8 6.7 39.6, 23.9 225 89 -172 90 

8 26.07.2001 6.4 39.1, 24.4 2003.0 6.5 39.6, 24.6 2016.2 7.0 40.5, 26.9 245 80 165 105 

5. Seismic faults of ensuing strong earthquakes in the Aegean 

During the application of the D-AS model on strong (M≥6.5) recent (1980-2008) mainshocks in the 

Aegean, it was observed that most of the epicentres of decelerating preshocks (about 55%) with 

magnitude M≥5.0 were clustered along the strike of the fault where the epicenter of the ensuing 

mainshock is also located. An example of such preshock clustering is shown in Figure 3 where most 

of the M≥5.0 decelerating preshocks (red triangles), which preceded the February 14, 2008 

mainshock (M=6.8), are located along the strike of the fault where this mainshock occurred. Since 

the basic fault parameters (strike, ζ; dip, θ; rake, λ) of all known strong (M≥6.5) mainshocks that 

occurred since antiquity in the Aegean area have been accurately defined by geophysical (fault plane 

solutions, etc.) and geological (surface fault traces, etc.) methods (Papazachos et al., 2001), an 

attempt was made to identify that seismic fault within each seismogenic source where the next 

mainshock is expected to occur. The basic parameters of these faults are listed in the last four 

columns in Table 3. 

6. Conclusion 

Based on the available relative seismotectonic information for the Aegean area, as well as on the 

quasi-periodic behavior of mainshocks, eight circular seismogenic sources (networks of active 

seismic faults) were identified in this area. In each of these sources the predictive properties of two 

time dependent seismicity models, i.e. the TIMAPR model, based on predictive properties of 

interevent times of mainshocks, and the D-AS model based on predictive properties of decelerating 

and accelerating preshocks, were examined. We found that each of the eight seismogenic sources is 

separated in two zones of different seismicity level: an inner seismically active circular zone (Ki, 

r=100km) and an outer zone (Ki, r=100-200km) with low seismicity. 

The joint application of these two models for the estimation (retrospective prediction) of the last 

strong (M≥6.0) mainshock in each of the eight circular seismogenic sources of the Aegean area 

shows reasonable uncertainties. This supports the validity of the procedure (method) followed in the 

present work for intermediate term prediction of strong mainshocks. For this reason, this method 
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has been also applied to calculate (predict) the parameters of the next strong mainshock in each of 

the eight seismogenic sources of the Aegean area. It has to be noted that the estimated (predicted) 

epicenters of these eight (8) expected strong mainshocks in the Aegean area during the time period 

2015-2024 are all located within the inner circular parts of the corresponding eight seismogenic 

sources. This is a reasonable result because past strong earthquakes of the broad Aegean area 

occurred mainly in these eight inner circular zones, that is, in zones where very active large seismic 

faults are mainly located. 

 

Figure 3 - Identification of the seismic fault (ζ=3310, θ=60, λ=1170, according to GCMT) which 

generated the strong mainshock (14-2-2008, 36.50N, 21.70E, M=6.8). This identification is based 

on the clustering of most of the epicentres of strong decelerating preshocks (red triangles, 

M>5.0) along the strike of a known (Papazachos et al., 2001) seismic fault (thick black line). 

The circle marks the seismogenic region where the decelerating preshocks occurred. 

It was also observed that most of the decelerating preshocks tend to cluster along the strike of the 

fault where the impending mainshock will occur. This observation may help to the definition of the 

faults where the next mainshocks will probably be generated, thus facilitating seismic hazard 

assessment studies. 
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Abstract 

During a 12-month period (August 1998 - June 1999), a dense microseismic network 
of 44 portable seismographs, was installed in Epirus - Northwestern Greece, by the 
Seismological Laboratory, of the University of Patras and recorded 1368 earthquakes. 
We selected a subset of 200 well recorded events, with duration magnitude ranging 
from 1.61 to 2.92 and focal depths ranging from a few hundred meters to 35km; the 
majority was in the 0-10km range. This study uses this high quality dataset to (i) 
calculate the earthquake spectra and source parameters; (ii) perform linear 
regression between Seismic Moment (M0) and the source parameters Source Radius 
(r), Stress Drop (Δσ) and Displacement (s); (iii) correlate source parameter’s 
distribution with the tectonics of the area. Finally, we compare the derived empirical 
laws with similar studies. 
Keywords: Microseismicity, source parameters, Epirus, stress drop, Brune model. 

Περίληψη 

Κατά το χρονικό διάστημα Αύγουστος 1998 - Ιούνιος 1999, εγκαταστάθηκε στην 
Ήπειρο, από το Εργαστήριο Σεισμολογίας του Πανεπιστημίου Πατρών, φορητό 
μικροσεισμικό δίκτυο, αποτελούμενο από 44 σταθμούς, το οποίο κατέγραψε 1368 
σεισμούς. Από αυτούς, επιλέχθηκαν 200 σεισμοί με μέγεθος από 1.61 έως 2.92 και 
εστιακό βάθος από μερικές εκατοντάδες μέτρα έως 35km, με την πλειοψηφία των 
σεισμών να εντοπίζεται στα 0-10km βάθος. Στην παρούσα εργασία πραγματοποιείται 
(i) υπολογισμός του σεισμικού φάσματος και των σεισμικών παραμέτρων; (ii) εφαρμογή 
γραμμικής παλινδρόμησης μεταξύ της Σεισμικής Ροπής Μ0 και των σεισμικών 
παραμέτρων Ακτίνα Ρήγματος (r),Πτώση Τάσης (Δσ) και Μετατόπιση (s); και (iii) 
εκτίμηση της κατανομής των σεισμικών παραμέτρων σε σχέση με την τεκτονική της 
περιοχής. Τέλος, οι εμπειρικές σχέσεις που προέκυψαν συγκρίνονται με αυτές από 
αντίστοιχες εργασίες. 
Λέξεις κλειδιά:  

1. Introduction 

The estimation of source parameters is a critical task in seismology and can be accomplished with 
various methodologies. This study uses high quality data in order to (i) calculate spectral parameters 
of earthquake source, namely low frequency displacement spectral level (Ω0), corner frequency (fc), 
cut-off frequency above which the acceleration spectra shows a sharp decrease with increasing 
frequency (fmax) (Boore, 1983) and the rate of decay above fmax (N); (ii) estimate source 
parameters namely seismic moment (M0), source radius (r), stress drop (Δσ) and displacement (s) 



1233 

 

for each earthquake; (iii) develop a linear regression of the source parameters and (iv) correlate the 

source parameters distribution with the tectonic characteristics of the region. 

Epirus extends from the Ionian Sea and belongs to External Hellenides, where three isopic zones, 

are formed. Starting from the eastern end, the Pindos zone is thrusted on the Gavrovo zone and the 

latter on the Ionian zone (Avramidis et al., 2000; Kiratzi et al., 1987; Waters, 1994; Hatzfeld et al., 

1995), performed microearthquake studies in Epirus, which have shown an ENE-WSW shortening 

which agrees with the continental convergence west of Corfu and a NNW extension, close to the 

Pindos foothills, further east. Taymaz et al. (1991), asserted that the E-W shortening generates thrust 

belts that trend N-NW and are cut by almost perpendicular strike slip or normal faults. King et al. 

(1983), based on a boundary-element model proposed a substantial left lateral strike-slip component 

in addition to the compressional motion. In agreement with this idea are the results of the geological 

and geomorphological research performed by IGSR and IFP (1966) and King et al. (1993) and the 

crustal deformation study of the Aegean area performed by Papazachos and Kiratzi (1996). At the 

Epirus area the extensional inner Aegean regime switches to the compressional outer Aegean. 

According to Hatzfeld et al. (1995), the compressional regime in Epirus is caused by the jump of 

active thrusting from the Pindos to the Ionian zone, which is still active at the present time. The focal 

mechanisms from earthquakes located in Epirus, denote thrust and strike slip to normal geological 

structures (Mercier et al., 1972; King et al., 1983; Doutsos et al., 1987; Underhill, 1989; Waters, 

1994; Hatzfeld et al., 1995). Additional information derived from Martakis (2003), Tselentis et al. 

(2006) and Stavroulopoulou et al. (2013) seismotectonic studies in Epirus, agree with a thrust belt 

zone at the west, combined with an extensional regime at the eastern end. 

In this article, we analysed earthquake source spectra calculated from high quality seismological 

data from the area of Epirus, in order to estimate the spectral parameters and correlate them with the 

tectonics of the area. 

2. Seismograph Network and Data 

For this study, we used high quality seismological data, which were recorded during a 12-month 

period (August 1998 - June 1999) by a dense microseismic network of 44, three component portable 

seismographs. During the aforementioned 12-month operation period 1368 earthquakes were 

recorded. 

From this dataset, 200 well recorded events, which were relocated within the area of interest from 

Stavroulopoulou et al. (2013), were selected and analysed in this paper. The duration magnitude of 

this subset ranges from 1.61 to 2.92 and the focal depth ranges from a few hundred meters to 35km. 

The majority of focal depths were in the 0-10km range. In the same study of Stavroulopoulou et al. 

(2013), the area was divided into ten clusters of events based on their spatial distribution. The 

spectrum analysis was applied per cluster, in order to correlate the estimated source parameters with 

the seismotectonic characteristics of each smaller structural area (cluster), extending the work of 

Stavroulopoulou et al. (2013). 
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Figure 1 - The distribution of the 200 relocated epicentres for which source parameters were 

determined and the representative focal mechanisms of each cluster (Stavroulopoulou et al., 

2013). 

3. Method of analysis 

To estimate earthquake spectral and source parameters, the EQK_SRC_PARA software was applied, 

(Kumar et al., 2012). The time histories are first corrected for instrument response using the transfer 

function and then rotated according to their azimuth to obtain the SH-component of ground motion. 

EQK_SRC_PARA is performing the spectral analysis on the SH-component. Spectrum is obtained 

from Fast Fourier Transform and is corrected for attenuation due to path. The software 

EQK_SRC_PARA, automatically picks the spectral parameters, (i) low frequency displacement 

spectral level (Ω0), (ii) corner frequency (fc), (iii) the (fmax) frequency and (iv) the rate of decay 

above fmax (N). For the calculation of seismic moment (M0) value, the Brune’s source model was 

assumed, (Brune, 1970, 1971). 

The values of the source parameters are estimated using the following equations: 

Equation 1 - Seismic Moment (M0) for the S seismic waves, (Brune, 1970, 1971): 

𝑀𝑜 =
4𝜋𝜌𝛽3𝑅𝛺0
𝑅𝜃𝜑𝑆𝛼
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Where ρ is the average density (=2.67 g/cm3), β is shear wave velocity in the source zone (=3.2 

km/s), R is the hypocentral distance, Rθφ is the average radiation pattern (=0.63), Sα is free surface 

amplification (=2). 

Equation 2 - Moment Magnitude (Mw): 

 𝛭𝑊 =
2

3
log(𝑀0) + 10.7  

Equation 3 - Source Radius (r), (Brune, 1970): 

𝑟 =
2.34𝛽

2𝜋𝑓𝑐
 

Equation 4 - Stress Drop (Δσ), (Keilis-Borok, 1959; Kanamori and Anderson, 1975): 

𝛥𝜎 =
7𝛭𝜊
16𝑟3

 

Equation 5 - Displacement (s), (Brune, 1968): 

𝑠 =
𝑀𝑜
𝜇𝜋𝑟2

 

A time window over the S-wave is selected and a standard Fourier spectral analysis is applied. In 

order to determine the best duration for the S-wave window, several tests with different durations 

were performed. The time window duration with the most robust results was 2.5 sec. 

The S-wave log-displacement spectrum is divided in two sections: (i) a flat section with amplitude 

level Ω0 up to a frequency fc, and (ii) a roll-off linear decay. On the displacement spectrum, two 

intersecting lines are defined optically, which determine the source characteristics of each event 

analysed: (i) the overall mean trend of the low-frequency spectral asymptote and (ii) the high-

frequency roll-off. (Brune et al., 1986; Melis, 1992; Burton et al., 1995). 

An example of the analysis is shown in Figure 6 and Figure 3 taken from the March 7th 1999, 

10:10:00 UTC, earthquake. 

 

Figure 2 - The selected time window over the S-wave, for the March 7th, 1999, 10:10:00 UTC, 

earthquake. 
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Figure 3 - The displacement spectrum for the March 7th 1999, 10:10:00 UTC, earthquake. 

Cross symbol defines fc; thin line represents the displacement spectrum; thick line 

represents the fitted Brune spectrum. 

4. Results of the spectral analysis  

In the following paragraphs we discuss in detail the results of the S-wave spectral analysis obtained 

within each cluster and the relationship between seismic moment (M0) and the source parameters, 

source radius (r), stress drop (Δσ) and displacement (s), in order to investigate crustal deformation 

in Epirus. 

Totally, 200 events were analysed and the range of the values of the source parameters determined 

are shown in Table 1: 

Table 1 - Range of the seismic parameter’s values. 

 

Pairs of (logM0 - logr), (logM0 - logΔσ) and (logM0 - logs) values were analysed for the 10 cluster 

subsets and for the whole data set. Since the derived regression laws, per cluster, were similar we 

will discuss the results for the whole dataset only. The regression coefficients obtained using the 

whole data set, are presented in Table 2: 
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Table 2 - Regression of source parameters for the whole dataset. 

 

 

 

 

Figure 4 - Linear regression between seismic moment (M0) and source radius (r), stress drop 

(Δσ) and displacement (s), for the whole data set. 

The relationship between seismic moment (M0) and displacement (s) was quite strong for almost all 

of the clusters, with the R2 equal 0.77 for the case of whole dataset. Similarly, the relationship 



1238 

 

between seismic moment (M0) and stress drop (Δσ) was moderate, with the median of R2 equal 0.46. 

Furthermore, the values of stress drop are low, ranging from 0.1 bars to 25.4 bars, which is in 

agreement with the low stress drop character of Greek earthquakes (Kiratzi et al., 1985). The 

relationship between seismic moment (M0) and source radius (r), was quite poor, with R2 equals 

0.20 for the whole dataset. 

The stress drop variation with moment and source radius is examined in Fig.4. Seismic moment 

(Mo) versus source radius (r) values for the whole dataset, are plotted with lines of constant stress 

drop determined from Equation 4. A linear dependence between seismic moment (Mo) and source 

radius (r) is observed, for the studied moment and source radius range, suggesting constant stress 

drop. 

 

Figure 5 - Seismic moment versus source radius. Star symbols indicate values from cluster 2 

and cluster 3; circle symbols indicate the other clusters. Lines of constant stress drop 

determined from Equation 4, are also indicated. 

Specifically, cluster 2 and cluster 3 which are located west of Ioannina, show very poor correlation 

between the calculated source parameters. This area was referred by King et al. (1993) as Ioannina 

basin and is located over an evaporate dome (Tselentis et al., 2006). The majority of the earthquakes, 

which were used for the spectral analysis, occurred at shallow depths up to 5km. This special 

characteristic of these events, which separate them from the whole dataset, lead us to remove these 

clusters from the analysis. Omitting cluster 2 and cluster 3 from the regression produced a significant 

improvement in the regression analysis, between the source parameters, as shown in Table 3: 

Table 3 - Regression from the whole dataset omitting cluster 2 and cluster 3. 

 

5. Conclusions - Discussion 

In this paper we present empirical relations of source parameters using a high quality dataset from 

Epirus. A dataset of 200 events was analysed using an S-wave spectral fitting technique and Brune 

model, to estimate seismic moment, stress drop, displacement and source radius. The initial dataset 

was divided in ten clusters according to seismotectonic characteristics of the area (Stavroulopoulou 

et al., 2013). Then, the regression analysis was applied to each cluster and to the whole dataset 

separately. The calculated moment magnitude for the whole dataset ranges from 1.2 to 2.9. Since 

the regression results were similar among the examined clusters, we restrict our analysis to the whole 

dataset only. Τhe spectral analysis provided a quite good correlation between seismic moment and 
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displacement and a moderate correlation between seismic moment and stress drop, for most of the 

clusters and for the whole dataset. The poor correlation obtained between seismic moment and 

source radius precludes its further use. In the Ioannina Basin area (clusters 2 and 3), the very poor 

correlation between the calculated source parameters is probably due to the shallow depth of the 

seismicity. This seismicity is connected with the presence of an evaporite body in the area (Tselentis 

et al., 2006). 

      

Figure 6 - Comparison between a) seismic moment (M0) and stress drop (Δσ) and b) seismic 

moment (M0) and displacement (s), proposed by Roumelioti et al., 2002; Melis et al., 1995; 

and our results omitting cluster 2 and cluster 3. 

A comparison of the empirical laws derived in this study, for Epirus (Table 3), with the ones 

proposed by Roumelioti et al. (2002) and Melis et al. (1995) for Kozani and Corinth gulf 

respectively is presented in Fig. 6. The magnitude range examined in Roumelioti et al. (2002) was 

the highest (~3-4.5ML), while the datasets of this paper and Melis et al. (1995) are comparable in 

magnitude range (~1.5-3.5ML). The empirical laws derived in this study, are very close to Melis et 

al. (1995) and depict a similarity with Roumelioti et al. (2002). 
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Abstract 

On April 2007, an earthquake swarm occurred in the vicinity of Trichonis Lake, western 

Greece. The seismic activity started on April 10th, 2007 after the occurrence of three 

moderate size earthquakes MW 5.0-5.2. We performed shear wave splitting measurements 

on seismic events recorded during the first week of the seismic activity by a portable 

network of 8 stations that was installed in the area by the University of Patras 

Seismological Laboratory. We were able to take measurements from 5 stations as the 

seismicity was concentrated mostly at the eastern part of the lake. Two splitting 

parameters were measured through the data processing, the time-delays between the fast 

and slow shear wave components and the polarization directions of the fast components. 

In general, the data analysis revealed the presence of shear wave anisotropy in the study 

area. The average value of normalized time-delays was calculated at 6.9 ±1.1 ms/km while 

the fast polarization directions had an average of 130o ±14o. The mean fast polarization 

directions were consistent with what is expected concerning the local stress field, as it was 

sub-parallel to the strike of the major faults at the eastern part of the lake and almost 

perpendicular to the direction of extension. Therefore, the findings can be interpreted by 

an anisotropic volume of stress-aligned micro-cracks within the upper crust according to 

the extensive dilatancy anisotropy model. 

Keywords: shear wave splitting, seismic anisotropy, stress field, wave propagation. 

Περίληψη 

Τον Απρίλιο 2007, μία ακολουθία σεισμών εκδηλώθηκε στην Λίμνη Τριχωνίδα, στη 

Δυτική Ελλάδα. Η σεισμική δραστηριότητα ξεκίνησε στις 10 Απριλίου 2007 αμέσως 

μετά την εκδήλωση τριών σεισμών με μεγέθη MW 5.0-5.2. Στην παρούσα εργασία 

πραγματοποιήσαμε μετρήσεις ανισοτροπίας S κυμάτων για τις πρώτες επτά ημέρες της 

σεισμικής δραστηριότητας, χρησιμοποιώντας τις καταγραφές ενός φορητού δικτύου 8 

σεισμογράφων που εγκαταστάθηκε στην περιοχή από το Εργαστήριο Σεισμολογίας του 

Πανεπιστημίου Πατρών. Κατορθώσαμε να πάρουμε τις απαραίτητες μετρήσεις από 5 

σταθμούς του δικτύου καθώς η σεισμικότητα ήταν συγκεντρωμένη κυρίως στο 

ανατολικό τμήμα της λίμνης. Οι παράμετροι που μετρήθηκαν από την ανάλυση των 

δεδομένων είναι δύο, οι χρόνοι καθυστέρησης μεταξύ της γρήγορης και της αργής 

mailto:tselenti@upatras.gr
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φάσης των S κυμάτων, και η διεύθυνση πόλωσης της ταχύτερης φάσης. Σε γενικές 

γραμμές, η ανάλυση των δεδομένων έδειξε την ύπαρξη ανισοτροπίας στην περιοχή 

μελέτης. Η μέση τιμή των κανονικοποιημένων χρόνων καθυστέρησης υπολογίστηκε στα 

6.9 ±1.1 ms/km ενώ η μέση διεύθυνση πόλωσης της γρήγορης φάσης υπολογίστηκε στις 

130o ±14o. Η διεύθυνση πόλωσης ήταν σε γενικές γραμμές σύμφωνη με αυτό το οποίο 

αναμενόταν στην περιοχή λαμβάνοντας υπόψη τα χαρακτηριστικά του τοπικού πεδίου 

των τάσεων, καθώς είναι υπο-παράλληλη με την διεύθυνση των κύριων ρηγμάτων στο 

ανατολικό τμήμα της λίμνης και περίπου κάθετη στη διεύθυνση εφελκυσμού που 

παρουσιάζει η περιοχή. Συνεπώς, τα αποτελέσματα της παρούσας μελέτης μπορούν να 

ερμηνευτούν από την ύπαρξη μικρο-ρωγμών, μικρο-διαρρήξεων στον ανώτερο φλοιό, 

κατάλληλα προσανατολισμένων σύμφωνα με το πεδίο των τάσεων της περιοχής. 

Λέξεις κλειδιά: Ανισοτροπία εγκαρσίων κυμάτων, σεισμική ανισοτροπία, πεδίο 

τάσεων, διάδοση κυμάτων. 

1. Introduction 

Shear wave splitting (SWS) is a phenomenon in which S waves are separated into two components 

with different polarization directions and propagation velocities. This occurs during S wave 

propagation through an anisotropic medium (Crampin and Chastin, 2003; Crampin and Peacock, 

2005). The two splitting parameters that can be measured through shear wave data processing are 

the polarization direction φ of the fast component of the shear waves, and the time-delay dt between 

the two components. Various models have been proposed to interpret the observed seismic 

anisotropy in the upper crust. The most widely accepted physical model, which is known as the 

extensive dilatancy anisotropy (EDA) model (Crampin, 1978, 1993, Crampin et al., 1984), explains 

the principal cause of the local SWS phenomenon as S wave propagation through stress-aligned, 

micro-cracks with orientations parallel/sub-parallel to the direction of the horizontal compression. 

On April 2007, an earthquake sequence occurred at the eastern part of Trichonis Lake. The sequence 

initiated with small events on April 8th, 2007. Two days later three moderate size events MW 5.0-5.2 

occurred within a time interval of 8 hours (April 10th at 03:17, 07:15 and 10:41 GMT, hereafter 

called 'T1', 'T2' and 'T3', respectively), and then the seismic activity continued for about one month 

with smaller events. The major events and the spatiotemporal evolution of the 2007 earthquake 

swarm in Trichonis Lake was thoroughly studied by Kassaras et al. (2014), Sokos et al. (2010), 

Kiratzi et al. (2008) and Evangelidis et al. (2008). More specifically, according to Kiratzi et al. 

(2008), the earthquakes of the seismic swarm indicated a NNW-SSE strike of an activated structure, 

parallel to the eastern banks of Trichonis Lake, dipping to the NE and characterized by mainly 

normal faulting. The April 2007 earthquake swarm did not rupture the well documented E-W 

striking Trichonis normal fault that bounds the southern shore, but it was due to rupture of a NW-

SE normal fault that intersects at a ~45o angle to the Trichonis Fault (see Fig. 1). However, this 

observation is in contraction with the recent study of Kassaras et al. (2014), according to which, a 

sub-parallel structure situated approximately 3 km SW of the aforementioned NW-SE normal fault, 

striking ~N310o and dipping ~NE60o, with a length of ~15 km and a width of >10 km, most probably 

hosted the three largest events of the April 2007 seismic swarm (see fig. 21 of Kassaras et al., 2014). 

Onshore, it has a dip-slip normal fault character becoming progressively left-lateral strike-slip and 

reverse/thrust toward the NNW, beneath the lake, according to the previous study. 
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Figure 1 - Map of the study area in Trichonis Lake. Seismic stations used for the shear wave 

splitting measurements are shown as triangles. The seismic events (colored circles) from 

which the valid seismic results were obtained, the three major events (T1, T2 and T3 as stars) 

of the Trichonis earthquake sequence, major cities (squares) and major faults of Trichonis 

graben (Doutsos et al., 1987; Lekkas and Papanikolaou, 1997) are also shown. The depths of 

the events are color coded according to the color scale (bottom-right). The diameters of the 

circles are proportional to the magnitudes. AFZ: Agrinio Fault Zone; TF: Trichonis Fault. 

In the present work, we first study the possible existence of shear wave anisotropy in the upper crust 

around the epicentral area of the 2007 Trichonis Lake earthquake swarm and then we interpret and 

discuss the measured parameters in relation with the local and the regional stress fields. 

2. Data and Methodology 

The University of Patras Seismological Laboratory (UPSL, http://seismo.geology.upatras.gr/) 

deployed a portable network of 8 stations in the study area (see Fig. 1) for twenty days (April 11th 

2007 - May 1st 2007) soon after the April 10th three strongest events of the Trichonis earthquake 

swarm. Each station was equipped with three-component 4-Hz SIG borehole sensor, a 24-bit Earth 

Data recorder and a Global Positioning System (GPS) unit. The instruments have flat transfer 

function for velocity in the frequency range from 0.5 Hz to 50 Hz. Recording was continuous with 

a sampling frequency of 100 sps. 

For the purpose of this study, we used waveform data recorded during the first week of the seismic 

activity, from April 11th to April 18th. The hypocentral locations were determined using the 

HYPOINVERSE software (Klein, 2002). The velocity model adopted was the one proposed by Rigo 

et al. (1996) for the neighbouring area of the western Gulf of Corinth and the magnitudes were 

computed using the coda duration method (Lee et al. 1972). The hypocentral location process 

resulted in a dataset of 77 earthquakes as the input of the splitting analysis, with focal depths ranging 

from 3km to 11km and magnitudes from 1.7 to 2.7. The calculated mean location uncertainties were, 

RMS=0.13 s, ERZ=0.95 km and ERH=0.67 km. 

The estimation of the splitting parameters was performed using a cross-correlation method (Ando et 

al., 1983). The seismograms were interpolated to 200 samples s−1, integrated to displacement and 

then band-pass filtered between 1 Hz and 10 Hz. The measurement window for each waveform was 

defined in the following way: the start of the window was fixed 0.05s before the S-wave arrival 

while the endpoint was adjusted until the value of cross-correlation coefficient C between the fast 

http://seismo.geology.upatras.gr/
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and slow components was maximized. According to the cross-correlation method, both horizontal 

seismograms are rotated in the horizontal plane at 1° increment of azimuth from -90° to 90°. Then, 

for each azimuth, the cross-correlation coefficient C is calculated between the two orthogonal 

seismograms, for a range of time-delays in a selected time window. When the absolute value of C 

reaches a maximum, the corresponding values of azimuth and time are chosen as the fast polarization 

direction and the time-delay between the separated shear waves, respectively. The measurement’s 

uncertainty is estimated using a t-test at a 95% confidence level on the values of C as described by 

Kuo et al. (1994). We accept as valid the splitting measurements which conform to the following 

criteria: (a) the C value is larger than 0.80, (b) the signal-to-noise ratio is larger than 2.5, (c) the 

change of the measured dt is less than 0.02 s when the window size is varied by ±0.02 s, and (d) the 

change of the measured φ is less than 10° when the window size is varied by ±0.02 s. An example 

of a valid splitting measurement is shown in Fig. 2. The recordings, from which we calculated the 

splitting parameters, are derived from seismic events all located within the effective shear-wave 

window (Crampin and Gao, 2006) of every station (incidence angle ≤45o). 

 

Figure 2 - An example of a valid splitting measurement of the shear waves recorded at the 

GAV station for an event that occurred in April 16, 2007. Upper panel: Contour diagram of 

the cross-correlation coefficient in the (φ, dt) space. The preferred solution of (φ, dt) 

corresponding to the maximum value (dot) is shown within the 95% confidence region 

(dotted line). Lower panel: Superposition of the horizontal components (upper traces), and 

the corrected fast and slow components (lower traces) once the splitting effects have been 

removed. Particle motions are shown to the right of each subpanel. 
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3. Results 

After the shear wave analysis we obtained 121 valid splitting measurements derived from 77 seismic 

events. Specifically, we obtained 46 valid measurements from GAV station, 16 from MAK, 25 from 

MRT, 31 from PET and only 3 measurements from PAR station. Zero measurements were obtained 

from stations GAU, ZGR and AVO as none of the analyzed seismic events was located within the 

effective shear wave window of these stations. Fig. 3 presents rose diagrams of the measured fast 

shear wave polarization directions. A first overview of the results using the complete data set shows 

the following: the time-delays, which were normalized according to the hypocentral distances, 

varied between 4.6 ±1.2 ms/km at PET station, and 10.7 ±0.7 ms/km at MRT station, with a mean 

value of 6.9 ±1.5 ms/km. The fast polarization directions varied between an average E-W directions 

at PAR station and an average of a N-S direction at MRT station, exhibiting a mean of 130o ±14o 

(NW-SE). Table 1 gives a summary of the average values of the splitting parameters measured per 

seismic station. 

 

Figure 3 - Map of the study area showing rose diagrams of the measured fast shear wave 

polarization directions. Seismic stations, major cities and major fault traces are also 

presented as in Fig. 1. 

Table 1 – Summary of the average values of the shear wave splitting parameters measured 

per seismic station. 

Station Nobs φ o dt (ms km-1) dt (ms) 

GAV 46 149 ±11 6.7 ±0.8 57 ±11 

MAK 16 104 ±17 6.9 ±1.5 57 ±15 

MRT 25 177 ±15 10.7 ±0.7 106 ±8 

PAR 3 91 ±8 5.3 ± 1.3 43 ±10 

PET 31 134 ±18 4.6 ±1.2 42 ±10 

Note: Nobs denote the number of observations per station, ϕ is the mean of the fast polarization 

directions based on directional statistics, dt (ms km-1) is the average time delays normalized 

according to the hypocentral distance and dt (ms) is the average absolute time delays. 
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4. Interpretation and Discussion 

The active graben (Doutsos et al., 1987) in the broader area of Trichonis Lake is considered as one 

of the key areas for the study of the regional seismotectonic processes of western Greece, as it lies 

between other active structures, e.g. the Corinth, Patras and Amvrakikos gulfs, in an almost parallel 

direction to them. Various multidisciplinary observations around Trichonis Lake, indicate an 

approximately on-going N-S direction of extension in the area (see Introduction section). 

The majority of the epicenters of the 2007 swarm were concentrated mostly within the eastern part 

of the lake, which is bounded by two NNW-ESE trending normal faults (Kiratzi et al., 2008) (see 

Fig. 4). According to Kiratzi et al. (2008) the focal mechanisms of the 2007 swarm indicate mostly 

normal faulting along NNW-SSE trending planes. The parameters of the resulting average 

mechanism for all the 2007 events as well as of the three major events are presented in Table 2. 

Table 2 - Parameters of the resulting average mechanism for all the events of the April 2007 

seismic swarm in Trichonis Lake, as well as for the three major seismic events. 

 
Nodal plane 1 Nodal plane 2 P axis T axis 

Strike o Dip o Rake o Strike o Dip o Rake o az o pl o az o pl o 

Swarm 

average  
325 52 -58 99 48 -124 298 65 33 2 

T1 325 59 -72 113 35 -117 274 70 42 12 

T2 317 60 -67 97 37 -124 271 67 31 12 

T3 325 64 -65 98 35 -131 275 62 37 16 

Note: Parameters as presented in Kiratzi et al. (2008). az and pl denote the azimuths and plunges of 

P- and T-axis, respectively. T1, T2 and T3 denote the three largest events of the seismic swarm that 

occurred on April 10th at 03:17, 07:15 and 10:41 GMT, respectively. 

The resulting average source parameters of the 2007 events, as well as the source parameters of the 

three strongest events of the swarm, indicated an approximately NE-SW extension which is almost 

perpendicular to the observed NW-SE (130o ±14o) fast polarization directions determined in this 

study (see Fig. 4). We suggest that the observed ~NW-SE fast shear wave polarization direction is 

caused by stress-aligned micro-cracks, oriented parallel or sub-parallel to the trend of faulting at the 

eastern part of the lake and perpendicular to the direction of the extension. The observed direction 

of φ seems to be in a good agreement with the presence of a secondary local NE-SW extension at 

the eastern part of the lake, within the prevailing N-S regional extension. 

As it was mentioned before, according to Kiratzi et al. (2008), the April 2007 earthquake swarm did 

not rupture the well documented E-W striking Trichonis normal fault (TF) that bounds the southern 

shore, but it is due to rupture of a NW-SE normal fault that strikes at a ~45o angle to the Trichonis 

Fault. The fast polarization directions that were measured at GAV station are characterized by two 

main trends, one with a ~NNW-SSE direction and a second one with a ~WNW-ESE direction (see 

Fig. 3). The observed fast polarization directions at GAV station seem to be affected by the presence 

of the aforementioned two structures, as the station is located above their junction. In this case, φ is 

possibly reflecting the orientation of two main groups of micro-cracks, with orientations parallel to 

the trend of the two faults. 
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Figure 4 - Map of the study area presenting the mean values of the fast polarization 

directions that were measured at each station (black arrows). The direction of regional 

extension (green arrows) is after Bernard et al. (2006). The beachballs refer to the focal 

mechanisms for the three strongest events (T1, T2 and T3) of April 10th 2007, with MW 5.0-5.2, 

as determined by Kiratzi et al. (2008). The red arrows represent the orientation of the T-axis 

(azimuth=33o) of the resulting average mechanism for all the 2007 events, as determined by 

the previous study also. Seismic stations, major cities and major fault traces are also 

presented as in Fig. 1. 

Fast polarization directions measured at different stations show in some cases an up to 90o-flip fro

m the observed NW-SE (130o ±14o) mean direction (see Fig. 3). Such cases of up to 90o-flip above 

small earthquakes in the vicinity of seismogenic faults has been reported in several studies (e.g. 

Crampin et al., 2002) that have indicated a key role for over-pressured fluids in the splitting 

parameters. The presence of over-pressured fluids in the epicentral area of the 2007 seismic swarm 

and the possible involvement of fluids circulation in depth was suggested by Kassaras et al. (2014) 

as an additional possible scenario for the observed strong stress heterogeneity of the study area. We 

suggest that the cause of the observed deviations between the fast polarization directions was a 

possible migration of fluids through the fractured damage zone which possibly allowed local 

rotations of the principal stress axis. This suggestion could also explain to some extent, the 

differences between the average normalized time-delay values per station (see Table 1). These 

differences were likely to reflect different saturation levels of the stress-aligned micro-crack 

systems. 

It is noteworthy to mention the mean fast polarization direction that was measured at PAR station, 

despite the fact that we were able to take only 3 valid measurements at this station. PAR station is 

located at the north shore of the lake, northwest from the area of the studied seismicity and the 

epicenters of the three strongest events. Fast polarization directions show a mean value of 91o±8o, 

parallel to the strike of the Agrinio Fault Zone. The φ measured at PAR station is in agreement with 

the regional stress field, being perpendicular to the direction of the extension of the broader area. 

The observed fast polarization directions at this station were not affected by the presence of the 

secondary local stress field at the eastern part of the lake. 
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5. Conclusions 

The results presented in this study can be summarized as follows: 

(i) the data analysis revealed the existence of an anisotropic upper crust at the eastern part of 

Trichonis Lake, as shear wave splitting processes were observed in all stations at which a 

valid splitting measurement was feasible. 

(ii) fast polarization directions presented a general NW-SE orientation (130o ±14o), which is in 

agreement with the presence of a local extensional stress field at the eastern part of Trichonis 

Lake. 

(iii) shear wave splitting at the study area was most probably caused by stress aligned fluid-filled 

micro-cracks and micro-fractures that were oriented parallel or sub-parallel to the trend of 

faulting. 

(iv) the results of this work confirm in some extent the NW-SE trend of the activated fault zone 

at the eastern part of the lake according to previous studies. 
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Abstract 

Rock magnetic and palaeomagnetic analyses on lithic clasts collected from the pumice 

fall deposited inside the archaeological site of Akrotiri have been applied in order to 

estimate the deposition temperature of the first volcanic products of the Minoan 

eruption. A total of 50 lithic clasts have been collected from four different locations 

inside the excavation of Akrotiri. All samples have been stepwise thermally 

demagnetized and the obtained results have been interpreted through principal 

component analysis. The equilibrium temperature obtained after the deposition of the 

pumice fall varies from sample to sample but generally shows temperatures around 

240-280oC. These temperatures are in good agreement with those estimated from 

lithic clasts from the Megalochori Quarry while they are higher compared with those 

from ceramic fragments from Akrotiri. The new temperature data presented here show 

that the pumice fall was still relatively hot when deposited inside the archaeological 

site and even if it interacted with the buildings, often causing the collapse of roofs, it 

still remained hot with mean temperature around 260oC. 

Keywords: Rock magnetism, Pumice fall, Lithic clast, Akrotiri archaeological site, 

Santorini. 

Περίληψη 

Στην παρούσα εργασία μελετήθηκε η παραμένουσα μαγνήτιση θραυσμάτων λιθικών που 

βρέθηκαν μέσα στις αποθέσεις ελαφρόπετρας που κάλυψαν τον αρχαιολογικό χώρο του 

Ακρωτηρίου με σκοπό την εκτίμηση της θερμοκρασίας απόθεσης των πρώτων 

ηφαιστειακών υλικών που έφτασαν και αποτέθηκαν στον αρχαίο οικισμό. Συνολικά 

συλλέχτηκαν 50 λιθικά θραύσματα από τέσσερα διαφορετικά σημεία της ανασκαφής. 

Όλα τα δείγματα απομαγνητίστηκαν με σταδιακή θέρμανση και η ανάλυση των 

αποτελεσμάτων πραγματοποιήθηκε διαμέσου του διαχωρισμού των κυρίων 

συνιστωσών μαγνήτισης. Η θερμοκρασία απόθεσης που εκτιμήθηκε αντιπροσωπεύει 

την θερμοκρασία των λιθικών μετά την αποκατάσταση της θερμικής ισορροπίας μεταξύ 

αυτών και της θερμότερης ελαφρόπετρας και διαφέρει από λιθικό σε λιθικό. Παρ' όλα 

αυτά, στο μεγαλύτερο μέρος τους τα λιθικά δείχνουν ότι έχουν αναθερμανθεί σε 

θερμοκρασίες της τάξεως 240-280oC. Αυτές οι θερμοκρασίες είναι ανάλογες με τις 

θερμοκρασίες απόθεσης που εκτιμήθηκαν από την μελέτη λιθικών από το ορυχείο του 

Μεγαλοχωρίου ενώ είναι υψηλότερες από αυτές που εκτιμήθηκαν διαμέσου κεραμικών 

από την ανασκαφή του Ακρωτηρίου. Τα νέα αποτελέσματα θερμοκρασίων απόθεσης 

από λιθικά στο εσωτερικό του αρχαίου οικισμού δείχνουν ότι το στρώμα ελαφρόπετρας 

ήταν ακόμη ζεστό όταν αποτέθηκε μέσα στον αρχαιολογικό χώρο και παρότι ήρθε σε 
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επαφή με τα κτίρια προκαλώντας σε ορισμένες περιπτώσεις την πτώση των οροφών, 

παρ' όλα αυτά παρέμεινε θερμό με μέση θερμοκρασία περίπου 260 οC. 

Λέξεις κλειδιά: Μαγνήτιση πετρωμάτων, Ελαφρόπετρα, Λιθικά θραύσματα, 

Αρχαιολογικός χώρος Ακρωτηρίου, Σαντορίνη. 

1. Introduction 

The Akrotiri archaeological site is located at the southern part of Santorini Island and is one of the 

most important Bronze Age human settlements in the Mediterranean area. The ancient city was 

destroyed and at the same time preserved under meters of pyroclastic deposits, produced by the 

violent Minoan eruption of Santorini volcano. Archaeological excavation brought into light a very 

advanced civilization and a well developed habitation settlement while at the same time gave 

evidence of important earthquake activity that took place before and during the destructive volcanic 

event (Doumas, 1974). The stratigraphy of the Minoan eruption inside the archaeological site of 

Akrotiri shows that most of the streets and squares were covered by a building debris layer produced 

by the partial destruction of the settlements due to the earthquakes preceding the Minoan eruption. 

This destruction layer was then covered by a thin layer of ash probably produced during the early 

opening phase of the eruption (Cioni et al., 2000). The first product of the main eruption deposited 

at Akrotiri was a Plinian pumice fallout (Figure 1) with minimum thickness of 120 cm that locally 

arrive up to 170-200 cm, due to preferential accumulations close to the buildings (Cioni et al., 2000). 

Over the pumice fall, pyroclastic surge deposits belonging to the second phase of the eruption were 

deposited in cross-stratified layers, completely burying the whole settlement. The massive, lithic-

rich pyroclastic flow deposits of the successive phase of the eruption are missing from the Akrotiri 

archaeological site, probably deviated by, and/or channelled around the settlement into the 

topographic lows (Cioni et al., 2000). 

 

Figure 1 - View of the pumice fall deposited inside the archaeological site of Akrotiri. 

Even though the stratigraphy of the Minoan eruption volcanic deposits has been thoroughly studied 

by several researchers (e.g. Bond and Sparks, 1976; Heiken and McCoy, 1984; Druitt et al., 1989; 

Sparks and Wilson, 1990; McCoy and Heiken, 2000), available information regarding the 

temperatures of the pyroclastic products when deposited inside the archaeological site and their 

effect on the human settlements is still scarce. 

Aramaki and Akimoto (1957) were the first to use rock magnetic and palaeomagnetic analysis to 

obtain information regarding the deposition temperature of pyroclastic rocks. Since then, several 

studies used lithic clasts embedded in volcanic deposits to better understand their characteristics and 

estimate their deposition temperature (e.g. Downey and Tarling, 1984; McClelland and Druitt, 1989; 

McClelland et al., 1996; Bardot, 2000; Cioni et al., 2004; Zanella et al., 2007; Sulpizio et al., 2008; 

Paterson et al., 2010). In this study, standard palaeomagnetic techniques have been applied for first 
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time on lithic clasts from the pumice fallout deposited inside the Akrotiri archaeological site in order 

to estimate the deposition temperature of the pyroclastic deposits and better understand their 

characteristics when interacting with human constructions. 

2. Materials and Methods 

2.1. Samples collection and preparation 

Lithic clasts embedded into the first pumice fall layer were collected from four different locations 

inside the archaeological site of Akrotiri (Figure 2). During the last decades most of the volcanic 

deposits that covered the ancient city have been removed and therefore sampling was limited only 

at the parts of the settlement where the pumice fall and the overlaying pyroclastic surge deposits 

were preserved as stratigraphic testimonies. All samples collected have dimensions ranging from 1 

cm to 3 cm. 

 

Figure 2 - Map of the Akrotiri excavation with the location of the sampling sites. 

When possible, each lithic clast was divided at the laboratory in two small pieces and each of them 

was fixed into cubic palaeomagnetic boxes of standard dimensions (2x2x2 cm) using a smooth, 

white, non magnetic plasticine. This way, often two specimens from the same sample were prepared 

and studied. Even though samples were not oriented in situ, a white arrow was marked on their 

surface to facilitate the laboratory measurements. The samples were removed from the plastic boxes 

for the heating treatment while the use of the plasticine allowed their reposition at exactly the same 

position for the remanent magnetization measurement. A total of 74 specimens coming from 50 

independent lithic clasts have been analysed; 20 from Site 1 (L1FKL), 19 from Site 2 (L1FOG), 12 

from Site 3 (ATHL1) and 23 from Site 4 (AMTA). 
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2.2. Experimental procedure 

The use of palaeomagnetic techniques to estimate the emplacement temperature of pyroclastic 

deposits is based on the assumption that during an explosive eruption, cold lithic clasts coming from 

the existing volcanic structure, are incorporated and heated into a hot mixture of ash and gases that 

is eventually deposited in certain distance from the eruption vent. The accidental lithic clasts will 

have a primary magnetization acquired prior to the eruption. If the pyroclastic deposits were 

emplaced above ambient temperature, the clasts will be then partially reheated during their 

incorporation into the deposit and a portion of their initial magnetization will be cancelled. A new 

secondary magnetization will thus be acquired during their cooling in the presence of the ambient 

Earth's magnetic field. This procedure produces two components of magnetization that can be 

isolated with progressive thermal demagnetization (Cioni et al., 2004; Paterson et al., 2010; Tema 

et al., 2013a; Zanella et al., 2015). 

In this study, stepwise thermal demagnetization was carried out using a Schonstedt furnace for 

heating and cooling and JR5/JR6 spinner magnetometers for measuring the remanent magnetization. 

Thermal demagnetizations were carried out in steps of 40oC between a starting temperature of 60oC 

and a maximum temperature varying between 500oC and 580oC. When twin specimens from 

individual samples were available, a second demagnetization group was carried out following the 

same 40oC step but starting from 80oC. After each temperature step, the bulk magnetic susceptibility 

was measured with a KLY-3 Kappabridge (AGICO). All measurements were performed at the ALP 

palaeomagnetic laboratory (Peveragno, Italy). 

3. Results 

3.1. Magnetic susceptibility variation during heating 

The bulk magnetic susceptibility of all specimens was measured at room temperature after each 

thermal demagnetization step in order to detect possible mineralogical changes during heating 

(Porreca et al., 2007; Paterson et al., 2010, Tema et al., 2013a, 2015). The obtained values have 

been normalized to the initial susceptibility measured before any thermal treatment and plotted 

versus temperature (Figure 3). The results show that often important magnetic susceptibility changes 

occur during heating and in some cases susceptibility variation may arrive up to 50 % in respect to 

the initial value (Figure 3a). Such changes may reflect possible mineralogical transformations and 

the formation of a chemical remanent magnetization (CRM) that can affect the blocking temperature 

spectrum of a sample, obscuring the reliable isolation of the deposition temperature (McClelland 

and Druitt, 1989; Paterson et al., 2010). 

The obtained results confirm that lithic clasts are less thermally stable than the ceramic fragments 

embedded into pyroclastic deposits (Tema et al., 2013a, b, 2015), probably because of their 

unknown and often complicated thermal history. Their interpretation and use for the determination 

of deposition temperatures could therefore be complicated and should be done with caution. In this 

study, to guarantee the reliability and the quality of the new results, lithic clasts that show important 

magnetic susceptibility changes have been rejected and the final results are based only on samples 

that show a stable thermal behavior up to 400oC (Figure 3b) and/or are characterized by a clear 

interpretation of the secondary magnetic component. 
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Figure 3 - Examples of samples with a) important magnetic susceptibility changes and b) 

stable thermal magnetic behaviour during heating. 

3.2. Magnetic components analysis 

The thermal demagnetization results have been represented using orthogonal vector plots 

(Zijderveld diagrams, Zijderveld, 1967) (Figure 4). Data have been elaborated using the PaleoMac 

(Cogné, 2003) software. From the 74 analysed specimens, 45 have been rejected either because of 

important mineralogical changes during heating or due to not clear interpretation of the Zijdelveld 

diagrams. The remaining specimens showed a two-magnetic components behavior, belonging to 

types C and D according to the classification made by Cioni et al. (2004) (Figure 4). 

 

Figure 4 - Thermal demagnetization results represented in Zijderveld diagrams. Solid dot 

indicates declination; open dot indicates apparent inclination. 

The deposition temperature of the pyroclastic deposit in which the lithic clasts were incorporated 

has been determined from the intersection of the two recognized magnetic components: the primary, 

high-temperature magnetic component corresponding to the initial magnetization of the clasts 

(before the Minoan eruption) and the secondary, low-temperature magnetic component acquired 
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during the partial reheating of the clast when embedded in the pumice fall (blue and red lines in 

Figure 4). In the cases of curvature behaviour in the Zijderveld diagrams, the re-heating temperature 

has been determined taking into account the whole temperature interval between the lower-

temperature where the curvature begins up to the first temperature of the high-temperature magnetic 

component (Tema et al., 2013a). Even if this way the estimated temperature interval results rather 

wide, it however guarantees that the real deposition temperature would be included into this interval. 

The re-heating temperature for each site has been finally estimated from the maximum overlap of 

the re-heating temperatures determined from each studied specimen (Figure 5). 

 

Figure 5 - Deposition temperature of the pyroclastic pumice fall at the four studied sites 

estimated by the maximum overlap of the re-heating temperatures at specimen level. 

4. Discussion 

The obtained results show that the temperature of the pumice fall, as registered by the lithic clasts 

embedded into the deposits from the archaeological site of Akrotiri and after the achievement of the 

thermal equilibrium between the cold lithics and the hotter pumice matrix, is generally ranging from 

240oC to 300oC (Figure 5). Individual specimens, however, may show large temperature ranges 

occasionally varying from 180oC to 380oC, probably because of the different thermal history of each 

lithic clast and their unknown transportation path till their incorporation and deposition in the pumice 
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fall deposits. Nevertheless, the 97 % of the accepted specimens show a common re-heating 

temperature interval of 240-280oC and no important differences are noticed among the different 

sampling sites inside the Akrotiri settlement (Figure 5). These results are in good agreement with 

the results from lithic clasts selected from the Megalochori Quarry (Tema et al., 2013a) that show 

temperatures in the 180-240oC range while are higher than the temperatures obtained based on the 

study of ceramic fragments from the archaeological site of Akrotiri (Tema et al., 2015), ranging 

from 130oC to 200oC. Such difference is probably due to the fact that the lithic clasts were embedded 

inside the hot pumice fall deposit while the ceramic fragments were lying over the building 

destruction lever and were re-heated only by the superficial contact with the overlying pumice fall 

deposit. The new temperature data presented here show that the pumice fall was still relatively hot 

when deposited inside the archaeological site and even if it interacted with the buildings often 

causing the collapse of roofs, it still remained hot with mean temperature around 260oC. 
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Abstract 

The Mid-Atlantic Ridge (M-AR), which runs along the centre of the Atlantic Ocean, 

is one of the best known divergent boundaries. Seismic studies have been a crucial 

factor in deciphering the structure of the oceanic crust. For their performance a 

necessary prerequisite is the compilation of a reliable earthquake catalog of the 

broader area. In this study, an attempt was made to create an earthquake catalog of 

M-AR that could become a useful “tool” for large-scale seismological studies of this 

region. For this reason a very large sample of data from several seismological 

centers, as well as from already published catalogs of strong earthquakes, was 

collected and examined. ISC was considered as the main reference agency, while as 

reference magnitude scale the moment magnitude scale, MW was adopted. The main 

goal was to identify and organize the best and most recent information available for 

earthquakes falling within the time window 1900-2014 and the space window bounded 

by the extended coordinates ~ 81 (N) to -51 (S) and 10 (E) to ~ -50 (W). After 

magnitude homogenization, check of focal depths and definition of completeness 

magnitude, a reliable and homogeneous earthquake catalog of M-AR consisting of 

14,211 events was created, available for any seismological use and further study. 

Keywords: Complete homogeneous earthquake catalog, Moment magnitude, 

Magnitude completeness. 

Περίληψη 

Η μεσο-Ατλαντική ράχη (Μ-ΑR), η οποία διατρέχει το μέσο του Ατλαντικού Ωκεανού, 

αποτελεί ένα από τα πιο γνωστά συστήματα αποκλινόντων λιθοσφαιρικών ορίων. Οι 

σεισμικές έρευνες συνετέλεσαν σημαντικά στην αποκρυπτογράφηση της δομής του 

ωκεάνιου φλοιού. Για την πραγματοποίησή τους απαραίτητη προϋπόθεση είναι η 

ύπαρξη ενός αξιόπιστου καταλόγου σεισμών την ευρύτερης περιοχής. Στην παρούσα 

εργασία έγινε μια προσπάθεια για την δημιουργία ενός καταλόγου σεισμών της Μ-ΑR 

που θα μπορούσε να χρησιμοποιηθεί ως «εργαλείο» για ευρείας κλίμακας 

σεισμολογικές μελέτες της περιοχής. Αυτό επιτεύχθηκε μέσω της συλλογής και 

επεξεργασίας ενός μεγάλου όγκου δεδομένων από διεθνή σεισμολογικά κέντρα και 

δημοσιευμένους καταλόγους ισχυρών σεισμών του παρελθόντος. Ως κύρια πηγή 

αναφοράς χρησιμοποιήθηκε το ISC, ενώ η κλίμακα μεγέθους που υιοθετήθηκε είναι 

αυτή του μεγέθους σεισμικής ροπής (MW). Κύριος στόχος ήταν ο εντοπισμός και η 

οργάνωση, βάσει κριτηρίων, των καλύτερων και πιο πρόσφατων διαθέσιμων 

πληροφοριών για τους σεισμούς που εντάσσονται μέσα στα όρια συντεταγμένων των 

~81 (Β) έως -51 (Ν) και 10 (Α) έως ~ -50 (Δ) και έγιναν κατά το χρονικό διάστημα 

1900-2014. Μετά από την ομογενοποίηση των μεγεθών, τον έλεγχο αξιοπιστίας 

εστιακών βαθών και του καθορισμού μεγέθους πληρότητας, δημιουργήθηκε ένας 
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ομοιογενής κατάλογος σεισμών της Μ-ΑR που αποτελείται από 14.211 σεισμούς που 

έγιναν κατά το χρονικό διάστημα 1900-2014. 

Λέξεις κλειδιά: Πλήρης ομοιογενής κατάλογος σεισμών, Μέγεθος ροπής, Μέγεθος 

πληρότητας. 

1. Introduction 

Mid-ocean ridges are the largest mountain chains of great geological importance and the most active 

volcanic systems. Mid-ocean ridges are essentially spreading centres where two oceanic lithospheric 

plates move apart. As plates move away from each other molten rock emerges from great depths. 

Some molten rocks rise up to the seafloor, producing volcanic eruptions and long volcanic chains. 

The magma that reaches the ocean seabed freezes and solidifies onto the divergent plate boundaries 

creating new oceanic crust (MacDonald, 1990). During this process the older crust is pushed away 

from the ridge in a transporter belt fashion. This process is known since the early 1960’s as sea-floor 

spreading and this is why the mid-ocean ridge is also known as a "spreading centre" or a "divergent 

plate boundary" (Hess, 1962). 

Mid-ocean ridges are ruptured by offsets perpendicular to the ridge (MacDonald, 2001), known as 

transform faults. Transform faults are structured by the pressure of the up welling new basaltic 

magma. At mid-ocean ridges earthquakes can be detected along ridge, as well as on related transform 

faults. They often occur in swarms (Sykes, 1970) and are mostly of low magnitude with shallow 

epicentres (Heezen, 1960) due to the small thickness of the solid crust. In most cases, fault-plane 

solutions imply both normal (due to the extensional system of the ridge) and strike-slip faulting 

(along transform faults) (Frisch et al., 2011). 

Maybe one of the best known divergent boundaries, which is just one section of the global mid-

ocean ridge system, is the Mid-Atlantic Ridge (M-AR) which runs along the centre of the Atlantic 

Ocean (Fig. 1). This mountain range expands apart at rates of 1 to 2 cm per year (Hekinian, 1982), 

extending from the Arctic Ocean up to the southern tip of Africa. Despite its relatively slow 

spreading rates, the ridge has a deep rift valley along its crest, imprinting the location at which the 

two plates move apart. This rift includes the area of seafloor spreading in which the molten magma 

continuously rises, cools, solidifies and is gradually pushed away from the plate boundaries. This 

process is demonstrated by the fact that older sea floor slides away from mid-oceanic ridges toward 

continents as it is replaced by the new pulled out sea floor. Evidence for this process comes also 

from paleomagnetic striping on the sea floor (Mason and Raff, 1961; Vine and Matthews, 1963). 

Apart from a spreading centre, M-AR is also characterized by volcanic activity and earthquakes. 

Despite the fact that the overall description of the procedures that take place beneath mid-ocean 

ridges (and therefore the creation of new seafloor) is well known, there are still many questions 

which remain to be answered by further study. 

One of the most important "key-tools" for a detailed seismicity study and earthquake research is the 

creation of a homogeneous earthquake catalog of the region of interest. Historical data from 

descriptions of earthquake events are usually incorporated with more accurate instrumental data. 

Earthquake catalogs are fundamental components for seismicity studies such as seismic zonation 

and seismic hazard assessment. In this study, an attempt was made to create a homogeneous, in 

respect to magnitude, reliable earthquake catalog of the M-AR (Fig. 1) with a multidisciplinary use. 

2. The data 

The main data sources were the bulletins of several globally operating agencies, such as the International 

Seismological Center, ISC, the U.S Geological Survey, USGS, the National Earthquake Information 

Center, NEIC, the Global Centroid Moment Tensor group, GCMT, as well as several published 

earthquake catalogs (Pacheco and Sykes, 1992; Engdahl and Villaseñor, 2002). The overall goal of this 

compilation was to identify and critically organize the best and most recent information available for 



1260 

 

earthquakes falling within the time window 1900-2014 and space window bounded by the extended 

coordinates almost 810N to -510S and 100E to -500W (which encompass the broader region of interest). 

This procedure was accomplished through a merging process of all the earthquake catalogs provided by 

the respective seismological centers (where magnitudes were available). As the main reference agency 

we used the ISC, while the adopted magnitude scale was the moment magnitude scale. 

 

Figure 1 - Map of the Mid-Atlantic Ridge (M-AR). 

3. Homogenization of magnitudes 

As mentioned earlier the employed initial catalog provides magnitude values estimated in various 

scales, such as surface wave magnitude (Gutenberg and Richter, 1936; Gutenberg, 1945a), MS, the 

body wave magnitude (Gutenberg, 1945b, 1945c), mb, and the local magnitude (Richter, 1935), ML. 

All these magnitude scales do not scale linearly with the seismic energy for all magnitude ranges. 

Moreover ML, MS and mb scales suffer from saturation at different magnitude levels. Both these 

restrictions constitute a major problem for earthquake research and may lead to overestimation or 

underestimation of earthquake magnitudes. 
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Due to these limitations, Kanamori (1977) and Hanks and Kanamori (1979) proposed a new 

magnitude scale, namely the moment magnitude, MW. Moment magnitude, which is controlled by 

fault size and dislocation, does not saturate. This is due to the direct proportion of moment magnitude 

with the logarithm of seismic moment, leading to a uniform behavior for all magnitude ranges. 

Therefore, MW can be considered as the most reliable and accurate magnitude scale for earthquake 

size description (Heaton et al., 1986; Johnston, 1996; Shedlock, 1999; Papazachos et al., 2002; Utsu, 

2002; Scordilis, 2006; among many others). Hence, for the creation of combined Μ-AR earthquake 

catalog we adopted as reference scale the moment magnitude. In cases with lack of estimated 

moment magnitudes, a magnitude conversion procedure was applied. More specifically, all 

magnitudes expressed in other magnitude scales were converted to moment magnitudes through 

existing converting relations. The relations applied for mb and Ms conversions are the ones proposed 

by Scordilis (2006) and are based on data of globally occurred shallow earthquakes: 

Equation 1 
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As the moment magnitude of each earthquake we finally considered either the original moment 

magnitude, if such information was available, or the mean value of the converted magnitudes by 

weighting each participating value with the invert of the standard deviation of the respective 

converting relation. After the completion of this procedure, a homogeneous (in respect to magnitude) 

catalog with the focal parameters (location, depth and magnitude) of the earthquakes of M-AR was 

derived. The catalog contains 14,211 earthquakes, which occurred along the trace of the Mid-

Atlantic Ridge (M-AR) or within its vicinity during the period 1900-2014, with moment magnitudes 

(original or converted) Mw=4.0-7.4. 

4. Hypocentral depth control 

It is well known that earthquakes in oceanic basins mainly focus along the spreading axis. These 

earthquakes exhibit mostly shallow depths (Heezen, 1960), while focal mechanisms display normal 

faulting on moderate submerged structures parallel to the ridge. Earthquakes with shallow depths 

also cluster along the transform faults which accommodate the differential motion between offset 

ridge sections (Bohnenstiehl and Dziak, 2008). As a result, we do not expect to detect intermediate-

depth or deep focus earthquakes along M-AR. Nonetheless, preparing the M-AR catalog we found 

earthquakes with focal depths greater than 60 km. 
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Figure 2 - Time distribution of the focal depths of M-AR earthquakes for the period 1900-

2014. 

 

Figure 3 - Histogram of the final focal depths of M-AR earthquakes for the examined period 

(1900-2014). 

More precisely, 96 out of 14,211 events had focal depths between 60 and 323 km. Based on this 

rather unexpected observation we studied the depth time distribution of these events in order to 

identify the time- period of their occurrence. The time distribution of the depths revealed a major 
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cluster of earthquakes with intermediate focal depths within the period 1964-1980 (Fig. 2). 

According to ISC this discrepancy could be due to improved new practices adopted after 1980. 

Therefore the observed spread of focal depths estimated along M-AR is attributed to the absence of 

stations at close epicentral distances. In order to fix these depth issues we replaced the reported focal 

depths of those earthquakes (false deep events falling within the time window 1964-1980) with a 

nominal but credible standard depth of 33km. 

Considering this adaption only three earthquakes display intermediate depths and they all fall within the 

time period before 1964. Following a re-assessment by ISC for events up to 1962, the updated data were 

all included to our data set. Following this catalog update, the depths’ histogram (Fig. 3) and the time 

distribution of depths (Fig. 4) were created to check how the depth values of the revised catalog were 

distributed. It is obvious that the whole region is dominated by shallow earthquakes, the majority of which 

have occurred at focal depths 0-30km. Figure (5) shows the spatial distribution of the earthquakes of the 

final catalog using four magnitude scales (Mw4.0, 4.0<Mw5.0, 5.0<Mw6.0 and Mw>6.0). 

 

Figure 4 - Time distribution of the final focal depths of M-AR earthquakes for the period 

1900-2014. 

5. Seismicity rates 

The time distribution of regional earthquakes can be defined by the frequency of their occurrence, 

which actually presents the number of earthquakes occurred in this region per unit time. As 

seismicity rates are considered the number of earthquakes within specific space, time and magnitude 

intervals, normalized by the length of the corresponding time interval. Understanding the time 

evolution of seismic activity is of great importance for seismicity studies. Short period changes in 

seismicity rates can be attributed to the occurrence of large events while long period changes usually 

correspond to changes of the completeness magnitude. Moreover, valuable information on the 

mechanical state of likely dangerous seismic asperities can be drawn by seismicity rates and 

consequently, such quantitative measures of seismicity changes may be employed for prediction 

purposes (Marsan and Wyss, 2011). 
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Figure 5 - Epicentral map of M-AR earthquakes of the period 1900-2014, based on the final 

earthquake catalog presented here. 

We have studied the rates of the seismic activity of the M-AR using rates calculated for the entire 

catalog of the M-AR starting at 1964 for magnitudes ranging from 3.8 to 5.0. The results were 

illustrated by line scatter plots of the cumulative number of earthquakes with respect to time (years). 

The corresponding plot for earthquakes of magnitude ≥4.0 and for the time period 1964-2014 is 

presented as an example in Figure (6). 

Observing this seismicity rate plot (Fig. 6) we can identify an intense and abrupt change of the 

earthquake cumulative number around 1995. This pattern was also observed for regional rate 

estimations along the whole M-AR. Such a change would occur if only at the specific time an abrupt 

increase of seismic activity (e.g. a strong earthquake) or a significant densification of the regional 

seismic networks had occurred, assumptions that are clearly not valid. Following communication with 

ISC, it is suggested that this change in seismicity rate is an artifact attributed to the opening of the 

Experimental/Provisional IDC (GSETT-3: a test of an experimental international seismic monitoring 
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system). Specifically, the UN Conference on Disarmament's Group of Scientific Experts (GSE), in 

order to test new and revised concepts for an International Seismic Monitoring System (ISMS), through 

its third global technical test (GSETT-3), made an effort to conduct an operationally realistic test of 

rapid collection, distribution and processing of seismic data using a global network of seismographs of 

modern technology (Ringdal, 1994). In addition, seismicity rates of M-AR were also calculated for 

time period 1900-2014 for several magnitude classes. Those rates will contribute to the estimation of 

magnitude of completeness, for several successive time-periods, as thoroughly analyzed below. 

 

Figure 6 - Seismicity rate of M-AR earthquakes with M>4.0 for the period 1964-2014. 

6. Gutenberg-Richter distribution 

Several scientists have proposed over the years functions between the number of earthquakes and 

their magnitudes (Ishimoto and Iida, 1939; Gutenberg and Richter, 1944). The relationship with the 

most extensive use nowadays in seismology is the Gutenberg-Richter (1944) power law which is 

expressed with the following equation: 

Equation 4 

bMaN tt log  

This equation shows the relationship between the magnitude, M, and the total number, Nt, of 

earthquakes of magnitude >M, which occurred within a specific region during a certain time-period. 

Parameter at depends on the time and space covered by the data, as well as seismicity level. Parameter 

b is one of the most important parameters in seismology; this importance stems from the fact that it 

describes the material homogeneity (level of fracturing) and the stress-status of the examined area. 

The magnitude of completeness (Mc) of an earthquake catalog represents the minimum magnitude 

above which all earthquakes within a space-time window are included. The accurate knowledge of 

Mc and its variation in space and time is essential for estimating seismicity parameters representative 

of the region and the time interval of the data. 
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Considering the whole catalog of the M-AR, as it was prepared in this study, we attempted to define 

its Mc and its variation with time. Since our data before 1920 were sparse, we decided to check the 

completeness variation within the time interval 1920-2014. Three distinct time intervals are revealed 

(Fig. 7): 1920-1963 with Mc~5.8; 1964-1995 with Mc~5.0; 1996-2014 with Mc~4.7. As the Mc values 

for the two last periods are relatively similar we decided to merge them confining the completeness 

periods in two: 1920-1963 with Mc~5.8 and 1964-2014 with Mc~4.9. 

 

Figure 7 - Time distribution of completeness magnitudes of M-AR earthquakes for the 

period 1900-2014. The dashed lines represent the confidence intervals after bootstrapping 

the data. 

To check and improve the above results, the magnitude completeness was also checked by the 

Gutenberg-Richter (G-R) distribution for the above two time-windows (see Fig. 8a, b) and by the 

seismicity rates for considering several possible Mc values (see Fig. 9a, b, c). Figures (8a), (9a) and 

(9b) confirm the selection of Mc=5.8 for the period 1920-1963, however, the seismicity rates rather 

favor the adoption of the more conservative value of Mc=6.0. The diagrams that were obtained from 

the G-R distribution (see Fig. 8b) and rates (see Fig. 9c) for the second time interval (1964-2014) 

the adoption of Mc=4.9 is confirmed. 

7. Discussion 

A homogeneous, with respect to magnitude, and reliable earthquake catalog of the Mid-Atlantic 

Ridge was generated based on a very large sample of data from several international seismological 

sources. The catalog provides information on the focal parameters of the earthquakes which occurred 

in this region during the period 1900-2014. For the catalog's homogeneity, the moment magnitude 

scale was adopted. All magnitudes that were measured in other magnitude scales were converted 

into this scale by using known and globally valid empirical relations (Scordilis, 2006). The reported 

hypocentral depths of the earthquakes of the catalog were carefully examined revealing a number of 

intermediate-depth events before 1980. Those cases were an outcome of the unfinished procedure 

of the Bulletin Rebuild of ISC. 

The focal depths of the events prior to 1964 were also adopted after bulletin recheck performed by 

the ISC. Beyond the quantitative control, a quality control of the edited catalog was performed as 

well. The study of the catalog’s completeness, with respect to magnitude, revealed two complete 

periods: the first extending from 1920 up to 1963 with cut-off magnitude Mc=6.0 and the second 
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from 1964-2014 with Mc=4.9. The final catalog contains 14,211 earthquakes, which occurred along 

the trace or the Mid-Atlantic Ridge and close to it during the period 1900-2014, with moment 

magnitudes (original or converted) Mw=4.0-7.4. This catalog may be used for large scale seismicity 

studies of the covered region. 

  

Figure 8 - Gutenberg-Richter distribution of M-AR earthquakes for two time intervals: a) 

1920-1963 and b) 1964-2014. 

 

  

 

Figure 9 - Seismicity rates of M-AR earthquakes for three magnitude ranges: a) M>6.0, b) 

M>5.8 and c) M>4.9. 



1268 

 

8. Acknowledgments 

We would like to thank an anonymous reviewer for the constructive review of the present paper. 

The authors would also like to thank D. A. Storchak and J. Harris from ISC for their useful answers 

and overall assistance on the problems and questions that were raised during the preparation of this 

work. The maps were produced with the freely distributed GMT software (Wessel and Smith, 1995). 

9. References 

Bohnenstiehl, D.R. and Dziak, R.P., 2008. Mid-Ocean Ridge Seismicity. In: Steele, J., Thorpe, S. 

and Turekian, K., eds., Encyclopedia of Ocean Sciences, First Online Update, Academic 

Press, London, UK. 

Engdahl, E.R. and Villaseñor, A., 2002. Global Seismicity, 1900-1999. In: International Handbook 

of Earthquake and Engineering Seismology, Part A, chapter 41, 665-690, Lee, W.H.K., 

Kanamori, H., Jennings, P.C. and Kisslinger, C., eds., Academic Press. 

Frisch, W., Meschede, M. and Blakey, R.C., 2011. Plate Tectonics, Continental Drift and Mountain 

Building, Springer-Verlag Berlin Heidelberg, 212, 59-74. 

Gutenberg, B., 1945a. Amplitudes of Surface Waves and Magnitude of Shallow Earthquakes, Bull. 

Seismol. Soc. Amer., 35, 3-12. 

Gutenberg, B., 1945b. Amplitudes of P, PP, and S and Magnitude of Shallow Earthquakes, Bull. 

Seismol. Soc. Amer., 35, 57-69. 

Gutenberg, B., 1945c. Magnitude Determination for Deep-focus Earthquakes, Bull. Seismol. Soc. 

Amer., 35, 117-130. 

Gutenberg, B. and Richter, C.F., 1936. On Seismic Waves (third paper), Gerlands Beitrage zur 

Geophysik, 47, 73-131. 

Gutenberg, B. and Richter, C.F., 1944. Frequency of earthquakes in California, Bull. Seism. Soc. 

Am., 34, 185-188. 

Hanks, T. and Kanamori, H., 1979. A moment magnitude scale, J. Geophys. Res., 84, 2348-2350. 

Heaton, T., Tajima, F. and Mori, A., 1986. Estimating ground motions using recorded accelerograms, 

Surv. Geophys., 8, 25-83. 

Heezen, B.C., 1960. The rift in the ocean floor, Scient. American, 203, 98-110. 

Hekinian, R., 1982. Petrology of the ocean floor, Elsevier, Amsterdam. 

Hess, H.H., 1962. History of ocean basins. In: Petrologic Studies: A Volume to Honor A.F. 

Buddington, Engel, A.E.J., et al., eds., Geological Society of America, New York, 599-620. 

Ishimoto, M. and Iida, K., 1939. Observations sur les seisms enregistrè par le microseismograph 

construite dernierment (I), Bull. Earthq. Res. Inst., 17, 443-478. 

Johnston, A.C., 1996. Seismic moment assessment of earthquakes in stable continental regions - I. 

Instrumental seismicity, Geophys. J. Int., 124, 381-414. 

Kanamori, H., 1977. The energy release in great earthquakes, J. Geophys. Res. 82, 2981-2987. 

Macdonald, K.C. and Fox, P.J., 1990. The mid-ocean ridge, Scientific American, 262, 72-79. 

Macdonald, K.C., 2001. Mid-ocean ridge tectonics, volcanism and geomorphology, In: 

Encyclopedia of Ocean Sciences, Steele, J., Thorpe, S. and Turekian, K., eds., Academic 

Press, 1798-1813. 

Marsan, D. and Wyss, M., 2011. Seismicity rate changes, Community Online Resource for Statistical 

Seismicity Analysis, doi: 10.5078/corssa-25837590. 

Mason, R.G. and Raff, A.D., 1961. A magnetic survey off the west coast of North America 32° N to 

42° N, Bulletin of the Geological Society of America, 72, 1259-1265. 

Pacheco, J.F. and Sykes, L.R., 1992, Seismic moment catalog of large shallow earthquakes, 1900 to 

1989, Bull. Seism. Soc. Am., 82, 1306-1349. 

Papazachos, B.C., Karakostas, V.G., Kiratzi, A.A., Margaris, B.N., Papazachos, C.B. and Scordilis, E.M., 

2002. Uncertainties in the estimation of earthquake magnitudes in Greece, J. Seismol., 6, 557-570. 

Richter, C., 1935. An instrumental earthquake magnitude scale, Bull. Seism. Soc. Am., 25, 1-32. 



1269 

 

Ringdal, F., 1994. GSETT-3: a test of an experimental international seismic monitoring system, 

Annali di Geofisica, 37, 241-245. 

Scordilis, E.M., 2006. Empirical global relations converting MS and mb to moment magnitude, 

Journal of Seismology, 10, 225-236. 

Sykes, L.R., 1970. Earthquake swarms and sea-floor spreading, J. Geophys. Res., 75, 6598-6611. 

Utsu, T., 2002. Relationships between magnitude scales, International Handbook of Earthquake and 

Engineering Seismology, 81, 733-746. 

Vine, F.J. and Matthews, D.H., 1963. Magnetic anomalies over oceanic ridges, Nature, 199, 947-949. 

Wessel, P. and Smith, W., 1995. New version of the Generic Mapping Tools, EOS, 76-329. 

 

  



1270 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 1270-1280 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 1270-1280 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

A HOMOGENEOUS EARTHQUAKE CATALOG OF 

INTERMEDIATE-DEEP FOCUS GLOBAL SEISMICITY: 

COMPLETENESS AND SPATIO-TEMPORAL ANALYSIS 

Tsampas A.D.1, Scordilis E.M.1, Papazachos C.B.1 and Karakaisis G.F.1 

1Aristotle University of Thessaloniki, Faculty of Geology, Department of Geophysics, GR-54124, 

Thessaloniki, Greece, atsampas@geo.auth.gr, manolis@geo.auth.gr,  kpapaza@geo.auth.gr, 

karakais@geo.auth.gr 

Abstract 

A homogeneous with respect to magnitude earthquake catalog is compiled, 

particularly focusing on the global intermediate depth-deep focus seismicity and by 

exploiting data of almost half-century. Within a two-step compilation process, we take 

advantage of 10 robust conversion equations produced exclusively for intermediate 

depth and deep focal data (Tsampas et al., 2016). Initially, magnitudes of different 

scales and several origins are converted into proxy moment magnitudes (Mw*~Mw) 

and a weighted mean-value aggregation procedure is then applied for all events with 

estimated Mw*. Therefore, a homogeneous magnitude scale (equivalent to Mw) is 

obtained as result of individual correlations between different magnitude scales and 

the moment magnitude (Mw) scale, yielding a unique magnitude value per event. 

Moreover, through implementing a simple optimization scheme, a composed, unique 

depth value per event is estimated, utilizing focal data from multiple resources. In the 

end and after validating magnitude’s (M) reliability, a brief spatio-temporal analysis 

of the provided catalog is performed, revealing its potential for further exploitation 

in large scale seismological surveys or other research studies of global interest. 

Keywords: Homogeneous catalog, proxy moment magnitude, intermediate-depth and 

deep-focus earthquakes, spatio-temporal analysis. 

Περίληψη 

Ένας ομογενής ως προς το μέγεθος, παγκόσμιος κατάλογος σεισμικότητας, που 

βασίζεται αποκλειστικά σε δεδομένα σεισμών ενδιάμεσου-μεγάλου βάθους, που 

καλύπτουν χρονικά περίοδο μισού αιώνα, παρουσιάζεται στη παρούσα εργασία. 

Περιγράφουμε τις διεργασίες ομογενοποίησης του μεγέθους σε δύο βασικά στάδια, 

κάνοντας χρήση 10 αξιόπιστων σχέσεων μετατροπής μεγεθών, όπως προέκυψαν 

αποκλειστικά από δεδομένα σεισμών ενδιάμεσου-μεγάλου βάθους (Tsampas et al., 

2016). Αρχικά πραγματοποιείται μετατροπή όλων των διαθέσιμων, διαφορετικής 

προέλευσης μεγεθών, σε ένα ισοδύναμο ως προς τη κλίμακα σεισμικής ροπής μέγεθος 

(Mw*~Mw), ενώ στη συνέχεια γίνεται υπολογισμός της σταθμισμένης μέσης τιμής 

μεγέθους για όλα τα έμμεσα υπολογισμένα, Mw*. Με αυτό τον τρόπο προκύπτει μία 

ομογενής κλίμακα μεγέθους (M), ως αποτέλεσμα των επιμέρους συσχετίσεων μεγεθών 

με τη κλίμακα αναφοράς, το μέγεθος σεισμικής ροπής (Mw). Επιπλέον, 

πραγματοποιείται βελτιστοποίηση της παραμέτρου του βάθους, με σύνθεση δεδομένων 

βαθών υπολογισμένων από διαφορετικές πηγές. 
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Τέλος, και αφού διαπιστώνεται η αξιοπιστία του ενιαίου, ομογενούς μεγέθους για το 

κατάλογο που προέκυψε, εφαρμόζεται μια συνοπτική μεθοδολογία χώρο-χρονικής 

ανάλυσης του καταλόγου, που αναδεικνύει τις δυνατότητες περαιτέρω αξιοποίησής του 

σε μεγάλης κλίμακας μελέτες εκτίμησης της σεισμικής επικινδυνότητας ή μελέτες άλλου 

τύπου σε παγκόσμια κλίμακα. 

Λέξεις κλειδιά: Ομογενής κατάλογος, ισοδύναμο υπολογισμένο μέγεθος σεισμικής 

ροπής, ενδιαμέσου-μεγάλου βάθους σεισμικότητα, χώρο-χρονική ανάλυση. 

1. Introduction  

Earthquake catalogs are nowadays considered as an essential tool for seismic hazard assessment 

implementations and for all kind of global or regional seismicity studies. A critical prerequisite that 

should be fulfilled by any modern earthquake catalog regardless its spatial (e.g. global, regional, 

local) and/or its temporal (e.g. historical or instrumental reference periods) extent, is its 

homogenization level, with respect to its magnitude and its epicentre accuracy parameters. 

In terms of earthquake size, the use of multiple magnitude scales still remains a significant part of 

the earthquake measurement process, although seismic moment (M0) is widely acknowledged as the 

most appropriate physical measure for representing this quantity. Thus, the ideal case of a single, 

prevailing magnitude, reported by individual seismological centres and networks, still remains 

debatable. This reveals an almost “de facto” necessity for magnitude homogenization during 

earthquake catalog compilation processes, through which the numerous magnitude estimates of 

different origin could produce a unified, mean magnitude M, equivalent to the, proposed by Hanks 

and Kanamori (1979), moment magnitude scale (Mw). 

For this reason, through examining the behavior of different magnitude scales exclusively for 

intermediate-depth and deep-focus earthquakes, a series of robust, calibrated with the moment 

magnitude scale converting relationships, was formerly defined, by applying a General Orthogonal 

Regression (GOR) analysis (Tsampas et al., 2016). These results are implemented here to create an 

accurate and homogeneous with respect to magnitude global catalog of intermediate-depth and deep-

focus earthquakes, extending over a wide time-period of almost half century. 

2. Data 

In order to build a homogeneous (with respect to magnitude) earthquake catalog, we acquired all 

available hypocenters determined by instrumental recordings of globally occurred intermediate-

depth and deep focus earthquakes (h≥60km), during the period 1965-2012. Relying primarily on 

ISC’s (International Seismological Centre) database, our initial global dataset included more than 

350,000 events, taking into account all available information published in ISC bulletins. This global 

dataset was later refined by employing only those scales for which proven and robust GOR 

correlations with moment magnitude (Mw) scale have been defined (Tsampas et al., 2016). 

Thus, certain scales, as the body wave (mb, mB) and the surface wave (Ms) magnitude reported by 

ISC, NEIC (National Earthquake Information Center), IDC (CTBTO’s International Data Centre), 

MOS (Institute of Physics of the Earth), BJI (CENC’s World Data Center for Seismology) were 

included in our data. In addition, Japan’s regional scale (MJMA, Japan Meteorological Agency) 

which has been specified as equivalent to the 20s-Ms scale (Noguchi, 1979), has also been used in 

the catalog, using a lower cut-off at MJMA=2.5, due to numerous regional events reported by JMA. 

Following similar studies of global shallow seismicity (Utsu, 2002; Scordilis, 2006), the resulting 

conversion equations which correlate the above described scales with the reference scale of Mw, are 

given by Table 1. Moreover, the interval of Mx (Mxmin, Mxmax) values over which a quadratic or linear 

GOR fit was robustly estimated is also indicated (see Table 1), denoting the range over which the 

respective conversion relationships could be validly considered (Fuller, 1987; Castellaro et al., 2006). 
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Table 1 - Proposed end-user relationships (Tsampas et. al., 2016) for the conversion of 

calibrated Mx scales to the proxy Mw* scale (almost equivalent to moment magnitude, Mw) 

after applying GOR analysis. 

 Calibrated 

Scales 

(Mx) 

GOR equations converting 

Mx to Mw* 

Res.SD 

(σ) 

Mxmin Mxmax 

b2 b1 a0 

B
o

d
y

 W
a

v
e 

M
a

g
n

it
u

d
e 

mbIN 0.165 -0.372 2.816 0.214 3.6 6.3 

mbMOS 0.143 -0.288 2.716 0.257 4.3 6.5 

mbBJI -0.204 3.515 -7.418 0.239 4.5 6.4 

mBBJI -0.207 3.617 -7.984 0.215 4.6 7.9 

mbIDC 0.045 0.837 0.382 0.226 3.3 6.1 

S
u

rf
a

ce
 W

a
v

e 

M
a

g
n

it
u

d
e 

MsIN - 0.790 1.551 0.199 3.1 7.9 

MsIDC -0.140 2.105 -1.120 0.229 2.9 6.5 

MsBJI 0.004 0.792 1.300 0.224 4.2 7.3 

MsMOS -0.006 0.850 1.540 0.219 4.4 7.7 

O
th

er
 

MJMA - 0.923 0.370 0.233 3.5 7.4 

As a last step in our dataset compilation process, moment magnitudes published from GCMT, NEIC 

and Japan’s NIED were also integrated in our set and were jointly evaluated thereinafter. Moreover, 

magnitude data originating from well-known catalogs of global seismicity (Rothe, 1969; Båth and 

Duda, 1979; Karnik, 1996; Engdahl and Villaseñor, 2002) were also considered and used, mostly 

for cross-checking purposes and improvement of the ISC-NEIC’s reported mb and Ms information. 

This contribution of supplementary data has enriched the NEIC’s Ms and Mw magnitude data, 

especially in cases of large events occurred back in 1960s and 1970s. Following latter entry and after 

discarding erroneous entries (doublets or false events), a new upgraded version of our intermediate 

depth and deep focal set was developed. 

In addition to the collected magnitude data, focal depth information is also of particular importance for 

our intermediate depth and deep focus seismicity study. Therefore, focal depths estimated from more 

than one sources were acquired, including ISC’s primary and pP depths estimations, depths from the 

EHB catalog (Engdahl et al., 1998) and as also depths originating from the GCMT (Ekström et al., 

2012) and the PDE (USGS-NEIC, nowadays under ANSS) seismic moment databases. 

All above depth information was incorporated to our dataset, with the EHB and pP depths being 

considered as focal parameters of higher accuracy and also recognized as almost equivalent 

(Frohlich, 2006). As a result, a unique depth value per event was preferred according to a simple 

priority scheme favouring pP-depths, EHB-depths and ISC primary solution depths, followed by the 

GCMT and PDE depths. 
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3. Magnitude Homogenization Procedure and Validation 

In order to estimate a homogeneous magnitude (M) scale for the whole magnitude range of the 

catalog, a simple, two step algorithm was implemented through appropriate code (Scordilis, personal 

communication), considering both statistical impacts and errors in M scale calculations. 

As first step, the linear or quadratic equations described in Table 1 were applied and conversions for 

every calibrated magnitude scale to a proxy moment magnitude Mw* were obtained. Then, a unique 

magnitude value, M, per event was estimated, as the weighted mean of all the available Mw. An 

appropriate statistical weighting factor for each participating magnitude was considered, using the 

inverse of the standard deviation (σ) of the respective converting relation: 

Equation 1 
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where M(i) is the estimated equivalent moment magnitude, n is the number of participating 

magnitude values, Mwi* and σi is the corresponding standard deviation (SD) determined from GOR 

analysis, of each converting relation (see Table 1). The respective standard deviation of the M(i) 

estimation is given by the relation: 

Equation 2 
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The M(i) estimations were repeated after omitting individual values exceeding the ± 2σ confidence 

limits (95% confidence interval). 

In order to graphically validate and briefly illustrate the quality of the estimated homogeneous M 

magnitudes a composite comparison approach was evaluated (Figure 1). More specifically, the 

variation of the mean weighted magnitude Mf(i) against the Mw* approximations (resulting from the 

direct implementation of Table’s 1 equations) was examined by considering: 

Equation 3 
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denoting that in Mf(i)’s case, only (n-1) available Mw(i)* magnitude values per solution are taken into 

account, excluding the one that is under validation. 

These Mf(i) values are depicted in Figure 1, plotted against the corresponding Mw(i)* values. It must be 

noted that both M(i) and Mf(i), are considered as equivalent in case of MwH, MwN or MwNIED validated 

scales, as in general Mw was considered as the reference, independent variable, in our GOR procedure. 
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Figure 1 - Summary graph illustrating Mf’s variation of each calibrated magnitude, against 

the corresponding Mwi* (see text for more detailed description). Dashed line depicts the 

bisector. 

In Figure’s 1 composite plot, every discrete mean magnitude Mf(i) was assigned with separate symbol, 

allowing us to draw conclusions regarding the precision of the estimated magnitude M(i). Thus, it 

becomes obvious that a fairly good agreement exists between the Mf and Mw* (or Mw) values, as 

indicated also by the symmetric scatter clouding across bisector line. This symmetric distribution 

appears to prevail for the vast majority of different magnitude scales examined here, denoting in a 

direct way the prevalent robustness of the GOR conversion equations presented in Table 1 and as 

also their further statistical impact to the applied homogeneous magnitude, M, determination process. 

4. Comprehensive Spatio-temporal Catalog Analysis 

4.1. Epicenters Spatial Distribution 

As result of the homogenization procedure applied to collected magnitude data and by considering a 

composed, unique depth value from multiple focal resources, an earthquake catalog with single per 

event values regarding the focal parameters and magnitudes, is created. Two maps showing the spatial 

distribution of the catalog’s earthquakes are presented, displaying the global intermediate depth and 

deep focus seismicity that covers the instrumental period between 1965 and 2012 (Figures 2a and 2b). 
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Figure 2 - Epicenter distribution of intermediate depth and deep focus global seismicity of 

the period 1965-2012. a) Distribution of epicentres before the spatial filtering. Green 

polygons delimit 27 discrete regions restricting the global intermediate depth and deep focus 

activity according to Frohlich (2006). b) Spatial distribution of deep seismicity after 

removing mid-oceanic ridge and intraplate events. 

At first, a number of outlying events, occurring on the oceanic ridge transform systems or in intraplate-

continental regions was included in our dataset, mostly due to errors in hypocenter locations (Figure 

2a). Such events were removed in accordance to Frohlich’s (2006) conclusions, with 27 worldwide 

discrete geographic regions been roughly introduced, containing almost the entire global intermediate 

depth and deep focus seismicity (Figure 2a). Therefore, our initial compiled catalog was spatially 

a) 

b) 
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reduced according to these regions. The improved version of catalog’s epicenter distribution, indicating 

also the magnitude and depth spread, is then presented in Figure 2b. 

4.2. Magnitude and Depth Distribution 

Figure’s 3 histograms present the magnitude and the depth frequency-distributions respectively, as 

they are derived from our global dataset. It must be noted that the increased number of small 

(3.5<M<4.5) events is mainly originated from Japan’s JMA network. 

 

Figure 3 - Magnitude (left) and depth (right) distribution histograms for intermediate depth 

and deep focus earthquakes included in our catalog. 

On the other hand, the depth’s distribution histogram reveals a high concentration at depths of 50-

120km with a local peak around 60-70km (Figure 3b). Subsequently, a gradual decrease of activity 

can be identified approaching the intermediate depth-deep seismicity transition zone, close to 350 

km. Moving deeper, the seismicity rate is slightly increased as deep focal events occur near the 

discontinuity of 410 km, followed by a more normal increased rate for the transition’s zone section 

between 500 and 700 km. 

4.3. Completeness Magnitude (Mc) and b-value Distribution as Function of Time 

Unlikely to the most common procedures applied for the completeness (Mc) magnitude estimation, 

e.g. Gutenberg-Richter’s (1944) power law or the frequency-magnitude distribution (FMD) spatial 

analysis, a detection of Mc variation with time is attempted in the present study. By following similar 

past implementations (e.g. Woessner and Wiemer, 2005), a bootstrap analysis, part of ZMAP 

software toolbox (Wiemer, 2001), was tested. Therefore, within a 90-95% interval of confidence, 

the maximum curvature procedure of 200 bootstraps was selected, using a sample window of 100 

events with an overlap of 10 events. As a result, after checking the variations of Mc magnitude with 

time for several regions, four distinct complete time periods can be roughly defined: i) 1965-1979, 

ii) 1980-1994, iii) 1995-2008 and iv) 2009-2012. Given the fourth’s period short duration, we 

preferred to further examine only the first three intervals mentioned above. 

Also, the considerable drop of Mc’s values after 1995 should be noted here. This is attributed to 

IDC’s GSETT-3 project during which an effort was made to conduct operationally realistic tests of 

rapid collection, distribution and processing of seismic data, through utilizing a worldwide 

monitoring network (Ringdal, 1994). This change, which turned out to be an artifact, was identified 

during the generation of a homogeneous catalog of surficial epicenters compiled for mid-Atlantic’s 

transform ridge area and based on ISC’s bulletin data (Teza et al., 2016, personal communication). 

In order to analyze the evaluation of Mc and b-value within space and time, we similarly employed 

ZMAP’s maximum curvature procedure, as this was described above. Accordingly, by considering 

(a) (b) 
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circles of 400 km radius with their centers moving within a step of 1x1 deg for longitude and latitude 

respectively, 100 bootstraps with a minimum of 20 events per circle were applied. 

According to Figure 4, Mc’s spatial distribution shows a characteristic gradual reduction during the 

three examined periods and as we’re moving towards present. A remarkable reduction of Mc’s range 

is especially observed during the later decades (1980-1994 and 1995-2008) due to the expansion of 

the modern seismological networks. However, the 1995 result is also expected as a result of ISC’s 

procedure, previously discussed. 

On the other hand and for the interval of 1965-1979, higher Mc values can be detected in two main 

regions: i) the south-eastern Asia and, ii) the Scotia’s arc islands, both indicating poor network 

coverage in those regions at the examined period. 

Besides, the corresponding b-value spatial distribution values as those were calculated for the three 

examined time intervals are depicted in Figure 5. According to this, b obtains high values near 

trenches and further away from the back-arc basins, especially for rather shallow subduction zones, 

characterized by intermediate depth activity, e.g. Hellenic Arc and Ryukyu-Taiwan (Okinawa 

Trough) region in Figure 5c. This could be also explained by the b-value’s default definition, as in 

such regions strong events (M>6.0) are rare and moderate intermediate depth events are dominating. 

5. Conclusions 

For the current work, global intermediate depth and deep focus data were collected and processed in order 

to produce a homogenous (with respect to magnitude) and reliable (concerning focal depths) earthquake 

catalog. For the magnitude homogenization procedure, the moment magnitude, Mw, was considered as 

reference magnitude scale. A series of 10 robust conversion relations was utilized, facilitating the 

implementation of the homogenization process that was applied here (Tsampas et al., 2016). Furthermore, 

the estimated magnitude M, equivalent to the moment magnitude scale, was validated through appropriate 

testing methodology. An attempt for composing multiple depth information of different origin and 

optimize the depth into a unique representative value was also performed. 

The completeness magnitude Mc variation with time and space was examined, resulting to the 

identification of three different periods of completeness during which noticeable changes in 

seismicity can be observed. During these periods, the b-value spatial variation was evaluated, 

providing additional information regarding the seismicity features during the three time intervals 

that were examined. 

The final created catalog covers the instrumental period 1965-2012, including 179,167 events from all 

the subduction zones worldwide and from the 27 discrete geographic regions defined by Frohlich (2006). 

Thus, an essentially well-qualified dataset was produced, which can be considered as a useful tool, 

appropriate for large scale implementations such as seismic hazard studies of regional or global scale. 
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Figure 4 - Spatial variation of completeness magnitude (Mc) for the three discrete periods of 

completeness examined: a) 1965-1979, b) 1980-1994 and c) 1995-2008. 

(a) 

(b) 

(c) 
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Figure 5 - Spatial variation of b-value for the three distinct complete time periods examined: 

a) 1965-1979, b) 1980-1994 and c) 1995-2008. 

(a) 

(b) 

(c) 
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Abstract 

We investigate temporal changes in seismic activity observed in the West Corinth Gulf 

and North-West Peloponnese during 2008 to 2010. Two major earthquake sequences 

took place in the area at that time (in 2008 and 2010). Our aim is to analyse Greek 

seismicity to attempt to confirm the existence or non-existence of seismic precursors 

prior to the strongest earthquakes. Perhaps because the area is geologically and 

tectonically complex, we found that it was not possible to fit the data well using a 

consistent Epidemic Type Aftershock Sequence (ETAS) model. Nor could we 

unambiguously identify foreshocks to individual mainshocks. Therefore we sought 

patterns in aggregated foreshock catalogues. We set a magnitude threshold (M3.5) 

above which all the earthquakes detected in the study area are considered as 

“mainshocks”, and we combined all data preceding these into a single foreshock 

catalogue. This reveals an increase in seismicity rate not robustly observable for 

individual cases. The observed effect is significantly greater than that consistent with 

stochastic models, including ETAS, thus indicating genuine foreshock activity with 

potential useful precursory power, if sufficient data is available, i.e. if the magnitude 

of completeness is sufficiently low. 

Keywords: Corinth Gulf, Seismicity, Aggregated Foreshock Catalogues. 

Περίληψη 

Μελετάμε χρονικές μεταβολές της σεισμικής δραστηριότητας στο Δυτικό Κορινθιακό 

Κόλπο και τη Βορειοδυτική Πελοπόννησο κατά τα έτη 2008-2010. Δύο σημαντικές 

σεισμικές ακολουθίες σημειώθηκαν στην περιοχή σε αυτή την περίοδο (2008 και 2010). 

Στόχος είναι να αναλύσουμε τη σεισμικότητα ώστε να επιβεβαιώσουμε την ύπαρξη ή μη 

προσεισμικής δραστηριότητας πριν από τους μεγαλύτερους σεισμούς. Λόγω της 

γεωλογικής και τεκτονικής πολυπλοκότητας της περιοχής, δεν ήταν εφικτή η εφαρμογή 

ενός ενιαίου μοντέλου Επιδημικού Τύπου Μετασεισμικών Ακολουθιών (ETAS), ούτε η 

αναγνώριση προσεισμών μεμονωμένων κυρίων σεισμών. Επομένως, αναζητήσαμε 

ανάλογα μοτίβα σε ενιαίους καταλόγους προσεισμών. Θέσαμε ένα μέγεθος (Μ3.5) 

πάνω από το οποίο όλοι οι σεισμοί θεωρούνται “κύριοι”, και συνδυάσαμε τα δεδομένα 

που προηγούνται αυτών, σε ένα κοινό κατάλογο. Αναδεικνύεται έτσι μια αύξηση του 

ρυθμού σεισμικότητας που δεν είναι εμφανής σε μεμονωμένες περιπτώσεις και είναι πιο 

σημαντική από εκείνη που προβλέπεται από στοχαστικά μοντέλα, όπως το ETAS, 

υποδηλώνοντας την ύπαρξη προσεισμών που μπορούν να δώσουν τη δυνατότητα 

πρόγνωσης αν υπάρχει ικανοποιητικό πλήθος δεδομένων, δηλ. αν το μέγεθος 

πληρότητας είναι αρκετά χαμηλό. 

Λέξεις κλειδιά: Κορινθιακός Κόλπος, Σεισμικότητα, Ενιαίοι Κατάλογοι Προσεισμών. 
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1. Introduction - Background 

A major question in seismology is if it is possible to develop reliable short-term forecasting of strong 

earthquakes, and if so, how. Many phenomena prior to large events have been investigated in order 

to assess their possible predictive value, but generally with limited success. A group of such 

phenomena are those related to temporal changes in seismicity patterns preceding large events. 

In order to identify temporal changes as potential precursory phenomena, it is necessary to know the 

seismicity pattern that is expected if no large event is imminent. Numerous studies have investigated 

“background” (or “reference”) seismicity, mostly assuming stationarity of the process (e.g. Toda et 

al., 1998; Toda and Stein, 2003). However, any temporal clustering e.g. due to aftershock sequences 

with decaying seismicity rates according to the empirical Omori law, will lead naturally to non-

stationary time series (Marsan and Nalbant, 2005). Declustering techniques (e.g. the Reasenberg 

(1985) algorithm or the stochastic declustering of Zhuang et al., 2002) aim to identify and remove 

the aftershocks from seismicity catalogues, but their success may depend on the validity of the 

assumptions made in the analyses. 

Seeking patterns of foreshock activity preceding large events is an important topic for prediction 

research. Earthquakes demonstrate ongoing deformation. An area that is subjected to shear loading 

may either deform gradually, seismically or aseismically, or lock. The latter implies the 

accumulation of stress which may later lead to a large event. This implies that relative seismic 

quiescence may have some predictive information regarding large events. Unfortunately, it is 

generally difficult to distinguish true quiescence from other phenomena, for example decaying 

aftershock sequences. Foreshocks to large events, i.e. small events above background level 

preceding larger events, are often reported - but usually only retrospectively. The fundamental 

predictive value of foreshocks is sometimes questioned (see Mignan, 2014 for a review). For 

example, in cascade models (Felzer et al., 2015; Helmstetter et al., 2003), such as the Epidemic 

Type Aftershock Sequence (ETAS) model, mainshocks are considered to be aftershocks of smaller 

mainshocks (i.e. the foreshocks), and all events have a magnitude “chosen” at random from a given 

distribution. If such models are correct, foreshocks contain little or no precursory information. 

Many Greek earthquake sequences have been analysed using various statistical methods, 

investigating seismicity rate changes on short or long time scales, and by applying temporal or 

spatio-temporal modeling (e.g. Adamaki et al., 2010, 2011; Console et al., 2006; Papadimitriou et 

al., 2012). Latoussakis and Drakatos (Drakatos and Latoussakis, 1996; Latoussakis and Drakatos, 

1994) found evidence of seismic quiescence before strong earthquakes that occurred within several 

aftershock sequences in Greece. Papadopoulos et al. (2000) identified foreshock activity during less 

than 4 months prior to 12 out of 17 strong earthquakes (M>5) around the Corinth Gulf. Gospodinov 

et al. (2015) recently presented a day by day forecast of seismicity working with data in the 

Kefalonia area. Here, we use interevent times between earthquakes within a specified area as a time-

specific proxy for seismicity rate. 

To identify stationary background or “reference” seismicity for the given area we may seek time 

periods with no apparent rate changes. However, even if there are such periods, containing e.g. no 

significant aftershock sequences, spurious temporal changes may be observed due to changes in both 

observing networks and the methods used to detect, locate and analyse events. One way to minimize 

these effects is to use fairly short and recent time periods. 

The most common model of seismicity is a homogeneous Poisson process combined with triggered 

aftershock activity described by the well known Omori law. The modified formula introduced by 

Utsu (1969). 

Equation 1 - Modified Omori Formula (MOF) 

n(t)=K/(t+c)p 
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gives the aftershock rate n(t) as a function of time. K, c and p are empirical constants. Later, Ogata 

(1988) introduced the ETAS model where all aftershocks can produce their own aftershocks, where 

the seismicity is described by 

Equation 2 - Formula for ETAS 

λ(t)=μ+K*exp(a(Mi-Mmin))/(c+t-ti)p 

μ represents the background seismicity, tj are the occurrence times of the events with magnitudes mj 

that took place before time t, m0 is the cut-off magnitude of the data (usually equal to the 

completeness magnitude mc) above which all events can produce secondary aftershocks, and α is a 

measure of the efficiency of a shock in generating aftershock activity relative to its magnitude. The 

parameters are estimated using the maximum likelihood method and the goodness of fit is usually 

tested with residual analysis (Ogata, 1999). Several versions of ETAS modeling have been 

developed aiming at better explaining observed seismicity. Gospodinov and Rotondi (2006) for 

example suggested the Restricted ETAS model (RETAS), where only earthquakes above a cut-off 

magnitude (which can be higher than mc) can produce their own aftershocks. Implicit in all these 

models is that all events can be considered as foreshocks, mainshocks and aftershocks (Helmstetter 

et al., 2003). 

Seismicity data is complex and statistical tools must be used to compare observations (related to 

potential precursors) to what is predicted by cluster-type models like the ETAS (Bouchon et al., 

2013; Marsan et al., 2014; Ogata and Katsura, 2014). Below, we apply both established and new 

methods to Greek data to investigate the occurrence of foreshocks. 

2. Data 

We use events from 2008 to 2010 in the western part of the Corinth Gulf and the northwestern part 

of the Peloponnese (white rectangle in Figure 1) listed in the catalogue published by the Aristotle 

University of Thessaloniki, which includes only earthquakes with magnitudes bigger than 2.0, 

recorded by the Hellenic Unified Seismological Network. Our data set includes 4690 events, 

including 3 major events, a) the strong earthquake in Achaia (NW Peloponnese) in 2008 (M>6.0) 

and b) the doublet of M>5.0 events that occurred at Efpalio (W Corinth Gulf) in 2010. The epicenters 

of these are shown in Figure 1 (see Karakostas, 2009; Karakostas et al., 2012 and Sokos et al., 2012 

for more details on these sequences). 

The application of the ETAS model requires a complete catalogue. Therefore, using the methods of 

Leptokaropoulos et al. (2013), the completeness magnitude was estimated for different parts of the 

dataset, with the highest value equal to 2.6. That the 2010 earthquakes occurred within the positive 

lobe of the Coulomb stress changes that followed the 2008 strong event (Karakostas, 2009) and the 

observed seismicity migrated towards the area of Efpalio between 2008 and 2010 suggests that the 

events are related. Segou et al. (2014) performed static stress transfer calculations and concluded 

that it's likely that the Achaia event in 2008 promoted the Efpalio sequence in 2010. 

3. Temporal evolution of Seismicity 

In Figure 2 we show rate histograms of our data, i.e. the number of events in fixed time bins. The 

red lines represent an Omori type rate to be compared to the observed decay of seismicity after the 

large events. The first 2 months of the 2008 aftershock sequence are characterized by a strongly 

decaying rate, as seen in Figure 2b, which is followed by generally lower seismicity rate (compare 

to the previous part) until the beginning of 2010.  Almost 40% of the events during this interval 

occurred around Efpalio. In Figure 2c we can see that the decay rate of the second aftershock 
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Figure 1 – The study area (white rectangle). The two stars show the epicentres of the major 

events during 2008-2010 (Achaia, 2008 and Efpalio, 2010). Blue arrows and lines, tectonic 

motions and features: NAF: North Anatolian Fault, NAT: North Aegean Trough, CTF: 

Cephalonia Transform Fault. Arrows: approximate direction of relative plate motion. 

sequence is rather rapid, as the number of earthquakes in each bin reaches relatively low values only 

1.5 months after the M>5 events. We see that an Omori type decay of power 1 can only 

approximately describe the observed processes. 

Such rate plots are useful, but the large changes in rate mean that while some bins contain very few 

points others contain many, and possibly relevant details of time evolution within these bins cannot 

be seen. Therefore we estimate the rate as the inverse of the average interevent time for one or a few 

temporally neighboring events, allowing many rate samples where rate is high. Figure 3 shows the 

inverse interevent times versus the sequential event number for our whole data set, yielding a clearer 

image of the rate decay that follows the occurrence of each larger event. The first area marked in 

Figure 3 corresponding to a period of almost 2 months following the Achaia main-shock shows that 

the seismicity decays rather steadily while at later times (the interval marked between the shaded 

areas) there aren't any obvious rate changes until the doublet events occur. In the next shaded area 

we can see the initial decay that follows the first doublet earthquake and after the second of the 

doublet events the rate essentially monotonically decays for about 1.5 months. In the last part of the 

dataset the activity seems to be dominated by 4 M>4 events and their aftershocks (Figure 3). 

4. ETAS analysis 

These simple presentations of our data provide some evidence that the process is not homogeneous. 

Several intervals seem to be related to different rates and as a result they introduce rate changes that 

can be further tested. With the help of the algorithm Gospodinov and Rotondi (2006), developed, 

we applied the ETAS model to the whole dataset and to subsets. For the complete 2008-2010 time 

period, although the Akaike criterion (Akaike, 1974) indicated that the the ETAS model fitted well 

compared to MOF and RETAS, much of the data were outside the error bounds of the estimation 

the model provided, implying that a single ETAS model is inadequate to describe the data. Therefore 

we modelled separately three different time intervals, a) following the 2008 major event in Achaia, 

b) during 2009 when no strong earthquakes occurred and c) following the doublet in Efpalio. The 

fit was poor in the last two cases, although we tried applications assuming several magnitude 

thresholds. A summary of the results can be seen in Table I. Although there are parts of the dataset 

where the right choice of parameters (equation 2) can model the real seismicity well, the results are 

not stable in most of the cases. Specifically, when a long period is chosen the model underestimates 

the intense aftershock activity while overestimating rate where the rate doesn't change significantly. 
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The best fit was achieved for the months following the 2008 major event (M>6), although the decay 

was underestimated during the first days of the aftershock sequence. The values of parameter p 

shown in Table 1 indicate that the decay rate decreases over time. Michas et al. (2014) also found 

that the period following the Efpalio doublet was characterized by some kind of homogeneity 

compare to the period before that. These observations could imply that there are different processes 

occurring during the time we study, even before the major events of 2010 when no major earthquakes 

occurred. 

 

Figure 2 - a) Histogram of the seismicity observed in the study area during 2008-2010, b) A 

more detailed picture of the 2008 aftershock sequence, c) Same as in b) but for the 2010 

aftershock sequence. The red lines show the Omori type decay with p=1. 

Table 1 - Summary of results after applying the ETAS model on the dataset and on subsets. 

Time Parameter p Data outside the error 

bounds (%) 

2008-2010 1.131 49.39 

2008 (Achaia aftershock sequence) 1.33 10.12 

2009 No ETAS model can fit this part of the dataset  

2010 (Efpalio aftershock sequence) 1.053 48.06 
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Figure 3 - The inverse interevent time against the sequential earthquake number. The 

shaded areas show the aftershocks that followed each of the major events (i.e. the mainshock 

in Achaia and the doublet in Efpalio), while the marked area between them corresponds to 

the seismicity observed during 2009 (where no major events occurred). 

5. Aggregated Time Series 

Analyses based on ETAS or examination of data such as Figures 2 and 3 was not able to reveal any 

unambiguous anomalous activity prior to the larger events. An important question is if this is because 

no such activity is present, or because our data is insufficient to reveal such effects, Therefore, we 

chose to superimpose data preceding and following all larger events in our catalogue, hoping that 

the averaging involved will reveal patterns otherwise obscured due to e.g. the difficulty in assessing 

if a burst of activity prior to a given mainshock is “precursory” or some unrelated phenomenon. 

Clearly, when averaging over events, unrelated phenomena should tend to be temporally evenly 

distributed. A magnitude threshold was chosen, and all events of this magnitude or higher considered 

to be “mainshocks”. Such events which, within a specified time window, were preceded by a larger 

event were excluded. Events before and after the remaining “mainshocks” and spatially close to 

these were placed into a common catalogue, with time relative to each mainshock. We can then 

examine the aggregated rate to see if there is a general increase or period of quiescence prior to our 

“mainshocks”. Note that we make no attempt to separate aftershocks and other events, and larger 

events in aftershock sequences may be included as “mainshocks”, as long as they are not close in 

time to a larger preceding event. 

We choose to focus on the intervals after the 2008 M6.4 event and the doublet in 2010. In the 

example shown in Figure 4, all other earthquakes with magnitudes above Mth=3.5 are regarded as 

main shocks, and events for the preceding 50 days and within 10 km radius were aggregated. This 

approach should be robust to technical changes in networks and analysis, as these will generally be 

stable for each 50 day data subset. As mentioned above, even if Mc changes over time we can 

reasonably assume that there aren't significant changes in Mc within the short intervals preceding 

these "mainshocks". In Figure 4, the top plot (a) shows the normalized cumulative number of events 

of the aggregated series, plotted against the time preceding the mainshock times T0. The shaded area 

of the last 15 days prior to T0 is of interest as here the seismicity rate apparently increases. In Figure 

4b we also present the inverse interevent times for the events in the aggregated time series, plotted 

against time. We can see a clear increase in seismicity rate about 2 weeks before T0. 
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Figure 4 - Aggregated preshock sequences for “mainshocks” of M>3.5. a) The normalized 

cumulative number of events against time, b) The inverse interevent times of the common 

series, c) and d) The aggregated series is divided in two random parts. The shaded areas 

show the increase in seismicity during the last days before T0, which is observed in all plots. 

Especially as the rate before and after different larger events may be very different, we must assess 

if any apparent general patterns of behavior are artefacts e.g. due to one or a few events dominating 

the aggregated series. We performed various tests to evaluate this, including randomly splitting the 

main shocks into two separate groups and comparing results, and performing calculations including 

events of different magnitude. Such tests included choice of the threshold for the identification of 

“mainshocks” and use of data only from selected magnitude bands in the histograms. Examples are 

shown in Figure 4 (c and d). An increased seismicity rate was consistently seen. 

If seismicity consists of events completely random in time, each of which may have aftershocks, 

then we expect no increase in activity prior to larger events. In such a case, we can test if an observed 

increase in seismicity prior to larger events is significant by performing numerical random 

simulations, and seeing how often these produce a similar increase by chance. For ETAS models, it 

is more complex. The ETAS model implies that a higher activity rate indicates a higher future rate, 

which in turn implies increased risk of a large event, as the magnitude of each new event is randomly 

“chosen” from a Gutenberg-Richter distribution. This randomness means that rate increases prior to 

larger events should be observed, but that these are essentially not useful for predicting large coming 

events. Therefore, if a rate increase prior to larger events is observed, it is important to assess if this 

is what we would expect from an ETAS model. We can also test this using numerical random 

simulations. 
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Here, in order to assess if the observed acceleration is what we would expect from ETAS-type 

behaviour, we also run a randomized test on our empirical data. In the ETAS model, the probability 

of a new event is steered by earlier events, but the magnitude of the new event is not. Therefore 

ETAS-consistent rate increases should be observed even if we select our “mainshocks” completely 

at random from our catalogue, independently of their magnitude. For simple comparison, we test 

with the same number of randomly selected events as in our actual mainshock analysis, but repeat 

this many times which allows us to define empirical confidence limits. This simple but robust test 

of the ETAS rate increase hypothesis showed that although there is a rate increase in the aggregated 

data which is consistent with the ETAS model, this is only visible for the last two days of the stacked 

preshock sequence. Thus, the clear rate increase seen in Figure 4 can not be explained in this manner. 

Our empirical confidence tests indicate that this can be stated at a very high confidence level of well 

over 95%. 

6. Discussion - Conclusion 

Our analysis was motivated by the two earthquake sequences (Achaia and Efpalio) that occurred 

close in time (2008 and 2010) and space (NW Peloponnese and W Corinth Gulf), where both 

Coulomb stress transfer calculations and the observed apparent migration of seismicity from Achaia 

to Efpalio indicate that the two sequences may be causally related. These sequences are fairly recent, 

implying relatively high sensitivity and data quality from the Greek network, and a rather 

homogeneous catalogue with a relatively low completeness magnitude. 

Investigating the sequences in more detail, we found that in the aftershock sequence of the 2008 

event in Achaia the rate decays fast in the short term after the main-shock (almost 2 months) and is 

followed by a lower seismicity period. After this time, this (power-law) decay of rate apparently 

changes. For the 2010 sequence the p value is lower than for the 2008 event, and is very close to 1. 

No ETAS model could reproduce well the seismicity for the whole data set. Subsets of data were 

selected according to where apparently significant changes in behaviour were observed and the 

ETAS model was applied separately to each of these. For these subsets, ETAS was able to fit the 

data successfully in some cases. For even shorter time periods there were too few events to apply 

ETAS. 

Thus, while the data appears to be piece-wise consistent with the concept of poissonian  background 

seismicity and aftershock sequences consistent with Omori- and ETAS-type  behavior, there are 

additional and apparently significant components in the tempo-spatial evolution of seismicity. The 

data may contain foreshocks to the largest events investigated, but with so few data no preshock 

sequences to these could be unambiguously identified. Therefore, rather than trying to identify 

foreshocks to these events specifically, we aggregated data to assess if generic foreshock activity 

exists, and if so what its character is. Treating many slightly larger events (M>3.5) as mainshocks, 

and superimposing activity prior to these, produces an aggregated time series. These analyses show 

an increase in seismicity rate prior to main shock time. The rate increase appears to be consistent 

with the statistical inverse Omori law (Helmstetter and Sornette, 2003) only to a limited extent. This 

implies that foreshock activity is common, perhaps even ubiquitous, even though it is often not 

possible for individual main shocks to distinguish foreshocks from other seismicity such as a smaller 

event with some aftershocks prior to a main shock. These observations suggest that there are 

structural components in the seismicity which are not consistent with the normal ETAS model 

concept, as well as supporting the idea that foreshocks may very well ultimately provide a tool for 

more routine short-term prediction of coming larger events. In other words, there is in some sense 

an increase in seismicity prior to major events, and this has a character suggesting that it might be a 

useable basis for producing short-term prognoses of coming larger events. It does not, however, 

follow automatically from our results that such prognosis is possible. What does seem clear is that 

for any real chance of observing and identifying precursors to coming events very high quality data 

(including very low Mc) will be necessary. 
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Abstract  

In this study it is proposed that spatially detecting low b values in certain segment 

faults in conjunction to the spatial earthquake density of the corresponding areas, can 

be used in order to locate faults asperities. This hypothesis is tested in the area of 

Corinth Gulf where we have processed data from the earthquake catalog of the 

Aristotle University of Thessaloniki, during a significant period of 45 years, from 

1970 until 2015. From the calculations of b values and earthquake density in certain 

regions asperity patterns have been observed: asperity located by small b values and 

low densities coincide with proposition of possible asperity found in literature. Based 

on these facts we reproduce the hypothesis of an Asperity in the south area of Corinth 

Gulf between the Helike and Xilokastro faults. 

Keywords: Asperities, b value, seismic density. 

Περίληψη 

Στη μελέτη αυτή προτείνεται μια μέθοδος χωροθέτησης περιοχών συγκέντρωσης 

υψηλών τάσεων (asperities) κατά μήκος ενεργών ρηγμάτων. Η προτεινόμενη μέθοδος 

βασίζεται στην υπόθεση ότι κατά μήκος των περιοχών υψηλών τάσεων οι 

παρατηρούμενες τιμές της σταθεράς b του αντίστοιχου σεισμικού καταλόγου 

εμφανίζουν τοπικά ελάχιστα ενώ παράλληλα τοπικά ελάχιστα παρατηρούνται επίσης 

στην αντίστοιχη χωρική πυκνότητα των σεισμικών γεγονότων. Η μέθοδος αυτή 

εφαρμόστηκε στην περιοχή του Κορινθιακού κόλπου. Τα δεδομένα που 

χρησιμοποιήθηκαν προέρχονται από σεισμικό κατάλογο του Αριστοτελείου 

Πανεπιστημίου Θεσσαλονίκης, και αφορούν  την περίοδο 1970 - 2015. Με το χωρικό 

υπολογισμό της τιμής του b και της πυκνότητας της αντίστοιχης σεισμικής 

δραστηριότητας, οι περιοχές που προσδιορίστηκαν ως περιοχές υψηλών τάσεων 

(asperities) έρχονται σε συμφωνία με προηγούμενες μελέτες για την υπό μελέτη περιοχή. 

Λέξεις κλειδιά: Εκθέτης b, σεισμική πυκνότητα, συγκέντρωση υψηλών τάσεων. 

1. Introduction  

Asperities are considered to be strong patches of varying dimensions on a fault. They have 

dimensions ranging from less than a kilometer to tens of kilometers. They are locked inside the faults 

under high pressure and they release most of the energy during the eventual earthquake (Wiemer 

and Wyss, 1997). 
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Being more detailed, this large patch is divided into a numerous subfaults capable of accumulating 

large amounts of stress. The surrounding areas are not capable of storing the same amount of stress 

and form a weak zone around the asperity. The tectonic stress increase in the wider area, and the 

weak zones break more easily than the asperity, creating small earthquakes that many times form a 

swarm. As the stress increases, all the weak zones break and become seismically quiet. All this time 

the asperity appears to be inactive. When the limit of stress that the asperity can accumulate is 

reached, eventually breaks and the main shock is generated (Kanamori, 1981). 

There has been noticed that b values are significantly lower in asperities, in comparison with the rest 

of the fault zone which have higher b values (Wiemer and Wyss, 1997). 

The Gulf of Corinth, which is located between continental Greece and Peloponnese, has high seismic 

activity. This structure is about 2 m.y. old and opens by a rate of 1 cm/yr. Known from the ancient 

years serious earthquakes have occurred in this area but only 6 earthquakes of magnitude greater 

than 6 have been recorded since the instrumental seismology has started (Hatzfeld et al., 1996). 

Modern instrumental seismology and scientific earthquake software help us to study this area with 

more detail and see if there is a connection between normal fault system and a possible asperity 

(Hatzfeld et al., 1996). 

The purpose of this study is to introduce a complementary approach for locating asperities in the 

Gulf of Corinth along the Xylokastro fault, by means of patterns of low b value and low earthquake 

density, using only recent data from the earthquake catalog of the broader area. 

2. Seismicity and Location of Asperities 

The map under study was separated in certain areas along the Corinth Gulf in order to examine the 

spatial variations of b value and earthquake density. To succeed that, we used data taken from  

earthquake catalog of the Aristotle University of Thessaloniki. 

All the measurements in this paper were made with the ZMAP application (Wiemer, 2001). ZMAP

was created by Stefan Wiemer in 1994 and it is a graphical interface application, constructed for  

the MATLAB environment. The purpose of this application is to determine the quality of seismic d

ata, which are included in earthquake catalogs, and also to calculate and extract useful features.  

The application combines many basic and useful tools for seismological research. In combination 

with the graphical user interface, ZMAP constitutes a powerful tool in statistic seismological  

analysis of earthquake catalogs. 

The location of an asperity is necessary information in terms of a region’s seismicity analysis and 

gives a perception for the fault surface topography and also the mechanisms which apply in the area. 

There are two popular methods of how to locate an asperity. Since by definition an asperity is a high 

stress area surrounded by low stress areas, the first method calculates the stress levels of a region 

and points the areas with higher levels (Hatzfeld et al., 1996; Park and Mori., 2007; Dalguer et al., 

2003). That method was used in Corinth’s Gulf (Hatzfeld et al, 1996) reaching to the conclusion 

that there is an asperity between the Helike and Xilokastro faults, because that area has higher stress 

level than the surrounding areas. 

The other method uses the surface’s slip. By using GPS data of the slip distribution on the earth’s 

surface, the asperities are located in regions where big deformations are detected (Pulido, 2004; 

Irikura et al., 2004; Ozacar and Beck, 2005; Kagawa et al., 2004; Murotani et al., 2013; Spence et 

al., 1999; Pulido et al., 2008). 

In a recent study which concerns the region of Hokkaido (Japan), (Takahashi and Kasahara, 2013) 

the authors proposed a method for locating asperities by means of the earthquake’s density. As 

asperities were selected sections of the region with small number of events, at least one event with 

high magnitude, and surrounded by sections with large number of events. 
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The examined region in this paper is the Corinth Gulf. It is one of the most seismically active regions 

of Greece, and constitutes a continental rift by separating Peloponnese from central Greece, 

extending from Gulf of Patras to Gulf of Alkionides in a total distance of 120km approximately 

(Giannopoulos et al., 2014). 

The three main faults, in the Gulf, are the Psarhopyrgos, the Helike and the Xylokastro faults. Also 

there are many other smaller faults in Corinth Gulf. In the East part there is Loutraki and Kaparelli 

faults, Delphi, Erithres and Antikira faults in the Center, and in the West the Gulf is connected 

through Rio-Antirio with the Gulf of Patras but there are no major faults that affect the Corinth Gulf 

(Hatzfeld et al., 2000). The extension rate of the faults, measured by GPS, is about 10 mm year-1. 

3. Data-set 

The data used in this study were taken from the Greek National Seismological Network and were 

compiled from the bulletins of the Central Seismological Station of Geophysics Department of the 

Aristotle University of Thessaloniki (http://geophysics.geo.auth.gr/ss/). The completeness of the 

data set was checked using the Gutenberg–Richter relation and the minimum magnitude above 

which the sample is complete was found equal to 3. Moreover the catalog’s completeness was 

checked within consecutive 5-year time intervals. The catalog's data covers a region with latitude 

37.9 to 38.6 and longitude 21.4 to 23.3. The first event recorded is from 5/01/1970 and the last one 

from 20/01/2015. The overall number of events in this catalog is 8696. The smallest recorded 

magnitude is 3.0 and the largest one 6.7. In total there are 8 events with magnitudes greater or equal 

to 6.0, and 43 events between 5.0 and 5.9. The background b was 1.33 as it can be seen in the GR-

FMD. 

4. The proposed methodology and results 

For the purposes of this paper the wider area of Corinth's Gulf was separated in a grid by 0,1 latitude 

and longitude degrees. The measurements were used where only from the cells that had at least 50 

earthquake events in order to ensure the robustness of the estimate b values. The radius of every cell 

that had at least 30 events was increased in order to contain 50 events, using the data of the 

surrounding cells. 

For all those sections the number of events (density) and b value were calculated. For all 

measurements the software ZMAP was used, while for the b value estimation the Maximum 

likelihood method was chosen. 

In the formula that describes the G-R FMD [Equation 1] the b value constitutes the slope of the 

distribution and describes the ratio of small and big earthquakes in an earthquake catalog (Kulhanek, 

2005). The most often procedures used to calculate the b value of a G-R FMD is the Maximum 

Likelihood Estimate of b (Aki, 1965) method created by Utsu and the least square technique 

(Gutenberg and Richter, 1944). For the purposes of this research, ZMAP was set to calculate the b 

value by using the Maximum Likelihood technique. With this method b value is given by [Equation 

2] where Mμ is the mean magnitude of earthquakes and Mc is the magnitude of completeness of the 

catalog. 

Equation 1 - Gutenberg - Richter frequency magnitude relation 

  MbaNLog * . 

Equation 2 - Formula for the estimation of b value 

   MMeLogb
c

/ 


 

The results derived by Zmap were plotted in two contour maps. In Figure 1 the spatial distribution 

of the density of earthquake events greater than 3.0 is shown. It can be seen that there are three areas 
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with significantly lower density compared to neighbourhood values, plotted with dark blue colour. 

It should be noted that according to the study of (Takahashi and Kasahara, 2013), these areas 

coinside with the location of asperities. According to the idea proposed in this study and in order to 

address this discrepancy of the proposed methodology of (Takahashi and Kasahara, 2013), we 

introduce as a complementary indicator the spatial distribution of b value Figure 2. It can be seen in 

Figure 3 that combining the areas of low density value as well as low b values, only the areas A and 

C highlighted with green strokes satisfy both requirements. These findings strongly suggest that in 

the wider area of 22.3 Longitude and 38.1 Latitude an asperity is located. Moreover in this area it is 

also proposed by (Hatzfeld et al., 1996) that an asperity is located. Additionally we propose that 

another asperity is located in the wider area of 21.4 Longitude and 38.4 Latitude a proposal that 

should be explored in a future study. 

 

Figure 1 - Contour map of earthquake density in Corinth’s Gulf. 

 

Figure 2 - Contour map of b-value in Corinth’s Gulf. 
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Figure 3 - Contour map of earthquake density in Corinth’s Gulf, overlapped with areas of 

low b value. 

5. Conclusion 

In the wider region of Corinth's Gulf, spatial variations of density and b value were mapped in a 0,1 

degree grid. In a previous research (Hatzfeld et al., 1996) proposed that there is an asperity located 

between the Helike and Xylokastro faults placed in the south section of Corinth's Gulf. From our 

calculations it appears that three sections have a significant low density, indicating the existence of 

asperities as was proposed by (Takahashi et al., 2013) and which is in contradiction with the study 

of (Hatzfeld et al., 1996) suggesting the existence of only one asperity . However a patch of low b 

value is found only in the area between the Helike and Xilokastro faults. These facts according to 

our proposition strongly suggest that an asperity is located in this area and comes in agreement with 

(Hatzfeld et al., 1996) study. As it seems the extracted information of the b value mapping can 

correct false indications coming from the method proposed by (Takahashi et al., 2013). 

As a result, the complementary estimation of spatial areas with low b value as well as low density 

values may serve as a valuable tool in robust estimation of asperities locations within a specific 

seismogenic zone. Moreover, for more complex seismogenic zones, the use of more than two spatial 

indicators may be appropriate. As an example the estimation of the spatial variability of recurrence 

time may also serve as a bust indicator for locating asperities, as was proposed in (Wyss et al., 2000). 
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Abstract 

Interdependencies in earthquakes with 𝑀 ≥ 5.0 that occurred in the Greek territory 

during 1911-2014 are investigated by means of network analysis. The nodes of the 

seismic network represent seismic zones and the connections between them are given 

by the time succession of two earthquakes of any seismic zones. Five different 

approaches for determining the weighted connections are studied based on different 

normalizations of the frequencies of successions for each pair of nodes (areas). In 

particular, two approaches transform the transition matrix to transition probability 

matrix of a Markov chain or Gibbs sequence. The network structure is quantified by 

five selected network measures, and we assess how changes in seismicity (number of 

earthquakes or seismic moment release) in sliding time windows (e.g. decades) agree 

with changes in the network structure. It turns out that the best matching of seismicity 

and network measures is succeeded with the two approaches normalizing the 

maximum frequency of a succession pair, over the current time window or over all 

time windows, and with the approach that is based on probability distribution for the 

pairs of nodes. For the approaches transforming the transition matrix to transition 

probability matrix, a test is developed for the null hypothesis according to which the 

observed transition in a time window is equal to the predicted one on the basis on the 

information given from the previous time window. The developed parametric test is 

based on Chi-square null distribution and shows that the null hypothesis could not be 

rejected in some time windows, providing a tool for future seismic hazard assessment. 

Keywords: weighted matrix, transition matrix, Markov chain, Gibbs sequence, 

network measure. 

Περίληψη 

Επιχειρείται διερεύνηση των αλληλεξαρτήσεων μεταξύ σεισμών με 𝑀 ≥ 5.0 που έγιναν 

στον ελληνικό χώρο κατά την περίοδο 1911-2014 με τη βοήθεια της ανάλυσης δικτύου. 

Οι κόμβοι του δικτύου αντιπροσωπεύουν σεισμικές ζώνες και οι συνδέσεις μεταξύ τους 

δίνονται από την χρονική διαδοχή δύο σεισμών που πραγματοποιούνται σε οποιαδήποτε 

σεισμική ζώνη. Εξετάζονται πέντε διαφορετικές προσεγγίσεις για τον καθορισμό της 

σταθμισμένης σύνδεσης, με βάση τη διαφορετική εξομάλυνση των συχνοτήτων των 

διαδοχικών σεισμών για κάθε ζεύγος κόμβων (περιοχές). Ειδικότερα, δύο προσεγγίσεις 

mailto:ritsa@geo.auth.gr
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μετατρέπουν τον πίνακα μετάβασης σε πίνακα πιθανοτήτων μετάβασης μιας αλυσίδας 

Markov ή αλληλουχίας Gibbs. Η δομή του δικτύου ποσοτικοποιείται με πέντε 

επιλεγμένα μέτρα δικτύου, και εκτιμώνται αν οι μεταβολές της σεισμικότητας (πλήθος 

σεισμών ή απελευθέρωση σεισμικής ενέργειας) σε όλα τα συρόμενα παράθυρα του 

χρόνου (π.χ. δεκαετίες) συμφωνούν με τις αλλαγές στη δομή του δικτύου. Αποδεικνύεται 

ότι η καλύτερη αντιστοίχιση της σεισμικότητας και των μέτρων δικτύου επιτυγχάνεται 

με τις δύο προσεγγίσεις στις οποίες η ομαλοποίηση γίνεται με τη μέγιστη συχνότητα ενός 

ζεύγους διαδοχής, πάνω από το τρέχον χρονικό παράθυρο ή πάνω από όλα τα 

παράθυρα του χρόνου, και με την προσέγγιση που βασίζεται στην κατανομή 

πιθανοτήτων για τα ζεύγη των κόμβων. Για τις προσεγγίσεις που μετατρέπουν τον 

πίνακα μετάβασης σε πίνακα πιθανοτήτων μετάβασης, αναπτύχθηκε έλεγχος με 

μηδενική υπόθεση ότι η παρατηρούμενη μετάβαση σε ένα χρονικό παράθυρο είναι ίση 

με την προβλεπόμενη με βάση την πληροφορία που δίνεται από το προηγούμενο χρονικό 

παράθυρο. Η ανάπτυξη παραμετρικής δοκιμασίας που βασίζεται στην κατανομή χ-

τετράγωνο έδειξε ότι η μηδενική υπόθεση δεν μπορεί να απορριφθεί σε κάποια χρονικά 

παράθυρα, παρέχοντας ένα χρήσιμο εργαλείο για εκτίμηση της μελλοντικής σεισμικής 

επικινδυνότητας.  

Λέξεις κλειδιά: Πίνακας βαρών, πίνακας μετάβασης, αλυσίδα Markov, ακολουθία 

Gibbs, μέτρο δικτύου. 

1. Introduction 

The network approach is a powerful tool for analyzing dynamic structures of complex systems. 

Complex network analysis is an emerging field that was introduced recently also in seismology by 

Abe and Suzuki (2004) in order to study seismicity as a spatiotemporal complex system. The seismic 

network has a number of interesting properties, some of which are common with many other natural 

and artificial complex systems, such as the metabolic network and the network of the web (Albert 

and Barabasi, 2002), which enable the study of seismicity. Global physical properties of seismicity 

can be explored by examining the geometrical (topological) and dynamic characteristics. The 

changes in the structure of the network (dynamic characteristics) can reveal a main shock few days 

before it occurs and the topological characteristics show the interdependencies between the variables 

of the complex network (Abe and Suzuki, 2009). 

The purpose of this study is the construction of seismic networks, with directed and weighted 

connections, where the nodes of networks represent seismic zones and the connections between 

them are given by the time succession of two earthquakes of any seismic zone. The weights of 

connections are formed by different normalizations of the frequencies of successions. Six 

approaches are shown, one for simple connections and five for weighted connections, to forming 

the adjacency or weighted matrix for introducing the connections of seismic network. Two of the 

five approaches for weighted connections transform the transition matrix to transition probability 

matrix of a Markov chain or Gibbs sequence to purpose the estimation of future seismic hazard. In 

addition, we examine which of the six approaches can depict better the seismic activity observed in 

the study area during 1911-2014, using two ranking lists of seismic zones that come from the real 

seismic activity and the network measures for each time window. Finally, we make a statistical test 

which examines whether the a priori known transition probability matrix differs from the estimated 

one. The results encourage research in the next step for evaluation of future seismic hazard. 

2. Data and Methodology 

The observation data are obtained from the earthquake catalog compiled in the Geophysics 

Department of the Aristotle University of Thessaloniki (http://geophysics.geo.auth.gr/ss/), and 

comprise crustal earthquakes (focal depth less than 40 Km) of magnitude 𝑀 ≥ 5.0 (2.018 events) 

that occurred in 1911-2014 (Fig. 1). In this study the seismic measures which are used to construct 
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the seismic network are indicated by the sum of the number of successive earthquakes or by the sum 

of the seismic moment 𝑀0 released for each pair of nodes. The seismic moment is calculated from 

the empirical relation 𝑙𝑜𝑔𝑀0 = 1.5𝑀 + 16.01, where 𝛭 the earthquake magnitude (Kanamori and 

Anderson, 1975). The analysis is performed in sliding non-overlapping time windows of 2, 3, 5 and 

10 years duration. The approaches which are based on Markov chain and Gibbs sequence are applied 

only for 10 years duration because they require at least one transition from each seismic zone. 

2.1 Approaches for determining the connections of networks 

Generally with the term of network we mean the graph 𝐺 = (𝑁, 𝐸) which is defined by the nodes 

and the connections between them, where 𝑁 is the set of nodes and 𝐸 the set of connections. The 

|𝐸| network connections of the |𝑁| nodes can be directed or undirected, weighted or binary such 

that the network of 𝑁 nodes is fully described by a square matrix of size 𝑁𝑥𝑁 and the value at each 

position (𝑖, 𝑗) ∈ 𝐸 of this matrix indicates the connection between nodes 𝑖 and 𝑗. For any two nodes 

𝑖 and 𝑗 the distance 𝑑(𝑖, 𝑗) between them is defined as the length of the shortest path from 𝑖 to 𝑗, if 
the nodes are connected and called neighbors, whereas 𝑑(𝑖, 𝑗) = ∞ otherwise. The adjacency matrix 

𝐴 introduces simple connections, and in case of directed connections of network is a square non-

symmetric matrix 𝐴 = {𝑎𝑖𝑗}, 𝑖, 𝑗 ∈ 𝑁 of size |𝑁|𝑥|𝑁|, having entries (𝑖, 𝑗). The adjacency matrix 

𝐴 takes a value of one (1) if there is a connection between nodes 𝑖 and 𝑗 and zero (0) otherwise. On 

a network with weighted and directed connections the weighted matrix 𝑊 is also a square non-

symmetric matrix 𝑊 = {𝑤𝑖𝑗}, 𝑖, 𝑗 ∈ 𝑁 of size |𝑁| ∗ |𝑁| , where 𝑤𝑖𝑗  is the weight which 

characterizes the weighted connection. 

 

Figure 1 - Epicentral distribution of 𝐌 ≥ 𝟓. 𝟎 that occurred in 1911-2014 in the broader area 

of Greece. The diameter of the cycles is proportional to the earthquake magnitude and the 

color proportional to the focal depth as given by a color scale. 

For the construction of networks firstly we divide the study area into subareas, the seismic zones, 

that are homogenous from the seismotectonic point of view (faulting type, seismic moment release) 

and taking into account previous publications (Papazachos et al., 1998; Papaioannou and 

Papazachos, 2000). The 𝑁  seismic zones represent the 𝑁  nodes of the seismic network. Two 

successive earthquakes define a connection between the respective nodes. If two successive 

earthquakes occur inside the same zone, they form a loop. The connections and loops represent the 

correlations between two successive earthquakes. 
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The first approach, for introducing connections, constructs the seismic network with simple 

connections, i.e. the adjacency matrix 𝐴 contains the value one (1) or zero (0) for each pair (𝑖, 𝑗) of 

nodes. This approach, called Binary, has the disadvantage that full exploitation of data is not 

achieved, because the multiple successions of earthquakes are not recognized but it is considered as 

a simple one. 

 

Figure 2 - The 15 seismic zones in which the study area is divided and which represent the 

network nodes. 

Five approaches are now introduced to constructing weighted connections in space [0,1]. The 

construction process of the weighted matrix 𝑊 is as follows: For each time window a square non-

symmetric transition matrix 𝑆 = {𝑠𝑖𝑗} is created, where 𝑠𝑖𝑗 indicates how many times the succession 

of earthquakes appears for each pair (𝑖, 𝑗) of nodes. Alternatively it is a positive real number that 

indicates the value of seismic moment 𝑀0 which is released between nodes 𝑖 and 𝑗. Having created 

such square matrices, which are equal in number with the time windows, we define the weighted 

matrix 𝑊 for each time window as 𝑊 = 𝑆/max{𝑠𝑖𝑗}, where max{𝑠𝑖𝑗} is the maximum value of all 

matrices 𝑆. This approach, called Wallwin, has as variation the definition of the weighted matrix 𝑊 

at each time window as 𝑊 = 𝑆/max{𝑠𝑖𝑗}, where now max{𝑠𝑖𝑗} is the maximum value of matrix S 

for each time window. This approach is called Weachwin. The fourth approach, the third for 

weighted connections, is based on probability frequency distribution for the transition matrix 𝑆, and 

is called Wprob. A probability frequency distribution is a way to show the eventual occurrence 

frequency at each pair (𝑖, 𝑗) of nodes. A probability distribution assigns a probability to each pair 

(𝑖, 𝑗) of matrix as 𝑊 = {𝑠𝑖𝑗}/∑ {𝑠𝑖𝑗}
𝑁
𝑖,𝑗=1 . Thus, the sum of elements of weighted matrix 𝑊 is equal 

to the unity. 

A completely different approach for the construction of the weighted matrix 𝑊 is based on the Markov 

chain. Consider 𝑉 = {1, 2, … . . , 𝑁} the state space of a Markov chain, i.e. the space 𝑉 consists of all 

nodes. Let as define 𝑋𝑡 (𝑡 = 1, 2, . . , 𝑛) as the Markov chain which was formed by the time succession 

of two earthquakes of any seismic zones with values from the state space V. Firstly, the transition 

matrix 𝑆 = {𝑠𝑖𝑗} is formed as in the previous approaches. We define the probabilities {𝑝𝑖𝑗}, that form 

the square non-symmetric transition probability matrix P because we have directed connections, as 

follows: 𝑃 = {𝑝𝑖𝑗} =  
{𝑠𝑖𝑗}
∑ {𝑠𝑖𝑗}
𝑁
𝑗=1
⁄  with 𝑖, 𝑗 = 1, 2, … , 𝑁. The main characteristic of the transition 

probability matrix P is that the sum of each row is unity, i.e. ∑ 𝑝𝑖𝑗 = 1
𝑁
𝑗=1 . The matrix 𝑃  is the 
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weighted matrix and this approach is called Markov. The last approach is based on Gibbs sequence 

(Casella and George, 1992). Starting with random variables 𝑋 = {𝑋𝑜
′ , 𝑋1
′ , … . , 𝑋𝑁

′ } and 𝑌 = {𝑌0
′ , 𝑌1

′ , . .,
𝑌𝑁

′ }, the matrices 𝑃𝑋|𝑌 and 𝑃𝛶|𝛸 thought of as transition matrices the probabilities of getting to 𝑋 states 

from 𝑌 states and vice versa are given. If we are only interested in generating the marginal distribution 

of 𝑋, we are mainly concerned with the 𝑋 ′ sequence. To go from 𝑋0
′ → 𝑋1

′  we have to go through 𝑌1
′, 

so the iteration sequence is 𝛸𝑜
′ → 𝑌1

′ → 𝑋1
′  and 𝛸𝑜

′ → 𝑋1
′  forms a Markov chain with transition 

probability 𝑃(𝛸1
′ → 𝑥1|𝛸0

′ → 𝑥0) = ∑ 𝑃𝑦 (𝛸1
′ = 𝑥1|𝑌1

′ = 𝑦) ∗  𝑃(𝑌1
′ =  𝑦|𝛸0

′ = 𝑥0) . Thus, the 

transition probability matrix of the 𝑋′ sequence is given by 𝑃𝑋|𝑋 = 𝑃𝑌|𝑋 ∗ 𝑃𝑋|𝑌 , and is a weighted 

matrix. This approach is called Gibbs. 

The value of each network measure gives different information on the network structure (Table 1). 

The network properties are quantified with a number of characteristics (indices) computed on 𝐴 and 

𝑊 or 𝑃. 

Table 1 - Information provided from each network measure. 

Network measures (for 

weighted connections) 

Information 

Degree/Strength: 

𝐾𝑊 =
1

𝑁
 𝑘𝑖

𝑊

𝑖 ∈ 𝑁

=  {𝑤𝑖𝑗}

𝑗 ∈ 𝑁

 

One of the most basic statistics that characterize the graphs, 

measuring the connections in each node. 

Clustering coefficient: 

𝐶𝑊 =
1

𝑁
 
∑ 𝑤𝑖𝑗𝑤𝑖ℎ𝑤𝑗ℎ𝑗,ℎ ∈ 𝑁

𝑘𝑖(𝑘𝑖 − 1)
𝑖 ∈ 𝑁

 

Probability that two nodes connected to a common node to 

be interconnected. It shows the tendency of the nodes to 

group by triads. 

Global efficiency: 

𝐸𝑊 =
1

𝑁
 
∑ (𝑑𝑖𝑗

𝑤)−1𝑗 ∈ 𝑁,𝑗≠𝑖

𝑁 − 1
𝑖 ∈𝑁

 

The small distances between nodes give higher efficiency of 

the information flow on the network. 

Eigenvector centrality: 

𝑋𝑖 = 𝜆𝑖
−1∑ 𝑤𝑖𝑗𝑗 ∈ 𝑁 𝑥𝑗, 

λ the largest eigenvalue of the 

solution of equation 𝑊𝑋 = 𝜆𝑋. 

The nodes with many neighbors have high value and 

contribute more to the flow of information in network, i.e. 

the connections linking high degree nodes contribute to the 

high value of the node. 

Pagerank: 
𝑃𝑊(𝑛𝑖)

=
1 − 𝑑

𝑁
+ 𝑑  

𝑃𝑊(𝑛𝑗)

𝑜𝑢𝑡𝑑𝑒𝑔(𝑛𝑗)
𝑛𝑗 ∈ 𝑁(𝑛𝑖)

 

Calculate the rank value that indicates the importance of a 

node. A node that is connected with many nodes with high 

Pagerank receives a high rank itself. 

*outdeg, in type, is the number of outgoing connections. 

3. Results and Discussion 

The study area, i.e. the broader area of Greece, is divided into 15 seismic zones which represent the 

nodes of the seismic network and the connections between them are given by the time succession of 

two earthquakes of any seismic zones. After forming the seismic network, with the six approaches 

for each of the sliding time window, the changes in the structure of networks are examined per 

approach as for example during the time window 1971-1980 when the width of the sliding window 

is 10 years (Fig. 3). The different structure of network, is shown by the different values of network 

measures for each approach (Table 2). 

        (a)                                        (b)                                           (c) 
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                      (d)                                           (e)                                             (f) 

                

Figure 3 - The structure of the seismic network when as a seismic measure the number of 

earthquakes is considered during the time window 1971-1980 with the six approaches a) 

Binary, b) Wallwin, c) Weachwin, d) Wprob, e) Markov and f) Gibbs. 

After the investigation of the structure of networks we study the seismic activity which is observed 

for each seismic zone during 1911-2014 using sliding non-overlapping time windows of 2, 3, 5 and 

10 years duration as for example for the period 1971-1980 which is shown in Figure 4. 

Table 2 - The values of the network measures, when as a seismic measure the number of 

earthquakes is considered, for all approaches during the time window 1971-1980. 

Approach 

 

Measure of network 
Binary Wallwin Weachwin Wprob Markov Gibbs 

Degree/Strength 6.4 0.39 1.01 0.06 1 1 

Clustering 

coefficient 

0.73 0.04 0.10 0.01 0.11 0.06 

Global efficiency 0.69 0.03 0.08 0.04 0.09 0.06 

Eigenvector 

centrality 

0.23 0.20 0.20 0.20 0.25 0.25 

Pagerank 0.15 0.07 0.07 0.03 0.10 0.09 

To perform the ranking, we are interested in the first position for each time window when the number 

of earthquakes and the seismic moment release in each seismic zone is taken into account (Fig. 5). 

The ranking of the seismic zones in many cases, based on the above seismic measures, is different 

because the number of earthquakes as a seismic measure does not express the amount of energy 

release unlike the measure when the seismic moment is considered. 
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Figure 4 - The seismic activity of the seismic zones (𝐱 − 𝐚𝐱𝐢𝐬) during the time window 1971-

1980, with seismic measure the number of earthquakes (𝐲 − 𝐚𝐱𝐢𝐬, squares) and the seismic 

moment (𝐲 − 𝐚𝐱𝐢𝐬 in a logarithmic scale, cycles). 

Using five network measures, for weighted or simple connections the values of which were 

calculated for each seismic zone in each approach, a second ranking is generated as regards the first 

position for each time window of the seismic zones on the network measures. 

 

Figure 5 - The first position for each time window (𝐱 − 𝐚𝐱𝐢𝐬) when the sliding window lasts 

10 years, for the larger earthquake number and seismic moment release (𝐲 − 𝐚𝐱𝐢𝐬). 

Having the two ranking lists for the first position for each time window, when the first list results 

from the observations and the second one from the network measures, the agreement of the two 

ranking lists is investigated (Fig. 6). The results of the Binary approach (Fig. 6, the five first network 

measures) show the ineffective way to construct the seismic network because the success rates do 

not exceed 60% in any of the seismic and network measure. The Wallwin, Weachwin and Wprob 

approaches show the best results, if we exclude the almost expected 100% success rate with network 

measure the degree and seismic measure the seismic moment. This is due to the method of 

introducing connections of the network, because by definition the seismic zone with the higher 

seismic activity has the most connections. The rates of success are over 80% with network measure 

the eigenvector centrality and pagerank when the seismic measure is the number of events. 

Particularly low rates are derived from the approach of Markov and Gibbs for all network measures 

when as seismic measure the seismic moment release is considered. When the number of events is 

considered the success rates for the Gibbs approach is very high particularly when the network 

measure is the degree. 
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a) 

 

             b) 

 

Figure 6 - Success rate (𝐲 − 𝐚𝐱𝐢𝐬, agreement between the two ranking lists for the first 

position) with seismic measure a) the seismic moment release and b) the number of 

earthquakes based on the network measures (𝐱 − 𝐚𝐱𝐢𝐬, the first five measures with the suffix 

B next to the abbreviation of the name of the measures for simple connections and the next 

five for weighted connections with the suffix W). 

The satisfactory results from Gibbs and Markov approaches, when the measure is the number of 

events and the network measure is the degree, encourage the effort to estimate the predicted 

transition probability matrix for the next time window in order to assess the future seismic hazard. 

The estimation to predicted transition probability matrix is performed with Gibbs and Markov 

approaches because they use the stochastic matrix 𝑃  as weighted matrix for introducing the 

connections of network. 

3.1 Statistical test 

The elements of the a priori known transition propability matrix 𝑃 are obtained as described in 

subsection 2.1 about the approach of Markov and Gibbs, respectively. We test, for every time 

window, if the elements of the transition probability matrix 𝑃 which is constructed with the approach 

of Gibbs and Markov, respectively, agree with the values of the elements of the predicted transition 

probability matrix 𝑃∗ . To estimate the predicted matrix 𝑃∗  we create the square non-symmetric 

matrix 𝑃𝑆 which is formed from the transition matrix 𝑆. The transition matrix 𝑆 is calculated from 
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all historical data without dividing them in time windows and following the known process of 

transformation to the stochastic matrix for each approach (described in subsection 2.1), and the 

transition probability matrix 𝑃𝑆 is generated. According to Markov process, the predicted transition 

probability matrix 𝑃∗ in different periods is formed by  𝑃𝑡+1
∗ = 𝑃𝑡 ∗ 𝑃𝑆, where t=1, 2,.., n (Zhang and 

Zhang, 2009). Suppose that the null hypothesis 𝐻0: 𝑃 = 𝑃
∗, in case of testing all transitions together 

then a statistical criterion for testing the hypothesis can be based on the fact that the test statistic 

∑  𝑁𝑖=1 ∑
𝑛𝑖(𝑃𝑖𝑗
∗ −𝑃𝑖𝑗)

2

𝑃𝑖𝑗

𝑁
𝑗=1  follows the 𝑥2 distribution with 𝑁(𝑁 − 1) − 𝑎 degrees of freedom, where 𝑁 

is the number of states (nodes), α the number of zero elements in matrix 𝑃, 𝑛𝑖  the number of 

transitions of the row 𝑖 in transition matrix 𝑆 and the sums are for those values of i and j for which 

𝑃𝑖𝑗>0. The statistical test shows the acceptance of the null hypothesis 𝐻0 in many cases (Fig. 7, when 

dashed line is above the continuous line for the same time window) only for the Gibbs approach. 

This happened because the Gibbs approach provides higher success rates, concerning the agreement 

between of the two ranking lists, than the Markov approach. The results of the statistical test show 

that network approach is a useful tool for future seismic hazard assessment. 

 

Figure 7 - The value of test statistic (𝐲 − 𝐚𝐱𝐢𝐬) as a function of time for 10-years sliding 

windows (𝐱 − 𝐚𝐱𝐢𝐬). The dashed (critical) lines are defined from statistical tables for 

significance level 𝐚 = 𝟎. 𝟎𝟓. 

4. Concluding Remarks 

These first results suggest the contribution of network analysis in deriving from seismicity properties 

of a seismically active area which is divided in seismic zones. The approach of Gibbs estimates 

reliably, in some cases, the future seismic activity as evidenced by the statistical test unlike the 

Markov approach where we have rejections of null hypothesis 𝐻0. The Binary approach is the most 

unsuitable for introducing connections unlike with the other three approaches, Wallwin, Weachwin 

and Wprob. These approaches show high success rates with network measure the eigenvector 

centrality and pagerank, and excluding the degree, when the seismic measure is the number of 

earthquakes. Generally, the results are better when the seismic measure is the number of earthquakes 

than the seismic moment. In addition, the network index of degree can be regarded as an index of 

the level of seismicity and may be a useful tool in the study of earthquake networks. 

The network approach has been found to be a powerful tool that contributes significantly to 

investigate properties of complex phenomena such as seismic activity. The construction of the 

seismic network with new seismic measures, the use of approach through the time series for 

introducing the network connections, the introduction of new network measures for examining the 

network structure can be significantly contribute to seismic hazard assessment. An open issue arising 
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from this work is the application of the same analysis, which is presented in this study, with the 

above-mentioned settings. 
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Abstract 

This presentation outlines methodological aspects of earthquake forecasting. The 

recurring debates concerning predictability of earthquakes clearly show how this 

problem is centred on the difficulty of systematically testing the numerous 

methodologies that in the years have been proposed and sustained by the supporters 

of prediction. This difficulty starts, sometimes, from the lack of a quantitative and 

rigorous definition of the concerned precursor, and other times from the lack of 

continuous observations, upon which statistical analyses could be based. 

After an introduction concerning the definition of earthquake precursors, the way how 

to validate forecast hypotheses and the cost associated to their operational 

application, I give two examples of time-dependent hazard models, for long-term and 

short-term earthquake forecasts respectively.  

Considering the long-term forecast modelling, the effect of stress change due to 

previous historical earthquakes on the probability of occurrence of future 

earthquakes on neighbouring faults is taken into account. Following a standard 

methodology developed a couple of decades ago, the probability of occurrence in the 

next 50 years for a characteristic earthquake on known seismogenic structures can 

be estimated by a time-dependent renewal model. Then, a physical model for the 

Coulomb stress change caused by previous earthquakes on these structures is applied. 

The influence of this stress change on the occurrence rate of characteristic 

earthquakes is computed taking into account the permanent perturbation (clock 

advance). The method so developed is applied to the computation of earthquake 

hazard of the main seismogenic structures recognized in the Southern Apennines 

region, for which both historical and paleoseismological data are available.  

A popular short-term time-dependent hazard forecast model is the epidemic model. In 

this model earthquakes are regarded as the realization of a stochastic point process, 

and their magnitude distribution is described by the Gutenberg-Richter law with a 

constant b-value. The occurrence rate density is computed by the sum of two terms, 

one representing the independent, or spontaneous activity, and the other representing 

the activity induced by previous earthquakes. While the first term depends only on 

space, the second one is factored into three terms that respectively include the 

magnitude, time and location of the past earthquakes. An example of application of 

the epidemic model to the 2009 L’Aquila seismic series is shown. 
Keywords: Precursors, Earthquake forecast, time-dependent hazard. 
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1. Introduction 

Among a wide category of natural hazards, earthquakes are regarded with particular concern because 

events of high intensity hit a large number of people at the same time and in a wide geographic area, 

often without any kind a warning to be used for the safety of lives and properties. In this respect, 

earthquake prediction has attracted the interest of seismologists since the early times of this science. 

During the 70’s, observations on earthquake precursors were so frequently reported in literature, that 

the opinion that earthquake prediction could have become substantially achievable in relatively short 

time was predominant within the seismological community. However, in spite of the significant 

progress obtained in seismology during the last decades, the optimism about the possible 

implementation of earthquake disaster countermeasures based on earthquake prediction has 

dramatically dropped down. 

The situation concerning earthquake prediction studies has been characterised by a large variety of 

opinions: they range from those people who were quite confident in being able to predict all 

earthquakes (Varotsos et al., 1996), to those who were saying that earthquake prediction is 

intrinsically impossible (Geller et al., 1997). The possibility of coexistence of such different ideas 

largely comes from the lack of a common understanding on how prediction should be defined and 

its validity should be tested. 

In the latest decade the term “earthquake prediction” has been more and more often substituted by 

the term “earthquake forecast”, by means of which seismologists intend a quantitative definition of  

the probability that an earthquake in a specified magnitude range, geographic area and time interval 

will occur. A quantitative definition of the probability of occurrence admits also quantitative tests 

and comparisons among different forecasting models. In analogy with other geophysical phenomena, 

earthquakes are considered to behave as a kind of self-organized criticality (SOC) systems for which 

a deterministic approach is impossible, but are suitable for a sort of statistical forecast, such as 

“weather forecast” in meteorology. In this respect, the term “operational forecast” has become 

popular in the most recent years (Jordan et al., 2011). 

The IASPEI Sub-Commission for Earthquake Prediction defined a precursor as “a quantitatively 

measurable change in an environmental parameter that occurs before mainshocks, and that is thought 

to be linked to the preparation process for this mainshock” (Wyss, 1991). In the context of this 

presentation, the set of ideas that are the basis and lead to the quantitative definition of a precursor 

is called a “hypothesis”, or a “model”. For a statistical test of a hypothesis, it is not necessary that it 

has an a-priori justification: even an empirical method is suitable for a rigorous a-posteriori 

evaluation. However, it has to be stressed that the hypothesis, or the model, characterising the 

concerned anomaly or precursor, should be defined in univocal way, so as it could be objectively 

recognised and evaluated in any circumstance and by any observer. 

The wide variety of precursors proposed in the past literature is usually distinguished in three main 

categories, according to the range of time delays by which the initial observation of a the precursors 

is followed by the occurrence of the target event; namely, tens of hundreds of years for long-term 

precursors, a few months to years for medium-term precursors and hours to days for short-term 

precursors. In the following, examples of long- and short-term precursors will be considered. 

2. Simple statistical analysis of forecasts 

The simplest scenario in which we may consider a model of earthquake prediction is represented in 

Fig. 1. In this 3-dimensional space, the total volume of analysis VT, given by the product of the 

geographical area by the time spanned by the observations, is called target volume. The earthquake 

occurrences (E) are represented as points characterised by their spatial co-ordinates, and origin time, 

for the events that exceed a given magnitude threshold. So, the magnitude of the events, that 

constitutes the fourth most common parameter contained in a usual catalogue, is a critical parameter 
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in the representation of Fig. 1. The observation of a precursor is also represented by one point, 

defined by its location and occurrence time, and it generates an alarm (A). The volume in which an 

earthquake related to that precursor is expected (alarm volume) is a well-defined cylinder of given 

radius (R) and duration (T), depending on the type and the past experience had with the precursor. 

R and T may, in general, change for the various alarms. In case they don’t change, we may define 

the alarm volume VA as constant for all the alarms. The prediction related to the occurrence of a 

precursor (or a set of precursors) is that an earthquake of magnitude equal to or larger than a given 

threshold magnitude (target event) will occur in the concerned alarm volume. If an earthquake really 

occurs in the alarm volume, it is called a success (S). If it occurs outside of any alarm volume, it is 

called a failure of predicting (FP). An alarm that is not associated to any target earthquake is called 

a false alarm (FA). 

 

Figure 1 - Three-dimensional environment in which earthquakes and alarms are located. 

The x and y axes are the geographical co-ordinates of a given seismic area. The vertical axis 

represents time increasing from the bottom. The symbols have the following meaning: E 

(earthquakes), A (alarms), R (alarm radius), T (alarm duration), S (successes). An alarm 

that doesn’t contain an earthquake is a false alarm (FA), and an earthquake that occurs 

outside of any alarm is a failure of predicting (FP). 

The analysis of the performance of a specific method of prediction is carried out easily, if the 

observation of a sufficient number of past cases is available. Let NS, NA and NE be the number of 

success, the number of alarms and the total number of earthquakes observed in the target volume, 

respectively. 

The following statistical parameters are commonly considered in earthquake prediction evaluation: 

- Success rate = NS/NA (the rate at which precursors are followed by target events in the related 

alarm volume); 

- False alarm rate = (NA - NS)/NA = (1 - success rate): the rate at which precursors are not followed 

by target events; 

- Alarm rate = NS/NE: the rate at which target events are preceded by precursors; 

- Failure rate = (NE - NS)/NE = (1 - alarm rate): the rate at which target events are not preceded 

by precursors; 
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- Probability gain = (NS/(NAVA))/(NE/VT): the ratio between the rate at which target events occur 

in the alarm volume and the average rate at which target events occur over the whole target 

volume. 

The search for a good prediction method should be aimed to improve both the success and the alarm 

rates. It is clear that these two requirements are often in conflict with each other: more numerous 

alarms will tend to make the alarm rate higher, but they will, in general, make the success rate lower. 

There is one trivial way to get both these quantities higher by giving few alarms over very large 

alarm volumes. In this case, a large fraction of alarms would be successful and a small fraction of 

earthquakes would be missed, but this would be obtained increasing the cost of alarms at 

unsustainable levels. The limit case of this trend would be to give a permanent alarm over the whole 

target area, so as to have all the earthquakes predicted and no false alarms. 

The probability gain is often regarded as a parameter that allows a comparison between different 

hypotheses. In general, a method of prediction can be considered significant if it achieves a 

probability gain greater than one, but the use of this concept should be made with some care. In fact, 

having defined the target volume VT as the total volume of analysis, the value of the probability gain 

is conditioned by the fact that the spatial distribution of seismicity is not homogeneous. So, 

regardless of the occurrence time of the earthquakes, a prediction model can easily achieve 

probability gains greater than one simply by issuing alarms in the most active zones of the target 

region. In this regard, the computation of the probability gain should be performed limiting the 

geographical extension of the target volume to the sum of the areas of alarm only, still maintaining 

the time length equal to the total time of analysis. In this way, only the time dependence in 

probability would be influent on the result of the computation. 

3. Economical aspects of forecasting 

Even if a hypothesis of earthquake forecasting is statistically demonstrated to achieve values of 

probability gain larger than one, its practical usefulness could still be questionable in relation to the 

costs that the community should support for its real implementation. The problem of issuing or not 

an earthquake alarm has been considered as a problem of optimal decision making in the context of 

its economical implications. Vere-Jones (1995) gave a simple outline of the basic arguments, in light 

of which the following considerations are derived, with some modifications. The long-term cost Ctot 

that the community has to support in relation to earthquake damages is basically given by the sum 

of three terms: 

Ctot =  l(A) + Cp Np(A) + Cu Nu(A) ,   (1) 

where: 

 is the cost of maintaining an alarm per unit time, 

l(A) is the total length of alarms, 

Cp is the cost for recovering the damages after a predicted event, 

Cu is the cost for recovering the damages after an unpredicted event, 

Np(A) is the number of predicted events, 

Nu(A) is the number of unpredicted events. 

In equation (1), A defines the level of protection that one can imagine to implement. It is related to 

the choice for the thresholds that the relevant parameters of the prediction model should exceed for 

having an alarm declared. Here the cost of operating the prediction system is assumed negligible. 

Cp and Cu are considered, in a very rough approximation, constant. This is reasonable only if the 

intensity of all the earthquakes is the same. In this respect, equation (1) should be computed 

separately for each intensity class and each particular area, and the results summed accordingly. It 

is reasonable to assume always Cu > Cp for the same class of intensity. However, the determination 
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of their values implies a lot of engineering and economical studies, while the geophysical 

contribution is focused on the estimate of the relation between l(A), Np(A) and Nu(A), for a given A. 

Introducing the total number of earthquakes Ne = Np(A) + Nu(A), equation (6) can be written as: 

Ctot  = Cu Ne +  l(A) - (Cu - Cp) Np(A) ,   (2) 

In the latter equation (2), the first term is the total cost that the community should pay to the 

earthquakes if no prediction system was operated. The second term is the additional cost to be 

supported for maintaining the alarms, and the third term is the cost saved by the community because 

of the successful predictions. Any prediction system should at least fulfil the requirement that the 

latter is larger than the former, so as Ctot < Cu Ne. In this simplified view, the optimal strategy would 

be the adoption of the level of protection A at which the total cost Ctot is minimum. It should be 

noted, however, that a slight increase of the level of protection would yield more safety to people at 

nearly no additional cost (Figure 2). 

 

Figure 2 - Qualitative representation of long term costs that a community should pay in 

relation to damages produced by earthquakes, versus the level of protection adopted for 

issuing alarms.  The scale in both x and y axes is intentionally arbitrary. The cost paid after 

the earthquakes for recovering damages (“cost of earthquakes”) decreases monotonically 

with the level of protection, but it doesn’t tend to zero because there are damages that cannot 

be avoided, even if the earthquake is predicted with large advance. The cost of maintaining 

earthquake alarms (“cost of alarms”) is supposed to increase linearly with the level of 

protection. The total cost exhibits a minimum that corresponds to the most economical 

strategy. 

4. Long-Term time-dependent earthquake forecast 

A standard procedure for seismic hazard assessment assumes that all relevant earthquakes occur on 

well recognized faults with characteristic mechanism and size. The procedure needs the adoption of 

a probability density function f(t) (pdf) for the inter-event time between consecutive events on each 

fault, together with some basic parameters of the model. One can adopt either a time independent 

Poisson model or a renewal model. For the former model, the expected recurrence time rT  is the 

only necessary piece of information. For the latter, also a parameter as the coefficient of variation 

(also known as aperiodicity)  of the inter-event times is required. 
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We adopt the Brownian Passage Time (BPT) distribution introduced by Matthews et al. [2002] to 

represent the inter-event time probability distribution for earthquakes on single sources in Italy. This 

distribution is expressed as 

                          






 











tT

Tt

t

T
Ttf

r

rr
r 2

221

32 2

)(
exp

2
),;(


   .  (3) 

Earthquake probability may be either increased or decreased with respect to what would be expected 

by a simple renewal model. The interaction is taken into consideration by the computation of the 

Coulomb static stress change or the Coulomb Failure Function (CFF) caused by previous 

earthquakes on the concerned fault [King et al., 1994]: 

nCFF   ,    (4) 

where   is the shear stress change on a given fault plane (positive in the direction of fault slip), 

n is the fault-normal stress change (positive when unclamped), and    is the effective 

coefficient of friction. 

As CFF is strongly variable in space, we consider its value in the point of the triggered fault where 

it may have the largest effect. For this computation, the knowledge of the fault parameters (strike, 

dip, rake, dimensions, average slip) is necessary for both triggering and triggered sources. 

The influence of CFF on the probability for the future characteristic event is considered in two 

ways [Stein et al., 1997]. The first (permanent effect) assumes that the time elapsed since the 

previous earthquake is modified from t to t’ by a shift proportional to CFF, that is 

    


CFF
tt


'      (5)  

where   is the tectonic stressing rate. 

The expected number of events N over a given time interval (t,t+t) is computed by integration. 

Under the hypothesis of a generalized Poisson process, we may estimate the probability of 

occurrence for the earthquake in the given time interval: 

    )exp(1 NP   ,     (6) 

where 
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For an application of the above mentioned method, we make use of the most comprehensive source 

of information available about Italian seismogenic sources: the Database of Individual Seismogenic 

Sources (DISS) owned by Istituto Nazionale di Geofisica [DISS Working Group, 2006]. For each 

source, DISS stores, among others, the following parameters, estimated from various kinds of 

geological, geodetic, geomorphological and seismological data, or inferred from other parameters 

through physical relationships: 

- Location (lat/long) of the centre of the fault 

- Length and width of the fault 

- Minimum and maximum depth 

- Strike, dip and rake of the fault 

- Average slip 
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- Slip rate (minimum and maximum) 

- Recurrence time (minimum and maximum) 

- Maximum magnitude (Mw) 

- Date of the latest earthquake 

Table 1 - Parameters of two seismogenic structures reported by DISS in the study area of 

Central-Southern Apennines. 

 

Two sources of the Apennines chain have been considered for an application of the above mentioned 

method: the Sulmona Basin and the Melandro-Pergola faults. They are respectively characterized 

by a time elapsed since the latest characteristic earthquake comparable and much shorter than the 

average recurrence time. As shown in Table 1, the probability of occurrence of a new characteristic 

earthquake, computed through the time-independent Poisson model in the next 50 years, is 

dramatically affected by both the value obtained for the stress change CFF (shown in Figure 3 and 

4) and the elapsed time. 

Sulmona basin Melandro-Pergola 

Date of latest event 1315.12.3 1857.12.16 

Slip rate (mm) 0.24±0.06 0.11±0.04 

Recurrence time (years) 2300±1370 4300±3700 

Max. Poisson probability for 

the next 50 years 
5.3% 8.8% 

Elapsed time (years) 692 150 

Max. renewal probability for 

the next 50 years 
8.4 % 1.8% 

Max. CFF (Mpa) 0.15 0.19 

Max. t (years) 132 394 

Max. modified probability 

for the next 50 years 

11.8% 18.6% 
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Figure 3 –- Map of the Coulomb Stress changes CFF cumulatively released by all the 

earthquakes following the 1315 (Sulmona basin) earthquake. CFF is computed on the basis 

of the fault mechanism of the concerned earthquake. 

 

Figure 4 - Map of the Coulomb Stress changes CFF cumulatively released by all the 

earthquakes following the 1857 (Melandro-Pergola) earthquake. CFF is computed on the 

basis of the fault mechanism of the concerned earthquake. 

5. Short-term earthquake forecasting  

Here we give a brief outline of the method for modeling the interrelation of any earthquake with any 

other. Following Ogata (1998), Console and Murru (2001), Console et al. (2003), earthquakes are 

regarded as the realization of a stochastic point process. The occurrence rate density, at any instant 

of time and geographical point, is computed by the contribution of every previous events using a 

kernel function that takes in proper account: (a) the magnitude of the triggering earthquake, (b) the 

spatial distance from the triggering event, and (c) the time interval between the triggering event and 

the instant considered for the computation. The magnitude distribution adopted here is the 
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Gutenberg-Richter law with a constant b-value. The occurrence rate density of earthquakes in space 

and time triggered by previous earthquakes can be described as:  

where fr is a factor called the ‘failure rate’ (i.e. the ratio between the expected number of independent 
events and the total number of events), λ0(x,y,m) represents the time-invariant background 
seismicity, obtained from the analyzed catalog by means of a smoothing algorithm [Console and 
Murru, 2001]; ti is the occurrence time of the N earthquakes; H(t) is the step function, and λi(x,y,t,m) 
is the single contribution of the previous earthquakes. The first and the second term on the right hand 
side of equation (1) represent the time-invariant “spontaneous” and the time-varying “triggered” 
seismicity, respectively. The rate density corresponding to any earthquake is the sum of these two 
components. 

We assume a spatial distribution represented by an isotropic function and the time dependence as 
the modified Omori law: 

 
 

where r is the distance from (x,y) to (xi,yi) and di is equal to d0 10(m
i
-m

0
)/2 so that the average triggering 

distance of the aftershock zone is proportional to the square root of the main shock rupture area, as 

observed in real data [Kagan, 2002]. In this way di depends on the magnitude of the triggering event. 

The free parameter d0 controls the shape of the distribution. The q parameter of the space distribution 

of triggered events is fixed to 1.5, for consistency with the theory of elasticity when r  . 

The set of free parameters of the epidemic model is usually obtained by applying the algorithm to a 

learning data set and fitting the parameters by means of the maximum likelihood criterion. The 

algorithm was recently applied in forward retrospective way to the seismic activity preceding and 

following the Mw6.3 L’Aquila earthquake of 6 April 2009 (Murru et al., 2015). For that study case the 

best fit was carried out exclusively by a learning dataset preceding the occurrence of the mainshock. 

After the learning phase, the algorithm can be applied to for testing purposes in retrospective way (see 

.e.g. Table 2), or in real time for short-term earthquake forecast in operational way. 

Table 2 - Probability of an earthquake of magnitude ≥ 5 in 24 hours in the area of L’Aquila 

(ETAS model) 
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Abstract 

The characteristic earthquake hypothesis is not strongly supported by observational 
data because of the relatively short duration of historical and even paleoseismological 
records. For instance, for the Corinth Gulf Fault System (CGFS), historical 
information on strong earthquakes exist for at least two thousand years, but they can 
be considered complete for M > 6.0 only for the latest 300 years, and therefore only 
few characteristic earthquakes are reported for individual fault segments. 
The use of a physics-based earthquake simulator has allowed the production of 
catalogues lasting 100,000 years and containing more than 500,000 events of 
magnitudes > 4.0. Our simulation algorithm is based on several physical elements, 
such as an average slip rate due to tectonic loading for every single segment in the 
investigated fault system, the process of rupture growth and termination, and 
interaction between earthquake sources, including small magnitude events. 
The application of our simulation algorithm to the CGFS provided realistic features 
in time, space and magnitude behaviour of the seismicity. These features include long-
term periodicity of strong earthquakes, short-term clustering of both strong and 
smaller events, and a realistic earthquake magnitude distribution departing from the 
Gutenberg-Richter distribution in the moderate and higher magnitude range. 
Keywords: Corinth Gulf seismicity, characteristic earthquake, earthquake simulator, 
magnitude distribution. 

1. Introduction 

The characteristic earthquake hypothesis was introduced more than thirty years ago (Shimazaki and 
Nakata, 1980; Schwartz and Coppersmith, 1984) and although debated, has been widely applied 
since then. The basic idea of this hypothesis, following the elastic rebound theory of Reid (1910), is 
that earthquakes exhibit a general trend to repeat themselves along the same fault segment. A 
characteristic earthquake ruptures the entire segment and relieves tectonic stress across the segment. 
Assuming a constant stressing rate and a constant strength on the fault, a consequence of this model 
is that the time interval between consecutive characteristic earthquakes is described by a renewal 
model with a relatively small coefficient of variation. Typically a renewal model predicts that hazard 
is small immediately following the previous large earthquake and increases with time since the latest 
event on a certain fault segment. 
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In spite of its popularity, the characteristic earthquake hypothesis in connection with fault 

segmentation is not fully supported by observational evidence. For instance, focusing on eight fault 

segments consisting an almost continuous fault zone bounding the southern coastline of the Corinth 

Gulf (Greece), Console et al. (2013) found poor evidence for a better performance of the renewal 

model based on the characteristic earthquake hypothesis than the time-independent Poisson model. 

A variant of the plain characteristic earthquake hypothesis includes the possibility that two or more 

segments rupture simultaneously, giving rise to larger magnitude events (called cascade–events in 

the reports of the WGCEP published in 1995 and 2002 (Field, 2007)). Recently, the concept of 

unsegmented faults, comprising more than one known fault segment where earthquakes of any 

magnitude may occur regardless of an a-priori segmentation scheme, was considered by several 

authors (Weldon et al., 2005; Field and Page, 2011; Parsons, 2012 among others). Recognizing the 

possibility that earthquakes may occur across segment boundaries, a more recent report of the 

WGCEP (2008) followed also the option of considering unsegmented faults, as an alternative to the 

afore-mentioned models considering segmentation. 

Testing and validating different hypotheses of long-term earthquake occurrence remains a 

challenging problem. In fact, in the study of the largest earthquakes, our observation record is too 

short and incomplete for statistical assessment of such models. To overcome these difficulties, the 

application of earthquake simulators, which can span periods of time much longer than our 

temporally-constrained observations, has been proved effective in several investigations. 

Rather powerful algorithms were recently developed to model long histories of earthquake 

occurrence and associated coseismic slip using various approximations of what is known about the 

physics of stress transfer due to the fault slip and the rheological properties of faults. In particular, 

these algorithms were successfully applied to a model encompassing a comprehensive set of faults 

in California (Tullis, 2012). These physics–based earthquake simulators can reproduce dynamic 

rupture on geographically correct and complex systems of interacting faults (e.g. Ward, 2012; 

Richards-Dinger and Dieterich, 2012). 

In the present study we aim to follow the work done by the above mentioned authors for simulating 

the seismic activity in the Corinth Gulf (Greece) Fault System (CGFS). Although based on some of 

the principles adopted in those papers, our simulation algorithm has been independently developed, 

aiming at demonstrating that a model characterized by a few, simple and reasonable assumptions 

allows the replication not only of the spatial features, but also of the temporal behaviour and the 

scaling laws of the observed seismicity. 

2. The seismicity of the Corinth Gulf Fault System 

The Gulf of Corinth is one of the sites of the back arc Aegean region where active extension is 

localized. It forms in general an asymmetric half graben in an almost east-west direction, with an 

uplifted southern footwall and downward flexed hanging wall with minor antithetic faulting. In the 

last decades there have been intensive investigations of the active deformation through geodetic 

measurements, in particular GPS measurements. They give an N-S extension of about 15 mm·yr-1 

in the western part of the Gulf, and about 10 mm·yr-1 in the eastern part (Billiris et al., 1991; Clarke 

et al., 1997; Davies et al., 1997; Briole et al., 2000). A larger extension in the western part that 

decreases to the east has repeatedly been confirmed (e.g. Choussianitis et al., 2013). 

The fault segments that are mainly associated with seismicity are the north-dipping ones that bound 

the Gulf to the south, namely the Psathopyrgos, Aigion, Eliki, Offshore Akrata and Xylokastro fault 

segments in the western and central parts of the Gulf, and the Offshore Perachora, Skinos and 

Alepohori fault segments in its eastern part (Fig. 1). Most of the well-determined mechanisms 

indicate that the western fault segments have an average strike of N90-105°E under a N-S extension, 

a nodal plane with a northward dip of about 50° near the surface and 10-25° at the bottom of the 

seismogenic layer and a steep south-dipping plane (Jackson, 1987; Taymaz et al., 1991; Hatzfeld et 



1321 

 

al., 1996; Bernard et al., 1997; Baker et al., 1997). This is also the case for microearthquake 

mechanisms (Hatzfeld et al., 1990, 2000; Rigo et al., 1996). At the eastern extremity of the Gulf, 

the main active normal fault segments strike more north-eastwards (N70-90°E) and cut obliquely 

across both structures and the relief. Geological and morphological observations were modelled and 

gave an opening rate of 11±3 mm yr-1 on the main rift-bounding fault over the last 350 kyr, which 

is more than 10 times higher than in the rest of the Aegean and elsewhere in the world (Armijo et 

al., 1996). 

 

Figure 1 - Seismotectonic setting of the Corinth Gulf area with instrumental and historical 

seismicity along with the eight fault segments bounding the southern coastline that are 

included in our model. Small circles depict earthquakes of M>3.5 since 1971, moderate 

circles the ones with M>5.0 since 1911 and asterisks all known M>6.0 earthquakes fault 

plane solutions of M>5.5 crustal earthquakes available from gcmt solutions 

(http://www.globalcmt.org/CMTsearch.html) are plotted as equal area lower hemisphere 

projections. 

Table 1 - Parameters of the Corinth Gulf Fault Systems. 

Segment number Segment name 
Length 

(km) 

Width 

(km) 

Slip rate 

(mm/yr) 

1 Psathopyrgos 15 12 6 

2 Aigion 16 12 6 

3 Eliki 22 12 6 

4 Offshore Akrata 8 8 5 

5 Xylokastro 20 12 5 

6 Offshore Perachora 18 12 4 

7 Skinos 19 12 3 

8 Alepochori 13 12 3 

The eight fault segments are considered as a continuous fault zone in our model, information on 

which is given in Table 1. This consideration is supported by Jackson and McKenzie (1988) stating 

that the deformation of a zone at length-scales much larger than a single fault is best described as a 

continuum. Fault lengths do not exceed 20-25 km (Jackson and White, 1989), in accordance with 

the maximum magnitude of historical and instrumental earthquakes. However, it is not clear whether 
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the discontinuities separating the different segments are stable and will never break, or whether 

occasionally the rupture can jump from one segment to another, thereby leading to an earthquake of 

greater magnitude (Jackson and White, 1989; Hatzfeld et al., 2000). 

The strong (M>6.0) earthquakes are quite frequent and the associated casualties are known from 

historical record going back for more than 25 centuries before our era (Papazachos and Papazachou, 

2003; Ambraseys, 2009). The most notable is the 373 BC Eliki earthquake, which caused the sinking 

of this important city. Testimonies also exist about catastrophic earthquakes in Delphi Oracle and 

ancient Corinth. Recurrence intervals range from one to three centuries (Console et al., 2013 and 

references therein). The maximum known earthquake magnitude in the area is almost 7.0, which 

probably reflects the lack of fault continuity along the entire fault zone. The historical record of the 

last three centuries, which is considered complete for M>6.0, is reported in Table 2. 

Table 2 - Characteristic earthquakes of the southern CGFS since 1714 A.D. 

Event 

number 
Year Month Day M Segment name 

Segment 

number 

1 1714 7 29 6.2 Psathopyrgos 1 

2 1742 2 21 6.7 Xylokastro 5 

3 1748 5 15 6.6 Aigion 2 

4 1753 3 6 6.1 Xylokastro 5 

5 1775 4 16 6.0 Offshore Perachora 6 

6 1806 1 24 6.2 Psathopyrgos 1 

7 1817 8 23 6.6 Aigion 2 

8 1861 12 26 6.7 Eliki 3 

9 1887 10 3 6.3 Offshore Perachora 6 

10 1888 9 9 6.3 Aigion 2 

11 1928 4 22 6.3 Offshore Perachora 6 

12 1965 7 6 6.3 East part of Eliki 3 

13 1970 4 8 6.2 East part of Xylokastro 5 

14 1981 2 24 6.7 Skinos 7 

15 1981 2 25 6.4 Alepochori 8 

16 1992 11 18 5.7 Offshore Akrata 4 

17 1995 6 15 6.5 Aigion 2 

3. Algorithm of the simulator code 

The algorithm applied in this study was based on the concepts introduced for earthquakes simulators 

in California (Tullis, 2012) such as the constraint for the long term slip rate on fault segments, and 

the adherence to a physically based model of rupture growth, without making use of time–dependent 

rheological parameters on the fault. Because of its limited sophistication, our algorithm is suitable 

for the production of synthetic catalogues resembling the long-term seismic activity of relatively 

simple fault systems, including hundreds of thousands earthquakes of moderate magnitude, even 

using quite limited computing resources. 

A detailed outline of the computer code is provided by Console et al. (2015). Here we recall only 

the main features of this algorithm. In the present version of the code, the seismogenic source is 

approximated as a rectangle, composed of a number of cells with assigned dimensions in along-

strike and down-dip directions. The rectangular fault is then divided into an arbitrary number of 
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segments, without constituting any barrier to rupture growth. They have the only role of making it 

possible to assign different slip rates associated with tectonic loading onto each of them. Each cell 

is randomly assigned an initial stress budget within a given interval around an arbitrary average 

value. This is to accommodate our lack of knowledge about the initial status of stress and strength 

on each point of the fault. 

The events are initiated one by one on the cell with the largest stress budget, but only if it exceeds a 

given stress threshold. The second ruptured cell of the specific event is chosen as that with the largest 

stress budget among the eight cells surrounding the nucleation cell, and so on for the next ruptured 

cells, until the stopping condition is met, when none of the cells, including and surrounding the ones 

previously ruptured in the same event, has a stress budget exceeding the threshold. 

The simulation algorithm, in its simplicity, provides preference for new ruptures to nucleate at the 

points of the fault where the stress budget is higher, i.e. where the time elapsed since the latest event 

is longer. Once it is nucleated, the rupture expands in the directions where the stress budget is still 

higher, thus simulating a preference for filling pre-existing gaps and epicentre migration. Moreover, 

because of the stress transfer included in the model, earthquakes are more likely to occur close to 

the borders of the rupture of a preceding large earthquake, simulating a feature similar to aftershock 

production. 

4. Results 

4.1. Application of the simulator 

In the application of the simulator, the rectangular source area representing the CGFS was 

discretized in cells of 0.5km x 0.5km. We chose for the synthetic catalogues a minimum magnitude 

of 4.0, which is produced approximately by the rupture of 6 cells. The duration of all the synthetic 

catalogues was 100,000 years. In order to explore the effect of the arbitrary choice of the free 

parameters used in the algorithm we carried out a series of simulations, each time using different 

combinations of these parameters (Console et al., 2015). In the following we shall consider only the 

results of a simulation obtained by the selection of free parameters that exhibits the best match 

between the magnitude distribution of the real and simulated catalogue (Fig. 2), taking into account 

the large difference in the scale of the total number of events, due to the different period spanned by 

the two catalogues. 

Figure 2 shows a clear deviation of the magnitude distribution obtained by the simulation algorithm 

from a plain linear Gutenberg-Richter distribution, a feature that is consistent with the cumulative 

distributions obtained from real observations after 1911, also shown in Figure 2. The magnitude 

distribution exhibits a sharp “bump” around a value of magnitude that could be defined as 

“characteristic”. It can be noted that the magnitude distribution of both the synthetic and the real 

catalogues is nearly flat (i.e. a b-value equal to 0) in the magnitude range 5.5<M<6.5. 
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Figure 2 - Frequency–magnitude distribution of the earthquakes in the synthetic catalogue 

obtained from the simulation algorithm described in the text (squares). The bottom data 

(dots) concern earthquakes occurred in the study area starting in 1911. 

4.2. Temporal features of the synthetic catalogues 

In order to test the potential use of the simulation algorithm for drawing conclusions about the 

predictability of strong earthquakes, it is worth making a comparison between the synthetic and the 

real catalogue. However, this is not a trivial task, because the two kinds of catalogues are 

conceptually different. The list of 17 earthquakes of M>6.0 (except that for event 16, having 

magnitude 5.7) reported in Table 1 for the latest 3 centuries, assumes that each event occurred on a 

single segment. Nevertheless, the magnitudes of earthquakes on the same segment are not the same. 

This implies that a single earthquake could have ruptured a single segment just partly for the smaller 

magnitudes, or have propagated to more than one segment for the larger magnitudes, in agreement 

with the assumption made in our simulation algorithm. 

Aiming at reproducing an earthquake catalog resembling the features of the real one, the analysis 

was based upon some arbitrary criteria to attribute a specific earthquake to one or more segments. 

The rules adopted for this purpose are: 

1) The earthquake must have a minimum magnitude of 6.0; 

2) The earthquake is firstly assigned to the segment which contains the largest number of fractured 

cells; 

3) The same earthquake can be also assigned to other segments if the number of cells ruptured by 

the event exceeds the number of 600 or at least 80% of the total number of cells for the specific 

segment. 

It should be noted that the number of cells of the smallest segment in the fault system (number 4, 

offshore Akrata) is 384 (equivalent to a magnitude 5.9 earthquake), and that of the largest one 

(number 3, Eliki) is 1056 (equivalent to a magnitude 6.4 earthquake). An example of time–space 

plot of the synthetic catalogue obtained after applying the above mentioned criteria to the first 2500 

years is shown by grey bars in Figure 3. For sake of comparison, this figure shows also the 17 

earthquakes that occurred since 1700 AD and are reported in Table 2 (black squares). 
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Figure 3 – Space-time features of the synthetic catalogue concerning earthquakes with 

M>6.0 for the first 2500 years (grey bars). Black squares show the occurrence time and 

location of the observed earthquakes reported in Table 2 (after Console et al., 2015). 

A visual inspection of Figure 3 does not reveal any systematic behaviour that can be recognized as 

substantial discrepancy between the synthetic and the real catalogues. Note that Figure 3 displays 

all the ruptures that constitute a single earthquake as individual events. This justifies the apparent 

larger number of synthetic events with respect to those reported in the real catalog (which assigns 

each earthquake to a single segment, independently of its size). We observe a non-periodical time 

distribution, with inter-event times ranging from few years to hundreds of years on the same segment. 

We can also see earthquakes that rupture different segments as a unique event or more events that 

occur with very short time separation. This feature is not inconsistent with the historical observations. 

In fact, Table 2 reports doublets of events as numbers 9-10 (1887-1888) and numbers 14-15 (1981). 

Moreover, the two #2 and #4 (1742 and 1753) Xylokastro earthquakes are separated by only 11 

years. 

In order to assess whether the earthquake occurrence time on single segments in the synthetic 

catalogue behaves as a Poisson process or not, we carried out a statistical analysis of the inter-event 

times for the entire 100,000 years simulation. In this respect, Figure 4 shows the inter-event time 

distribution of the simulation. Table 3 displays the mean inter-event time Tr, the standard deviation 

and the coefficient of variation Cvfor each segment. The relatively short average inter–event 

times of the simulations can be justified by the circumstance that often two or more segments rupture 

simultaneously in a single earthquake. Along with the above mentioned temporal parameters, Table 

3 also reports the results of the difference between the log-likelihood computed by the Brownian 

Passage Time (BPT) renewal model and the Poisson time-independent model (dlogL). For the 

likelihood estimation we have adopted the values obtained for Tr and Cv reported in Table 3 for each 

fault segment. 

Both Figure 4 and Table 3 show, as expected, that the most active segments are those characterized by 

larger size and higher slip rate (such as Psathopyrgos, Aigion, Eliki and Xylokastro). The simulation 

also shows that, especially for the less active segments (offshore Perachora, Skinos and Alepochori), 

inter-event times of several hundreds of years are possible. The coefficient of variation Cv is typically 

close to 0.6, which would be associated to a moderately time–predictable behaviour of the seismicity. 

The average log-likelihood difference (dlogL/N) denotes a better performance of the renewal model 

against the time-independent hypothesis. The exception to this pseudo-periodical behaviour is 

presented by segment #4 (Offshore Akrata), which exhibits a coefficient of variation slightly larger 

than 1 and a modest log-likelihood difference. 
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Figure 4 – Inter-event time distribution from a simulation of 100,000 years of seismic activity 

across the CGFS (after Console et al., 2015). 

Table 3 – Statistical parameters of the synthetic catalogue. 

Segment number/name Tr (yr) σ (yr) Cv dlogL/N 

1. Psathopyrgos 82.7 47.1 0.57 0.494 

2. Aigion 78.7 45.2 0.57 0.505 

3. Eliki 66.1 23.1 0.35 0.674 

4. Offshore Akrata 276.4 298.0 1.08 0.165 

5. Xylokastro 82.3 34.0 0.41 0.536 

6. Offshore Perachora 146.9 89.2 0.61 0.380 

7. Skinos 155.4 90.5 0.58 0.419 

8. Alepochori 209.4 141.4 0.67 0.348 

5. Conclusions 

The application of our simulation algorithm to the CGFS, based on an unsegmented model of 

earthquake generation, has shown quite satisfactory results both in the magnitude and in the time-

space behaviour of the seismicity. The main conclusions drawn on these aspects can be summarised 

in the following. 

1. The magnitude-distribution of the simulated seismicity is consistent with observations, which 

support a characteristic earthquake hypothesis. 

2. The calculated average repeat times of strong earthquakes for each segment appear consistent 

with those inferred from the historical seismic catalog. 

3. The long period of simulations has allowed us to obtain the statistical distribution of repeat time 

- an indispensable component for any seismic hazard analysis, which cannot be obtained from real 

observations, due to their short duration. The statistical distribution of earthquakes with M>6.0 on 

single segments exhibits a fairly clear pseudo-periodic behaviour, with a coefficient of variation Cv 

of the order of 0.6. 
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4. We have found clustering of the stronger events (multiplets) - a feature that can be inferred even 

from the limited time period covered by the observations. 

5. None of the above reported conclusions need a segmented rupture model, but they are all 

consistent with a fully unsegmented seismogenic fault model. 

6. The statistical features of the seismicity obtained from the simulation algorithm, easily 

computable from the long inter-event times series, can provide useful information for the seismic 

hazard assessment in the Corinth gulf area, in terms of occurrence probability of earthquakes 

exceeding a given magnitude for a given period of time in the future. 
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Abstract 

We examine the nature of the seismogenetic system in South California, USA, by 

searching for evidence of non-extensivity in the earthquake record. We attempt to 

determine whether earthquakes are generated by a self-excited Poisson process, in 

which case they obey Boltzmann-Gibbs thermodynamics, or by a Critical process, in 

which long-range interactions in non-equilibrium states are expected (correlation) and 

the thermodynamics deviate from the Boltzmann-Gibbs formalism. Emphasis is given to 

background earthquakes since it is generally agreed that aftershock sequences comprise 

correlated sets. Accordingly, the analysis is based on the accurate earthquake catalogue 

compiled of the South California Earthquake Data Center, in which aftershocks are 

either included or have been removed with a stochastic declustering procedure. We 

examine multivariate cumulative frequency distributions of earthquake magnitudes, 

interevent time and interevent distance, in the context of Non-Extensive Statistical 

Physics, which is a generalization of extensive Boltzmann-Gibbs thermodynamics to 

non-equilibrating (non-extensive) systems. The results indicate a persistent sub-

extensive seismogenetic system exhibiting long-range, moderate to high correlation. 

Criticality appears to be a plausible causative mechanism although conclusions cannot 

be drawn until alternative complexity mechanisms can be ruled out. 

Keywords: Tsallis entropy, complexity, non-extensivity, statistical seismology. 

Περίληψη 

Η παρούσα εργασία διερευνά την ύπαρξη μη εκτατικότητας στο σεισμογενετικό σύστημα 

της Νότιας Καλιφόρνιας, ΗΠΑ, σε μία προσπάθεια να διευκρινισθεί εάν η σεισμογένεση 

οφείλεται σε αυτοδιεγερόμενες διεργασίες Poisson, που υπακούουν στη θερμοδυναμική 

Boltzmann-Gibbs ή από κρίσιμες διεργασίες στις οποίες αναμένονται αλληλεπιδράσεις 

μακράς εμβέλειας σε κατάσταση μη-ισορροπίας με την θερμοδυναμική του συστήματος 

να αποκλίνει από τον φορμαλισμό Boltzmann-Gibbs. Η ανάλυση βασίζεται στον πλήρη 

και στοχαστικά από-ομαδοποιημένο κατάλογο του South California Earthquake Data 

Center, βάσει του οποίου κατασκευάζονται και αναλύονται πολυμεταβλητές κατανομές 

αθροιστικής συχνότητας συναρτήσει του μεγέθους, του ενδιάμεσου χρόνου και της 

ενδιάμεσης απόστασης, εφαρμόζοντας αρχές της Μη Εκτατικής Στατιστικής Φυσικής, 

η οποία αποτελεί γενίκευση της εκτατικής θερμοδυναμικής Boltzmann-Gibbs σε μη-

εκτατικά συστήματα. Τα αποτελέσματα δείχνουν την ύπαρξη υπο-εκτατικού 

σεισμογενετικού συστήματος που διέπεται από αλληλεπιδράσεις μακράς εμβέλειας. 

Πιθανός μηχανισμός μη-εκτατικότητας είναι η αυτό-οργανωμένη κρισιμότητα, αν και 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 1329-1340 
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Bulletin of the Geological Society of Greece, vol. L, p. 1329-1340 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 
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δεν μπορούν να εξαχθούν ασφαλή συμπεράσματα πριν αποκλεισθούν εναλλακτικοί 

μηχανισμοί πολυπλοκότητας. 

Λέξεις κλειδιά: Εντροπία Τσάλλη, μη-εκτατικότητα, στατιστική σεισμολογία. 

1. Introduction 

Over the last two decades seismicity modelling with increasing component of physical reasoning has 

been attracting attention. Statistical seismology comprises a useful tool which aims to bridge the gap 

between physics-based models without statistics, and statistics-based models without physics. 

Although progress has been made, seismicity has proved a difficult subject to deal with and make 

breakthroughs. The seismogenetic system is generally thought to comprise a mixture of processes that 

express the continuum of tectonic deformation (background process) and a large population of 

aftershocks that express the short-term activity associated with the occurrence of significant 

earthquakes (foreground process). Although, progress has been made in understanding the foreground 

process, the statistical physics of background seismicity, hence the nature of seismogenetic system 

remains ambiguous with significant repercussions for problems such as hazard analysis and long-term 

forecasting. 

The development of theoretical and experimental methods and techniques that combine the physics 

and statistics of seismogenesis has led to two principal approaches as to the nature of background 

seismicity. The first approach postulates that the expression of the background process is Poissonian 

in time and in space and obeys extensive Boltzmann-Gibbs thermodynamics. This property is 

associated only with the time and the distance (space) between earthquake events, but not with their 

size (magnitude) which is governed by the well-established frequency - magnitude (F-M) 

relationship of Gutenberg and Richter (1944). The second approach proposes that the seismogenetic 

process comprises a complex system, although the mechanisms begetting complexity are not clear 

as yet. The first (Poissonian) and currently most influential point of view is supported by a series of 

well-known models suggesting that background earthquakes are statistically independent and 

although it is possible for one event to trigger another, this occurs in an unstructured random way 

and does not to contribute to the long-term evolution of seismicity. Such models include the 

paradigmatic ETAS (Epidemic Type Aftershock Sequence) which essentially expresses a self-

excited conditional Poisson process, (e.g. Ogata, 1988, 1998; Zhuang et al., 2002; Helmstetter and 

Sornette, 2003; Touati et al., 2009 and Segou et al., 2013), proxy-ETAS models (Console and 

Murru, 2001; Console et al., 2003, 2010) the PPE model (Proximity to Past Earthquakes; Marzocchi 

and Lombardi, 2008), the EEPAS model (Each Earthquake is a Precursor According to Scale; 

Rhoades, 2007) as well as their variants and derivatives. The second point of view proposes that 

seismicity is an expression of non-equilibrating fractal tectonic grain that continuously evolves 

toward a stationary critical state with no characteristic spatiotemporal scale (e.g. Bak and Tang, 

1989; Sornette and Sornette, 1989; Olami et al., 1992; Sornette and Sammis, 1995; Rundle et al., 

2000; Bak et al., 2002 and Bakar and Tirnakli, 2009, etc.). This concept is known as Self Organized 

Criticality (SOC) and suggests that all earthquakes evolve towards the same global population and 

participate in shaping a non-equilibrium state with correlation between background, as well as 

between background/foreground and foreground/foreground events, so that instabilities arise 

spontaneously and any small instability has a chance of cascading into a large shock. Correlation 

endows the seismogenetic system with memory and the statistics of the parameters pertaining to its 

temporal and spatial evolution are expected to exhibit power-law behaviour and long tails. 

Both Poissonian and SOC models agree that the foreground process comprise a set of dependent 

events, though the former assign only local significance to this dependence, while SOC considers 

them to be an integral part of the regional seismogenetic process. The fundamental difference 

between the two approaches lies in their understanding of the background seismogenetic process. It 

is therefore clear that if it is possible to identify and remove the foreground process (aftershocks), it 

would also be possible to clarify the nature and dynamics of the background process by examining 

its spatiotemporal characteristics for the existence of correlation. 
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The most recent development in the analysis of earthquake occurrence is the introduction of Non-

Extensive Statistical Physics (NESP) as a fundamental conceptual framework of the thermodynamics 

that govern seismogenesis and seismicity. NESP has been developed by Tsallis (1988, 2009) as a 

generalization of the (extensive) Boltzmann-Gibbs formalism which applies to equilibrating physical 

systems to non-extensive (non-equilibrating) systems. As such it comprises an appropriate tool for the 

analysis of complexity evolving through scale invariance, long-range interactions and long-term 

memory (e.g. Gell’mann and Tsallis, 2004). NESP predicts specific power-law cumulative probability 

distributions for non-extensive (complex) dynamic systems, which reduce to the exponential 

cumulative distribution in the limiting case of extensive (random) systems. Thus, NESP also provides 

a unique, consistent and model-independent theoretical context in which to investigate the nature and 

dynamics of the background or/and foreground seismogenetic processes. 

The present study is part of a continued systematic attempt to examine the dynamics of the 

seismogenetic system by implementing the generalized NESP formalism and searching for signs of 

randomness or self-organization as a function of event size, time and space. Earthquake magnitude 

is quite obviously the fundamental measure of event size and the cumulative frequency - magnitude 

distribution (Gutenberg - Richter law) is understood to express the size distribution of a fractal active 

fault system. A measure of the temporal correlation between earthquakes can be afforded by the 

lapse-time between consecutive events over a given area. This parameter is variably referred to as 

interevent time, waiting time or calm time and understanding its statistics is obviously key to 

understanding the evolution (temporal dynamics) of the seismogenetic system. Likewise, a measure 

of spatial correlation (range of interaction) is the hypocentral distance between consecutive events 

over a given area (interevent distance). It can simply be suggested that if the cumulative frequency 

distributions of the relevant parameters exhibit specific traits expected of non-extensive systems, 

then it is likely that the system generating these distributions is non-extensive and vice versa. 

The remaining of this presentation is organized as follows. A brief exposé of our implementation of 

the NESP formalism is given in Section 2. The analysis focuses on South Californian seismicity, 

because it is a well-studied area with very reliable earthquake monitoring services and seismological 

catalogues. A brief presentation of the data (earthquake catalogues) and the data reduction and 

analysis procedures is given in Section 3. The results are presented in Section 4 and discussed in 

Section 5. Finally, it shall be demonstrated that the frequency of earthquake occurrence in South 

California is multiply related to the magnitude, interevent time and interevent distance by well-

defined bivariate power-laws consistent with NESP and that the expression of the regional active 

fault system (seismicity) is produced by a complex system comprising a mixture of correlated 

background and correlated foreground processes, thus displaying attributes of self-organization. 

2. Non- Extensive statistical Physics (NESP) approach to earthquake 

statistics 

During the past two decades, it has been widely appreciated that in a wide spectrum of complex 

dynamic natural, physical and social systems, the entropy of the system does not equal the sum of 

the entropy of their components. Such non-additive systems, also commonly known as non-

extensive, are generally characterized by scale invariance, long-range interactions, long-term 

memory and evolution in a fractal-like space-time: they cannot be adequately described with the 

standard Boltzmann-Gibbs formalism of thermodynamics, which has been specifically developed 

for additive (extensive) systems. 

The development of an appropriate thermodynamic description of non-extensive systems has been 

pioneered by Tsallis, (1988, 2009) who introduced the context of Non Extensive Statistical Physics (NESP) 

as a direct generalization of the BG formalism. Thus, letting X be some dynamic parameter, the non-

equilibrium states of non-extensive systems can be described by the Tsallis (1988) entropic functional: 
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where p(X)dX is the probability of finding its value in [X, X+dX] so that Wp(X)dX=1, k is the 

Boltzmann constant and q is the entropic index. The latter is a measure of the non-extensivity of the 

system and for q=1 Eq. 1 reduces to the well-known Boltzmann-Gibbs entropic functional

 ( ) ln ( )BG
W

S k p X p X dX    

It can be shown (Tsallis, 1988, 2009 and Abe and Suzuki, 2005) that if the empirical distribution of 

X (escort probability) is Pq(X), then the cumulative probability function (CDF) of X is: 
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is the q-exponential function which comprises a generalization of the exponential function: for q=1, 

expq(x) = ex. 

As is apparent in Eq. 2 and Eq. 3, P(>X) is a power-law with a long tail if q>1, corresponding to sub-

additivity (sub-extensivity), an exponential distribution if q=1, corresponding to additivity 

(extensivity), and a cut-off if 0<q<1, corresponding to super-additivity (super-extensivity). 

Accordingly, when q>1 the tail of the CDF indicates a complex system with long-range correlations 

and long-term memory; when q=1, the q-exponential distribution reduces to the common exponential 

distribution indicating that the system is a random process. Finally, when q<1, P(>X)=0 whenever the 

argument becomes negative and the system is characterized by a bounded correlation radius. 

The analysis of one-dimensional Frequency-Interevent Time (F-T) and Frequency-Magnitude (F-

M) distributions under the scope of NESP has been attempted by a significant number of researchers. 

This includes theoretical studies of emergent q-exponential distributions in critical (e.g. Caruso et 

al., 2007 and Bakar and Tirnakli, 2009) and non-critical seismicity models (e.g. Celikoglu et al., 

2010), as well as empirical studies in rock fracture experiments (Vallianatos et al., 2012). It also 

includes the analysis of observed F-T distributions, in which empirical P(>T) functions where 

effectively fitted with one-dimensional q-exponentials (Abe and Suzuki, 2005; Carbone, 2005, 

Vallianatos et al., 2013; Vallianatos and Sammonds, 2013; Papadakis et al., 2013 and Michas et al. 

2013). Analogous studies of F-M distributions have been undertaken by Sotolongo-Costa and 

Posadas (2004), Silva et al. (2006), Telesca (2011, 2012) etc. These authors proposed NESP 

compatible formulations based on physical models of faults that consider the interaction between 

two rough fault walls (asperities) and the fragments filling space between them (fragment-asperity 

model). Energy is stored in the asperities and fragments and their interaction is supposed to modulate 

earthquake triggering. In this study we posit that the model proposed by Telesca (2011, 2012), i.e. 

that the energy scales with the area of the fragments and asperities (E  r2) so that 2
3 log( )M E , 

is representative of the seismogenetic process. Accordingly, we adopt this model, in which the 

cumulative F-M distribution reads: 
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where N is the number of earthquakes with magnitude greater than M, N0 is the total number of 

earthquakes at M = 0,  expresses the proportionality between the released energy E and the 

fragment size r and qM is the entropic index. 

As mentioned in the introduction, our goal is to investigate whether seismicity is generated by a 

critical, or self-excited random (Poissonian) system. One path to this end is to investigate whether 

earthquakes are simultaneously correlated in space and in time using the NESP formalism and 

determining the values and variation of the entropic indices. Accordingly, the earthquake occurrence 

model we implement herein is based on the multivariate frequency distributions that express the 

joint probability of observing an earthquake of given magnitude above a given interevent time and/or 

interevent distance. Specifically, we use the F-M-T distribution constructed as follows: A threshold 

(cut-off) magnitude Mth is set and a bivariate frequency table H, representing the incremental 

distribution, is first compiled. The cumulative distribution is then obtained from the incremental 

distribution by backward bivariate summation, according to the scheme 
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where DM is the dimension of H along the magnitude axis and DT is the dimension of H along the 

interevent time axis. In this construct, the cumulative frequency (earthquake count) can be written 

thus: N({M  Mth, T : M  Mth}). Then, the empirical probability P(>{M Mth, T : M  Mth}) is simply  
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Next, we assume that the magnitude M, interevent time Δt distributions are due to independent 

processes in the sense that the joint probability P(M  Δt) factorizes into the probabilities of M and 

Δt, i.e. P(M  Δt) = P(M) P(Δt). Then, on removing the normalization, the joint probability above 

a magnitude threshold can be expressed by 
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where qM, qt are the entropic indices for the magnitude and interevent times respectively and Δt0, is 

the q-relaxation time, analogous to the relaxation (characteristic) time often encountered in the 

analysis of physical systems. Eq. 5 is a generalized (bivariate) law of the Gutenberg – Richter kind, 

in which   12 ( 1)q M Mb q q 
  

 

is the NESP equivalent of the b value. Accordingly, Eq. 5 is the 

general model to be implemented in the ensuing analysis. 

Eq. 5 is fitted to the observed bivariate F-M-T distributions using non-linear least-squares. Because the 

parameters of Eq. 5 are subject to positivity constraints and/or are bounded (e.g. the entropic indices), a 

NNLS solver implementing the trust-region reflective algorithm (e.g. Moré and Sorensen, 1983; 

Steihaug, 1983) was chosen, together with Least Absolute Residual minimization so as to down-weight 

possible outliers. Typical examples/results of the performance of this procedure can be found in Tzanis 

et al. (2013) and Efstathiou et al. (2015) and will not be included herein for the sake of brevity. 

As repeatedly stated, complexity and self-organization are associated with long-range interactions 

and long-term memory; these attributes are referred as correlation. Conversely, Poissonian processes 

are local and memory-less: they are uncorrelated. The study of F-M-T distributions by means of Eq. 

5 will provide information with respect to the size distribution and memory of the seismogenetic 

system, but not with respect to long-range spatial correlation. In order to address this problem we 

use the interevent distance, i.e. the hypocentral distance between consecutive earthquakes, as a 

spatial filter by which to separate and study the temporal correlation of proximal and distal 

earthquakes: the premise is that if distal earthquakes are correlated in time, then they have to be 

correlated in space by long-distance interaction and vice versa. To this effect, we apply the same 
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modelling procedure to data subsets grouped according to the interevent distance following the rule 

C  {CD: M > Mth  dL  d  dU} where C is the catalogue, CD is the subset catalogue, Δd is the 

interevent distance and ΔdL, ΔdU are the upper and lower group limits. 

3. Earthquake Catalogues and Analysis 

The earthquake data utilized in this study was extracted from the regional earthquake catalogue of 

South California Earthquake Data Centre (SCEDC @ http://www.data.scec.org). The catalogue 

comprises 16,749 events recorded between 1981 and 2010 in the area 36ºN - 32ºN and -122ºE - -

114ºE. These geographic boundaries where defined on the basis of the right-lateral active faulting 

system of South California, which extends between the Salton Sea to the south and the Garlock fault 

to the north (see Fig. 1a). The area spanned by the WNW-ESE oriented Garlock Fault is not included 

in the present analysis: it  is characterized by a mixture of reverse and left-lateral strike slip faulting, 

while the Garlock Fault is a major boundary between the semi-rigid microplate of Basin and Range 

Province and the Mojave Desert and is believed to have developed in order to accommodate the 

strain differential between the extensional tectonics of the Great Basin crust and the right lateral 

strike-slip faulting of the Mojave Desert crust. We consider that the expression of seismicity in this 

area has to be studied separately as it represents a significant and distinct geodynamic feature. 

 

Fig 1a - The SCEDC catalogue, 1981–2010: Epicentral distribution of the complete (white 

circles) and declustered catalogues (black circles). 

Most earthquakes in the SCEDC catalogue are reported in the ML and Mw magnitude scales while 

there is a considerable number of events reported in the duration (Md) and amplitude (Mx) scales. 

The latter have been exhaustively calibrated against the ML scale: Eaton (1992) has shown that they 

are within 5% of the ML scale for magnitudes in the range 0.5 to 5.5 and that they are virtually 

independent of the distance from the epicentre to at least 800 km. In consequence, Md and Mx are 

practically equivalent to ML. For the purpose of the present analysis Mw magnitudes were converted 

to ML using the empirical formula of Uhrhammer et al. (1996): Mw = ML·(0.997 ± 0.020) – (0.050 ± 

0.131). The reduced SCEDC catalogue was determined to be complete for magnitudes ML  2.6 

since 1975; the distribution of the epicentres of all events above the magnitude of completeness is 

shown in Fig. 1a and the corresponding cumulative earthquake count in Fig. 1b (black line). 

As stated in the introduction, it is not clear whether the background seismogenetic process is 

fundamentally random or correlated. In order to address this question we conduct our analysis on 

http://www.data.scec.org/
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both complete (original) and declustered versions of the SCEDC catalogue (in which aftershock 

sequences have been eliminated in an optimal as possible way). To this effect, we apply the 

stochastic declustering method of Zhuang et al. (2002) which is based on space-time branching 

approaches to describe how each event triggers its successors. This method was chosen over 

deterministic methods (e.g. Gardner and Knopoff, 1974; and Reasenberg, 1985) because the choice 

of the space-time distance between events is optimized by fitting an ETAS model to the earthquake 

data and there is no need to assume anything about the parameters pertaining to the definition of the 

space-time distance. Moreover, instead of associating an aftershock to only one main shock, the 

method assigns each earthquake with a probability that it is an aftershock of each preceding 

earthquake, meaning that all preceding earthquakes are possible main shocks of the events that 

follow them. This is advantageous in that it circumnavigates the difficulty of making committing 

binary decisions in the (very frequent) case of nearly equal space-time distances between successive 

events (as with deterministic declustering methods). Last, but not least, the Zhuang et al. method is 

based on the paradigmatic realization of the self-excited Poisson process (ETAS): if background 

seismicity obeys Boltzman-Gibbs statistics, then this method should be able to extract a nearly 

random background process against which to test the alternative hypotheses. 

 

Fig 1b - Cumulative earthquake count for the complete (solid black line) and declustered 

catalogues (solid grey line). 

The Zhuang et al. (2002) method uses the following form of the normalized probability that one 

event will occur in the next instant, conditional on the hitherto history of the seismogenetic process 

(conditional intensity): 

         
:

, , , | , , , | ( | )
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t i i i i i i
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where,  is the conditional intensity on the history of observation Ht until time t, (x,y,M )  is the 

background intensity,  (M) is the expected number of foreground events triggered by a magnitude 

M main shock and g(t), f(x,y |M i)  and j(M |M i)  are respectively the probability distributions of the 

occurrence time, the location and the magnitude events triggered by a main shock of magnitude Mi. 

If the catalogue is arranged in chronological order, then the probability of an event j to have been 

triggered by an event i < j can be estimated from the occurrence rate at its occurrence time and 

location as  

,

( ) ( ) ( , | )

( , , | )

i j i j i j i i

i j

j j j t

M g t t f x x y y M
p

t x y H





    
  

and the probability that an event j is aftershock is given by
1

,1

j

j i ji
p p




 . Conversely, the 

probability that an event j is background is given by 1j jp   . 
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As a rule of thumb, an event with  j  ≤ 50% is taken to be foreground while an event with  j  >50% 

is likely to belong to the background. In this presentation, we assume that events with probability  j  

> 70% belong to the background. Accordingly, the declustered version of the catalogue we use 

herein comprises 2,158 events with probability  j  > 70% to belong to the background. The epicentre 

distribution of the declustered catalogue is also shown in Fig 1a and the corresponding cumulative 

earthquake count in Fig 1b (grey line). 

4. Results 

As a general rule, Eq. 5 yields excellent approximations of the observed F-M-T distributions (for 

details see Tzanis et al., 2013 and Efstathiou et al., 2015). For the sake of experimental rigour, this 

presentation will only consider models associated with a goodness of fit (R2) better than 0.97. The 

discussion will focus on the values and variation of the entropic indices determined for different cut-

off magnitudes (Fig. 2) and interevent distances (Fig 3). The following two conclusions of Efstathiou 

et al. (2015) are important in studying and comprehending the results obtained herein: 

(a) The estimation of the b-value from the magnitude entropic index (bq) is robust and absolutely 

consistent with the b-value obtained by standard methods of b-value estimation.  

(b) The analysis of a large number of synthetic ETAS catalogues based on the parameterization of 

Californian seismicity has established that the threshold (base) value of the temporal entropic 

index above which it is safe to assume non-Poissonian background processes, is qT = 1.2. 

 

Figure 2 - Dependence of entropic indices on the threshold magnitude for the complete (raw) 

SCEDC catalogue (top) and the declustered catalogue at the 70% probability level (bottom). 

In all cases, error bars correspond to 95% confidence intervals. 

As is apparent in Fig. 2, the analysis of the complete and declustered SCEDC catalogue shows that 

the entropic index qM is quite consistently determined. For the complete catalogue qM varies from 

1.5 to 1.53 while for its declustered counterpart it varies from 1.52 to 1.54. This leads to bq estimates 

that vary from 1.00 to 0.88 for the complete catalogue, and 0.92 to 0.85 for its declustered 

counterpart. The entropic index qM, like the b-value to which it is related, represents the scaling of 

the size distribution of earthquakes and clearly indicates a correlated, scale-free process. The 
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temporal entropic index exhibits significant variations for the complete SCEDC catalogue. As can 

be seen in the top panel of Fig. 2, qT varies from 1.15 to 1.34 indicating very low to moderate 

correlation; at first sight, it would appear that the seismogenetic system of South California verges 

on the border between point and critical processes. Conversely, the declustered SCEDC catalogue 

reserves a surprise (Fig. 2-bottom): qT is consistently stable and varies from 1.43 to 1.58 indicating 

a highly correlated background process at the 70% probability level.  

When interevent distances are used as spatial filters, the analysis shows that qM is also stable and varies 

from 1.49 to 1.52 for the complete SCEDC catalogue, and from 1.51 to 1.53 for the declustered version. 

Respectively, bq varies from 1.04 to 0.92 and from 0.96 to 0.88. Conversely, the temporal entropic 

index changes with interevent distance. Fig. 3-top clearly shows that for the complete catalogue, qT is 

very high (1.78) at shorter interevent distances (Δd ≤ 50 km) indicating extremely high correlation 

which is evidently due to the overwhelming effect of the tightly spaced and highly correlated aftershock 

sequences. For Δd > 100 km qT is persistently lower (1.31-1.29) indicating moderately correlated far-

field processes. The analysis of the declustered SCEDC catalogue shows that qT behaves in a manner 

analogous to the analysis of its complete counterpart: as evident in Fig. 3-bottom, qT indicates 

extremely high correlation (1.91) at short interevent distances (Δd ≤ 50 km), while it varies from 1.35 

to 1.48 at longer interevent distances indicating moderate to high far-field correlation. 

 

Figure 3 - The dependence of the entropic indices on interevent distance, for data subsets 

grouped according to interevent distance. (a) Analysis of the complete (raw) catalogue. (b) 

Analysis of the declustered catalogue at the 70% probability level. The size of Δd bins is 

indicated by horizontal line segments. Errors are 95% confidence intervals. 

5. Discussion 

The present study is part of a continued systematic attempt to examine the nature of seismogenesis 

by searching for evidence of complexity and non-extensivity in accurate and reliable seismicity 

records. There are two general theoretical approaches as to the nature of the background 

seismogenetic process: either it comprises a self-excited conditional Poisson process, or a (Self-

Organized) Critical process. In the first case, background (core) earthquakes are thought to be 

spontaneously generated in the seismogenetic continuum and are expected to be independent of each 
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other. Accordingly, there should be no correlation between background events as there is no 

interaction between them and the thermodynamics of the process should obey the Boltzmann-Gibbs 

entropic formalism. In the latter case, long-range interactions in non-equilibrium states are expected, 

so that background events should be correlated and the thermodynamics should deviate significantly 

from the Boltzmann-Gibbs formalism. Both approaches agree that the core earthquakes generate 

aftershock sequences (foreground earthquakes) which are genetically related to the parent event and 

comprise correlated sets. It is clear that if it was possible to identify and remove aftershocks, it would 

also be possible to investigate the nature of the seismogenetic system by examining background 

earthquakes for the existence of correlation. 

With respect to South Californian seismicity the analysis of size (energy) distribution of earthquakes 

yielded results consistent with a correlated sub-extensive system; the results are also compatible with 

observations based on conventional measures of scaling and self-organization, with particular 

reference to the b-value. More interesting observations can be made in reference to the temporal 

entropic index qT, which conveys information about the dynamic state(s) of the system. For the 

complete catalogue, the analysis of interevent times has determined an overall moderately correlated 

sub-extensive system, in which near-field events (at short interevent distance) exhibit very high 

correlation due to the interactions between proximal background/background, background/foreground 

and foreground/foreground events. A point of great significance is that on removing aftershock 

sequences we observe increased correlation. The background process, with probability j ≥ 70% for 

an event to belong to the core seismicity appears to be highly correlated in both time and space (i.e. at 

both near and far fields) while properly random processes (qT < 1.1) have not been detected.  

The results presented herein provide strong evidence of complexity in the expression of background 

seismicity in South California. Criticality appears to be a very likely explanation of the complexity 

mechanism, inasmuch as a persistent state of non-equilibrium can be inferred on the basis of the 

temporal entropic index and persistent fractal geometry is evident in the behaviour of the magnitude 

entropic index. However, supplementary experimental work and testing is required before the 

evidence becomes compelling. According to Sornette and Werner (2009), complexity may not only 

emerge from inherent non-linear dynamics of the active tectonic grain as required by SOC; quenched 

heterogeneity in the stress field and production rates may also be of great importance. It is also 

noteworthy that Celikoglu et al. (2010) showed that it is possible to obtain q-exponential 

distributions of interevent times with models not involving criticality. Accordingly, additional work 

is required before the mechanism of background seismicity can be specified. 

As a general conclusion, the NESP formalism, although far from having settled the questions and 

debates on the statistical physics of earthquakes indicates an excellent natural descriptor of 

earthquake statistics and appears to apply to the seismicity observed along in South California where 

sub-extensive thermodynamics appear to predominate. 
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Abstract 

A stochastic model for the study of Benioff strain release during aftershock sequences 

is suggested. The stochastic model is elaborated after a compound Poisson process 

and is applied on data of the M7.1 Ocober 18, 1989 Loma Prieta aftershock sequence 

in northern California, USA. The temporal evolution of the number of events is first 

modelled by the Restricted Epidemic Type Aftershock Sequence (RETAS) model and 

then the identified best fit model is incorporated in the energy release analysis. The 

suggested model is based on the assumptions that there is no relation between the 

magnitude and the occurrence time of an event first and second, that there is no 

relation between the magnitude of a certain event and magnitudes of previous events. 

The obtained results from the examination of the energy release reveal that the 

suggested model makes a good fit of the aftershock Benioff strain release and enables 

a more detailed study by identifying possible deviations between data and model. The 

real cumulative energy release values surpass the expected model ones, which proves 

that aftershocks, stronger than forecasted by the model, are clustered at the beginning 

of the Loma Prieta sequence. 

Keywords: aftershock sequence, Benioff energy, stochastic model. 

1. Introduction  

The Loma Prieta M7.1 earthquake occurred on October 18th, 1989. Centered near Loma Prieta peak 

in the Santa Cruz Mountains south of San Jose, the quake killed 63 people and injured another 350. 

It caused an estimated $6 to $10 billion in property loss. It was the largest temblor to jolt the Bay 

Area since the Great San Francisco Earthquake of 1906 (magnitude 7.9). Although the Loma Prieta 

earthquake struck on the outskirts of the region, it exposed the vulnerability of the Bay Area to future 

earthquakes. This fact was reemphasized on August 24, 2014, when a magnitude 6.0 earthquake 

occurred near Napa, California, about 30 miles north-northeast of San Francisco, the economic 

losses of which are estimated to be at minimum $362 million. 

Almost certainly, some future earthquakes will certainly be larger and closer to the Bay Area’s urban 

core than the 1989 and 2014 earthquakes. Since the Loma Prieta earthquake, many institutions have 

redoubled efforts to understand earthquake hazards in urban areas and to apply this new knowledge 

to reduce future losses. Communication of earthquake-hazard information to the public, to 

businesses, and to government agencies has also been strengthened. 

Seismic hazard analysis studies usually do not take into account aftershock activity. This tendency 

is implemented by carrying out different declustering algorithms that remove aftershocks from a 

catalog. Recently this tendency has been replaced by the application of a number of stochastic 

processes for fitting the clustering behavior of a sequence. Such an approach permits making use of 
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all available information in a seismic catalog and thus aftershock data can in many cases contribute 

in the detection of anomalous seismicity changes and provide stochastic grounds for seismic hazard 

analysis (Ogata et al., 2003; Drakatos, 2000). 

Researchers often study the temporal or spatio-temporal relaxation patterns after a strong earthquake 

by elaborating adequate stochastic models of aftershock occurrences (Ogata, 1988, 1998; Ogata et 

al., 2003; Gospodinov and Rotondi, 2006). Much fewer papers consider the energy distribution of 

aftershocks, most often exploring their recurrence law. It is, however, also important to know the 

aftershock energy release in time. In this study we offer a stochastic process to model Benioff strain 

in a single sequence. The model is elaborated on the basis of a compound Poisson process based on 

two main assumptions: a) there is no relation between the magnitude and the occurrence time of an 

event; b) there is no relation between the magnitude of a certain event and magnitudes of previous 

events. These assumptions seem reasonable in the absence of a physical theory underlying the 

relaxation process. We implemented the presented stochastic process to model Benioff strain release 

of the M7.1 Ocober 18, 1989 Loma Prieta aftershock sequence in northern California, USA. 

Comparison between data and model allows identifying and interpreting eventual deviations thus 

making possible to explore the aftershock process in more detail. 

2. Methodology  

2.1 Energy release stochastic model 

For the development of a Benioff strain release model we apply an analog of a counting process fo

r marked point processes, which is sometimes termed as a mark accumulator process and is defined

 as follows: let’s have a Poisson process {N(t) : t >0} with a rate  > 0 and suppose that the time Ti 

of each event is associated to a realization of a random variable Yi, where {Yn :n>0} is a family of i

ndependent and identically distributed random variables sharing the distribution G( y) = Pr{Yk < y}

. One more requirement is that they have also to be independent of {N(t):t > 0}, and then the stocha

stic process  

Equation 1 - compound Poisson process  





)(

1

)(
tN

k

kt      for    t  0                           

is said to be a compound Poisson process (Taylor and Karlin, 1984). 

If   and 
2  are the common mean and variance for the marks Y1, Y2, … then the moments of Z(t) 

(mean and variance) are given by: 

Equation 2 - mean of a compound Poisson process  

  ttZ  )(          

Equation 3 – variance of a compound Poisson process  

  ttZVar )()( 22              

Considering the assumptions made for the elaboration of the compound Poisson process, we see th

at they coincide with the ones made earlier for the aftershocks’ magnitudes. Thus this stochastic pr

ocess could be used as a model process of random behavior in case a sequence of occurrence times

 and size of events is to be analyzed. 

In the most general treatment of marked point processes {N(t): t > 0} is an inhomogeneous Poisson

 process with an intensity function 0:)(  tt  and neither the marks {Yn :n >0} need to for

m an independent sequence of random variables. Nor it is required for the marks to be independent

 of the counting process or the occurrence time sequence (Snyder and Miller, 1991). 
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If we restrict ourselves to consider an inhomogeneous compound Poisson process with a rate =(

t) then formulae (2) and (3) would be translated into: 

Equation 4 – mean of an inhomogeneous compound Poisson process  



 Z(t)    s 
t0

t

 ds       

Equation 5 – variance of an inhomogeneous compound Poisson process  



Var Z(t)   2  2   s 
t0

t

 ds       

following Snyder and Miller (1991). The common mean, provided by formula (4), models the cum

ulative Benioff strain release and the square root of the variance provides the error bounds. 

Formulae (4) and (5) reveal that the intensity function =(t) is needed in order to employ the Ben

ioff strain release model. We evaluate the intensity function parameters by modelling it by the RET

AS model. 

2.2 Restricted Epidemic Type Aftershock Sequence (RETAS) model 

The aftershock intensity decay function is most widely analyzed starting with the Modified Omori 

Formula (MOF) which follows the idea that the aftershocks are conditionally independent and follo

w a nonstationary Poisson process (Utsu, 1970). Multiple strong events and complex aftershock se

quences led Ogata (1988) to the formulation of the Epidemic Type Aftershock–Sequence (ETAS) 

by which each aftershock can trigger its own secondary events.  

Gospodinov and Rotondi (2006) proposed the RETAS model, which is based on the assumption th

at only aftershocks with magnitudes larger than or equal to a threshold Mth can induce secondary se

ismicity. It has the advantage that it includes the MOF and the ETAS models as limit cases. The co

nditional intensity function for this model is: 

Equation 6 – conditional intensity function of the RETAS model  



 t | Ht   
K0e

 M i M 0 

t  ti  c 
p

t i  t
M i M th

      

In this equation 


 is the background seismicity rate, it  is the occurrence time of the ith event, 
p

is a coefficient of attenuation, c  and oK
 are constants and   measures the effect of magnitude in 

the production of ‘descendants’. tH
 is the history of the process, including all times and magnitudes 

of events, occurred before time t with magnitudes thi
MM 

. The summation in equation (6) 

occurs over all events with occurrence times 
tt i   and magnitudes Mi≥Mth.  

Having parameterized the conditional intensity function, a Fortran program was applied to calculat

e the maximum log-likelihood function  

Equation 7 – log-likelihood function of the conditional intensity function 

 

      



N

i

T

S
tti dtHtHtL
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||loglog  
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and to obtain the maximum likelihood estimates (MLE) of the model parameters. Here 

the symbol ϴ denotes the model parameters K0, μ, α, c and p,  tHt |

 is the conditional intensity function of the RETAS model and tH

 is as defined for Formula 6. As magnitude values are quite discrete, Mth was not included as a para

meter for estimation in the model. However, obtaining the MLE for different Mth, we may chose th

is value of Mth for which we get minimum Akaike Information Criterion (AIC), which identifies th

e best fit RETAS model (Akaike, 1974). 

Equation 8 - Akaike Information Criterion (AIC) 

  

Here L is the likelihood function and k is the number of model parameters. 

2.3 Benioff strain 

For the analyzed Loma Prieta aftershock sequence the intensity was assessed by the method of Gos

podinov et al. (2007) through the RETAS model and the estimated parameters are presented in Tab

le 1. In the present paper we use the latter results to model the seismic release rate in an aftershock 

sequence. We have chosen Benioff strain, ε, as a measure of seismic energy release, which is the sq

uare  roo t  o f  the  se i smic  ene rgy ,  and  then  the  cumula t iv e  Ben io f f  s t r a i n  i s  





N

i

i

N

i

i tEt
11

)()(  . This measure is particularly useful when smaller events are also con

sidered as in the current case (Tzanis and Vallianatos, 2003). In the above formula )(tEi  is the en

ergy of the ith event and N is the total number of events at time t. 

3. Data and results 

There is a huge amount of data, compiled for the relaxation process after the Loma Prieta earthquake. 

In 1991, the Loma Prieta Data Archive was established with funds from the US Geological Survey 

(USGS) to gather, organize, and archive raw data associated with the Loma Prieta earthquake. 

 

Figure 1 - Epicentral map of the 1989 M7.1 Loma Prieta earthquake. Circles denote 

epicentres, the thick line stands for the San Andreas fault and the thinner lines reveal nearby 

faults. Dashed line delineates the polygon, covering the locations of the examined events. 

kLAIC 2logmax2 
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The purpose was to complement the National Earthquake Hazards Program (NEHRP) issued official 

report to Congress describing the post-earthquake investigation of the October 17, 1989, Loma 

Prieta, California earthquake. Twenty-four data sets are included in the archive. All were contributed 

by the researchers on a voluntary basis. The datasets address strong motion, aftershocks, 

geotechnical, structural and social survey data. In 1991, nonprint data were seldom published in the 

open literature so it was useful to try to organize and preserve the data for future scholarship. 

The file lp8910.zip from the Loma Prieta Data Archive (Dietz and Ellsworth, 1991) includes all 

recorded earthquakes (10373 events) from Oct 18, 1989 to Oct 17, 1991 which locate in the polygon 

defined by these corners: 

Lat          Long 

37.33 -122.17 

37.33 -122.03 

36.95 -121.49 

36.75 -121.49 

36.75 -121.72 

37.06 -122.17 

37.33 -122.17 

All suspected quarry blasts have been removed from this listing. A detailed look at the early 

aftershock catalog shows a completeness level ~M1.5 after hour 6 of the aftershock sequence.  We 

analyzed data of the Loma Prieta aftershock sequence, containing N=1024 events with magnitude 

M≥2.0 for the first year after the strong earthquake. 

 

Figure 2 - The AIC values depending on the triggering magnitude values. The minimum 

value of AIC is when Mth equals the lowest cutoff magnitude of the sample, which reveals 

that the best fit RETAS version is when it coincides with ETAS. 

We first applied the RETAS model to fit the temporal decay of aftershocks rate decay in time. The 

lowest value of AIC is for Mth equal to the lowest cutoff magnitude of the sample. Thus, the 

identified best fit RETAS version concides with the ETAS model. The MLEs of the best fit model 

parameters are presented in Table 1. The recognized clustering pattern discloses that events are 

grouped temporally not only to stronger aftershock, but also to weaker ones. 

Table 1 - RETAS model parameters (see formula (6)) of the best fit model. 

Model Mth AIC  K  c p 

ETAS (best) 2 -5137.16 0 0.015 1.511 0.019 1.12 

  

333333333333333333333333333333 3 3
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The recognized best fit model provided the necessary conditional intensity  tHt | , which was 

later incorporated in Formulae 4 and 5 to model Benioff energy release in the sequence. The results 

for the obtained best fit temporal model (ETAS) and for the energy release were plotted on Figure 3. 

 

Figure 3 - Cumulative number and Benioff energy evolution with time for one year period: 

a) Cumulative number - circles stand for the real cumulative number, the thick line 

represents expected cumulative number and dashed lines are the error bounds. Vertical lines 

stand for events’ magnitudes; b) Benioff energy - circles denote real energy released, thick 

line reveals the expected released energy values, calculated after Formula 4 and the dashed 

lines are the error bounds, presented by the standard deviation. 

We examined how well the ETAS model fits real data by comparing real cumulative number of 

events in time with the one calculated by the MLEs. Standard deviation was used for an error 

estimate and one can see both curves on Figure 3a. The circles stand for the real cumulative number, 

the thick line represents expected cumulative number and dashed lines are the error bounds. 

Generally, it can be seen that the model fits real data quite well. Although there is some exceedance 

of real over model cumulative number at the beginning of the sequence, both curves stay within the 

error bounds for the entire one year period. 

On Figure 3b we have shown Benioff energy evolution with time during the aftershock sequence. 

Here, again circles denote real energy released, thick line reveals the expected released energy values, 

calculated after Formula 4 and the dashed lines are the error bounds, presented by the standard 

deviation (see Formula 5). 

Here some stronger divergences between model and real values are to be seen. The time scale (one 

year), however, does not allow capturing details of the observed divergence at the beginning of the 
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sequence. That is why we performed another contrast of real and model Benioff energy release, this 

time only for a period of five days. The results are plotted on Figure 4. 

 

Figure 4 - Cumulative number and Benioff energy evolution with time for five days period 

Notation as in Figure 3. 

We can see on Figure 4a that real and expected cumulative values remain within the error bounds 

although there is a small discrepancy between them. The picture is quite different for the energy 

release, exposed on Figure 4b. The difference there between model and real values is significant, 

real rate of energy release exceeding substantially the model rate. This is especially true for the first 

6 hours of the first day, proving that we have a cluster of stronger aftershocks at the beginning, not 

forecasted by the model. 

4. Discussion 

In this paper we offered a stochastic model for patterning the Benioff strain release during the Loma 

Prieta aftershock sequence. We first examined the temporal evolution of the number of events by 

the RETAS model and then the identified best fit model was incorporated in the energy release 

analysis. While the temporal model follows very closely the actual data, a certain discrepancy is 

observed between model and data for the energy distribution. Benioff strain release for the sequence 

exceeds the model for the first several days, which is a clear indication of increased aftershock 

clustering for the beginning of the sequence. The grouping is stronger than suggested by the model 

for independent events. 
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Тhe results obtained demonstrate that the operated stochastic model enables identification of specific 

features of the Benioff energy evolution in time. This stochastic pattern can be used as a benchmark 

model, developed after suppositions of seismic events independence in the sequence. 
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Abstract 

The determination of recurrence time of strong earthquakes of certain magnitude on 

a specific fault or fault segment is an important component of seismic hazard 

assessment. The occurrence of these earthquakes is neither periodic nor completely 

random but often clustered in time. This fact in connection with their limited number 

inhibits a deterministic approach for recurrence times calculation and thus 

application of stochastic processes is required. For recurrence times determination 

in the area of North Aegean Trough, all the available information on strong 

earthquakes (historical and instrumental) with M6.0 is collected. Given that source 

parameters of historical events contain larger uncertainties, reassessment of their 

focal parameters before the application of stochastic processes is necessary, which 

was performed by applying the method of Bakun and Wentworth (1997). The reasses

sed catalogue was divided into three data sets, according to the strong events spatial 

distribution and their association with distinctive fault segments. Three statistical dis

tributions (Weibull, inverse Gaussian, lognormal) were applied and evaluated with t

he Anderson–Darling test and the Akaike and Bayesian Information Criteria. The W

eibull distribution exhibited better performance in two out of three data sets and the 

Inverse Gaussian distribution in the third. With given distributions the occurrence pr

obabilities were calculated for strong events above a certain magnitude and for cert

ain time interval. 

Keywords: relocation of historical earthquakes, goodness of fit test, information 

criteria, earthquake probabilities. 

Περίληψη 

Ο καθορισμός του χρόνου επανάληψης των ισχυρών σεισμών, Tr, με μέγεθος ίσο ή 

μεγαλύτερο συγκεκριμένης τιμής σε συγκεκριμένη περιοχή είναι σημαντική παράμετρος 

για την εκτίμηση της σεισμικής επικινδυνότητας. Η επανάληψη των σεισμών αυτών δεν 

είναι ούτε περιοδική, ούτε εντελώς τυχαία στο χρόνο, με εμφάνιση συσταδοποίησής 

τους. Τα παραπάνω σε συνδυασμό με το περιορισμένο πλήθος τους δεν επιτρέπει μία 

αιτιοκρατική προσέγγιση στον υπολογισμό του Tr, για τον καθορισμό του οποίου 

κρίνεται απαραίτητη η χρήση στοχαστικών διαδικασιών. Με σκοπό τον καθορισμό των 

Tr κατά μήκος της Τάφρου του Β. Αιγαίου συλλέχθηκαν πληροφορίες για ισχυρούς 

σεισμούς με M6.0 οι οποίοι έγιναν πριν (ιστορικοί) και κατά τη διάρκεια της 

ενόργανης περιόδου (από την αρχή του 20ου αιώνα). Δεδομένου ότι οι τιμές των 

εστιακών παραμέτρων των σεισμών της ιστορικής περιόδου περιέχουν μεγαλύτερες 
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αβεβαιότητες η επανεκτίμησή τους κρίνεται απαραίτητη. Η διαδικασία αυτή έγινε με τη 

μέθοδο των Bakun and Wentworth (1997). Ο κατάλογος που προέκυψε μετά τον 

επαναπροσδιορισμό διακρίθηκε σε τρία υποσύνολα δεδομένων, σύμφωνα με την 

χωρική κατανομή των επικέντρων τους και τη συσχέτισή τους με συγκεκριμένα τεμάχη 

ρηγμάτων. Εφαρμόσθηκαν τρεις στατιστικές κατανομές (Weibull, αντίστροφη 

Γκαουσιανή, λογαριθμοκανονική) και η αξιολόγησή τους έγινε με τον έλεγχο καλής 

προσαρμογής Anderson – Darling καθώς και με τον υπολογισμό των τιμών των 

κριτηρίων πληροφορίας AIC και BIC. Η κατανομή Weibull είναι αυτή που εμφανίζει 

την καλύτερη απόδοση στα δεδομένα δύο υποσυνόλων ενώ η αντίστροφη Γκαουσιανή 

στο τρίτο από αυτά. Με βάση τις κατανομές αυτές υπολογίστηκαν οι πιθανότητες 

γένεσης του επόμενου σεισμού σε ορισμένα χρονικά διαστήματα για κάθε τέμαχος. 

Λέξεις κλειδιά: επαναπροσδιορισμός παραμέτρων ιστορικών σεισμών, έλεγχος καλής 

προσαρμογής, κριτήρια πληροφορίας, πιθανότητες γένεσης ισχυρών σεισμών. 

1. Introduction 

The determination of recurrence time of strong earthquakes above a certain magnitude and on a 

specific fault or fault segment is an important factor for seismic hazard assessment. This 

determination is based on the time predictable model of earthquake occurrence (Shimazaki and 

Nakata, 1980) and the hypothesis of characteristic earthquake (Schwartz and Coppersmith, 1984). 

According to the time predictable model an earthquake occurs when stress exceeds a certain value, 

which is constant for every earthquake. Consequently, the time of the next earthquake can be 

estimated taking into account the coseismic slip of the previous one. The characteristic earthquake 

hypothesis assumes that strong earthquakes on a specific fault occur with similar magnitudes, similar 

rupture areas and within time intervals exhibiting some kind of regularity. 

The occurrence of strong earthquakes, is neither periodic nor completely random but often clustered 

in time. In addition, the limitation in time of earthquake record hampers a deterministic calculation 

of the earthquake recurrence time. Consequently, the application of stochastic processes is required 

for this estimation with distributions such as Weibull (Hagiwara, 1974; Rikitake, 1976; Abaimov et 

al., 2008), Lognormal (Nishenko and Buland, 1987; Jackson et al. 1995) and Brownian Passage 

Time or Inverse Gaussian (Kagan and Knopoff, 1987; Matthews et al., 2002). Statistical processing 

requires a number of strong earthquakes in a specific region adequate for specific applications, 

which is often if not always limited. On the other hand, the interevent times exceed the instrumental 

period. Therefore, use of data both from historical and instrumental seismicity is necessary.  

Since historical seismicity contains uncertainties, focal parameters reassessment of earthquake 

source parameters is performed. Numerical methods such as the one proposed by Bakun and 

Wentworth (1997) are widely used and this latter is engaged in our study for improving earthquake 

source parameters and consequently associate them with specific faults or fault segments. 

The study area comprises the North Aegean Trough (NAT), which is among the most active ones in 

the Greek territory exhibiting frequent occurrence of strong earthquakes (Fig. 1). It constitutes the 

northern boundary of the south Aegean plate (Papazachos et al., 1998) and is the prolongation of 

the North Anatolian Fault (NAF) to the west, dominated by right - lateral strike - slip faulting. After 

relocation of historical earthquakes, the interevent times on certain fault segments were estimated 

with the ultimate goal being the evaluation of the next such event occurrence time onto each fault 

segment. 
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Figure 1 - Instrumental and historical seismicity along the North Aegean Trough (NAT). 

Small circles depict earthquakes with M≥4.0 from 1980, moderate circles all known with 

M≥6.0 and asterisks all known with M≥7.0. Fault plane solutions of M≥5.0 earthquakes 

available from gcmt solutions (http:/globalcmt.org) are plotted as equal area lower 

hemisphere projections. 

2. Methods 

2.1 Reassessment of historical earthquakes 

The method of Bakun and Wentworth (1997) is used for the reassessment of the source parameters 

of historical events. It is a numerical method that uses the macroseismic intensities given in Modified 

Mercalli Intensity (MMI) scale and an attenuation relation for the study area. Calculation is achieved 

of the epicentre, the magnitude (equivalent with moment magnitude) and the corresponding error 

given by the root mean square (rms) by creating a grid of points onto the search area according with 

the relations: 

Equation 1 - Magnitude of earthquake 

𝑴 = 𝑴𝑰 = 𝒆𝒂𝒏(𝑴𝒊),where Mi is the magnitude at the potential epicentre (i.e. the gridpoint I) 

inferred from each MMI value and an attenuation relation. 

Equation 2 - rms calculation for each point of the grid 

𝑟𝑚𝑠[𝑀𝐼] = 𝑟𝑚𝑠[𝑀𝐼 −𝑀𝑖] − 𝑟𝑚𝑠0[𝑀𝐼 −𝑀𝑖] , where rms0 is the minimum value of rms for the 

whole grid. 

Equation 3 - Relation for the rms[MI-Mi] factor  

𝑟𝑚𝑠[𝑀𝐼 −𝑀𝑖] = { [𝑤𝑖(𝑀𝐼 −𝑀𝑖)]
2/ 𝑤𝑖

2}

𝑖𝑖

1/2

 

Equation 4 - Distance - weighting function 

𝑤𝑖 = {
0.1 + cos [(𝛥𝑖 150⁄ )(𝜋 2)], 𝑓𝑜𝑟 𝛥𝑖 ≤ 150𝑘𝑚⁄

0.1, 𝑓𝑜𝑟𝛥𝑖 > 150𝑘𝑚
, where D i  is the distance (in km) of 

observations i  from the assumed gridpoint I. 

After combining these four relations, the method returns a grid of points, which represent the trial 

earthquake epicentres. The point with the least rsm is the most reliable point for the earthquake 

location. Four parameters are required for starting creating the grid of points, the longitude and the 

latitude of the center of the grid, the radius of the search area in km and the grid search spacing in 

km. In this study, the attenuation relation of Papazachos and Papaioannou (1997) is used: 

Equation 5 - Attenuation relation  

𝑀 = 0.62𝐼 + 2.035𝑙𝑜𝑔𝑅 + 0.002𝑅 − 0.78, where R = (Δ2 – h2)1/2

 is the hypocentral distance. 
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A verification test of the method was performed on instrumental earthquakes for which 

macroseismic intensities were available and comparison is made of the results with those of the 

historical event in order to minimize the location uncertainties. The coordinates of the center of the 

grid were chosen to be the epicentral coordinates of each event, the radius of the search area defined 

equal to 25 km and 10 km for the verification test. The gridding search space is defined equal to 1 

km in both cases. For the reassessment of historical events the radius of the search area was preferred 

to be the one performing the most reliable location for the instrumental events. 

2.2 Statistical analysis 

For calculating earthquake recurrence times, first the long - term correlation between the values of 

each data set is investigated. This correlation is examined by calculating the Autocorrelation (ACF) 

and Partial Autocorrelation (PACF) functions. The Autocorrelation function examines the 

correlation between past and future values of time series (Eq. 6). Then the Partial Autocorrelation 

function can confirm the correlation detected by ACF (Eq. 7). 

Equation 6 - Autocorrelation function (ACF) 

𝜌𝑘 = ∑ (𝑥𝑖 − �̅�)(𝑥𝑖+𝑘 − �̅�)/∑ (𝑥𝑖 − �̅�)
2𝑁

𝑖=1
𝑁−𝑘
𝑖=1 , where N is the number of observations, k is the 

number of the lags and �̅� is the mean value of the sample. 

Equation 7 - Partial Autocorrelation function (PACF) 

𝑟𝑘,𝑘 = [𝜌𝑘 − ∑ 𝑟𝑘−1,𝑗𝜌𝑘−𝑗]/[1 − ∑ 𝑟𝑘−1,𝑗𝜌𝑗]
𝑘−1
𝑖=1

𝑘−1
𝑖=1 , where 𝑟𝑘,𝑗 = 𝑟𝑘−1,𝑗 − 𝑟𝑘,𝑘𝑟𝑘−1,𝑗−1 for j=1,...,k. 

If k=1 then 𝑟1,1 = 𝜌1. 

For the determination of earthquake recurrence time of each segment three statistical distributions 

were attempted in each data set, namely the Weibull, the inverse Gaussian and the lognormal with 

probability density functions (pdf) given from Equations 8, 9 and 10, respectively: 

Equation 8 - pdf of Weibull distribution 

𝑓( 𝑥|𝑎, 𝑏) = (𝑏 𝑎⁄ )(𝑥 𝑎)⁄
𝑏−1
exp (−𝑥 𝑎⁄ )𝑏 , where α is the scale parameter and b is the shape 

parameter. 

Equation 9 - pdf of Inverse Gaussian distribution  

𝑓(𝑥|𝜇, 𝜆) = (𝜆 2𝜋𝑥3)⁄
1/2
exp {−𝜆(𝑥 − 𝜇)2 2𝜇2𝑥}⁄ , where μ is the mean value and λ is the shape 

parameter. 

Equation 10 - pdf of Lognormal distribution 

𝑓(𝑥|𝜇, 𝜎) = (1 𝑥𝜎√2𝜋)exp {− (ln (𝑥) − 𝜇)2 2𝜎2⁄ }⁄ , where μ is the mean and σ is the standard 

deviation of the random variable’s natural logarithm. 

The parameter estimation for each distribution was achieved by applying the Maximum Likelihood 

Estimation (MLE) method using the respective formulae (Johnson et al., 1994). 

In order to compare the distributions and choose the best performing one in each data set the 

Anderson - Darling goodness of fit test (A - D test) is applied. The A - D test is implemented by 

calculating the distance, A2, between the empirical cumulative distribution function (ecdf) and the 

cumulative distribution function (cdf) for each distribution applied to our data, according to the 

relation: 

Equation 11 - Distance between the empirical cdf and the distribution cdf 

𝐴2 = 𝑛∫ [𝐹𝑛(𝑥) − 𝐹(𝑥)]
2/𝐹(𝑥)[1 − 𝐹(𝑥)]𝑑𝐹(𝑥)

+∞

−∞
, where n is the number of observations, Fn is 

the empirical cdf and F is the cdf of the distribution which is under detection. 
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The test then compares the factor A2 with a critical value, c, under the null hypothesis that the data 

are distributed according to F. If the factor A2 is less than or equal to the critical value, then the null 

hypothesis cannot be rejected. 

The Akaike and Bayesian Information Criteria were also calculated. The difference between the two 

criteria is that BIC takes into account also the number, n, of the observations. This fact makes the 

penalty term of BIC larger than in AIC. The distribution, which displays the best performance to 

each data set, is the one with the minimum value of the criterion in both cases. The two criteria are 

given by the relations: 

Equation 12 - Akaike Information Criterion 

𝐴𝐼𝐶 = −2ln (𝐿) + 2𝑘, where ln(L) is the log – likelihood function and k the number of parameters. 

Equation 13 - Bayesian Information Criterion 

𝐵𝐼𝐶 = −2ln (𝐿) + 𝑘𝑙𝑛(𝑛), where ln(L) denotes the log – likelihood function, k the number of 

parameters and n the number of observations. 

The distribution that displays the best performance to the data and consequently better describes the 

earthquake recurrence time is used for the probability calculations of the next earthquake occurrence 

T in fixed time intervals taking into account the time Tn of the last earthquake according to the 

relation: 

Equation 14 - Earthquake occurrence probabilities relation 

𝑃(𝑇𝑛 + 𝑡 ≤ 𝑇 ≤ 𝑇𝑛 + 𝑡 + 𝑑𝑡|𝑇 > 𝑇𝑛 + 𝑑𝑡) = ∫ 𝑓(𝑇)
𝑇𝑛+𝑡+𝑑𝑡

𝑇𝑛+𝑡

𝑑𝑡 

3. Data 

3.1 Earthquake catalogues 

Information on strong earthquakes in North Aegean Trough covers both historical and instrumental 

events and is provided by the historical catalogue of Papazachos and Papazachou (2003) and by the 

regional catalogue of instrumental seismicity of Geophysics Department of the Aristotle University 

of Thessaloniki (http://geophysics.geo.auth.gr/ss). From these two sources 40 events with M ≥ 6.0 

are found in the time interval between 360 BC and 2014 AD. The temporal distribution of these 

earthquakes evidence that there are missing events at least until 1300 AD. After 1300 AD the 

earthquakes seem to cluster in time with a mean rate equal to 5.1 events per century. Thus, 

earthquakes that occurred after 1300 AD (34 events) are taken into account for the recurrence times 

determination after removing the two strong aftershocks of 1912 earthquake occurred in Ganos fault 

segment. 

3.2 Macroseismic data 

Macroseismic information is taken from the database of Papazachos et al. (1997) for the period 426 

BC - 1995. For each historical event, reassessment is done only in the case when 3 or more 

macroseismic observations were available. This becomes feasible for 19 out of 34 events. For the 

2014 earthquake in particular, the data is taken from the felt reports of the Euro - Mediterranean 

Seismological Center (http://emsc-csem.org). 

4. Data processing and results  

4.1 Relocation of historical events 

In order to reassess and minimize the errors contained in the historical catalogue, the method 

described by the Equations 1 to 5 was applied firstly to six events of the instrumental period (1905, 
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1912, 1975, 1982, 1983 and 2014) for evaluating the method using two different gridding search 

radius, of 25 and 10 km, respectively. It is derived that using a radius equal to 10 km, the epicentral 

coordinates are in better agreement with those of the instrumental catalogue. Thus, this value of the 

radius search was decided to be used for all historical events. The association of the relocated 

epicenters with the fault segments is feasible with good agreement except of the cases of 1659, 1766, 

and 1893. The disagreement is due to insufficient macroseismic observations and the initial 

coordinates are used. The relocated seismicity was divided into three distinctive clusters, 

corresponding to three fault segments, namely the North Aegean basin (13 events between 1366 and 

1983 with 1.84 earthquakes per century), Gulf of Saros (12 events between 1511 and 2014 with 2.49 

earthquakes per century) and Ganos (7 events between 1354 and 1912 with 1.19 earthquakes per 

century).  

For each fault segment, a data set Trj (j=1,2,3) was created and analyzed through the statistical 

distributions previously described. Each data set is composed by the time differences between 

successive earthquakes, Ti+1 – Ti. 

 

Figure 2 - Spatial distribution of strong (M≥6.0) earthquakes at the initial (light grey 

asterisks) and relocated (red asterisks) position. 

4.2 Statistical analysis 

The Tr1, Tr2 and Tr3 data samples (in years) for the North Aegean Basin, Gulf of Saros and Ganos 

segments consist of 12, 11 and 6 observations, respectively, and are given below: 

 North Aegean basin segment: Tr1 = [90, 15, 93, 8, 13, 191, 3, 18, 67, 41, 77, 1] 

 Gulf of Saros segment: Tr2 = [158, 50, 11, 26, 9, 94, 1, 27, 6, 82, 39] 

 Ganos segment: Tr3 = [83, 222, 48, 59, 99, 47] 

For each data set, the Autocorrelation and Partial Autocorrelation functions were calculated and the 

results are shown in the diagrams of Figure 6. From both, the Autocorrelation and Partial 

Autocorrelation function values, it is evidenced that the correlations concerning the time intervals 

between successive earthquakes for each data set are statistically not significant, or in other words 

that there does not exist any correlation between them. The statistical distributions (Weibull, inverse 

Gaussian and lognormal) were applied to the three data sets and their parameters and 95% 

confidence intervals were estimated by the MLE method. Also, the log likelihood functions for each 

one of the distributions were recorded (Tables 1-3). It comes out that the confidence intervals in all 

cases are considerably of large range, probably due to the limited number of data in each sample. 

Especially for the inverse Gaussian distribution the confidence intervals in the three cases include 

negative and zero values due mainly to the limited number of observations in each sample, which 

are here meaningless (alternatively non - negativity constrains could be taken into account). 

The Anderson - Darling test was applied to each sample in order to compare the distributions derived 

via the MLE parameter estimates and empirical cdf (Fig. 4); an estimated distribution is rejected if 

the distance, A2 exceeds the critical value c (Table 4). The results for the three samples manifest that 

the null hypothesis cannot be rejected for each distribution. The AIC and BIC values were calculated 



1355 

 

for each distribution and for the three data sets (Table 5). The distribution with the lower values of 

both criteria for the Tr1 and Tr2 samples is the Weibull and for the Tr3 is the inverse Gaussian. 

 

Figure 3 - Diagrams of Autocorrelation (left) and Partial Autocorrelation (right) functions of 

North Aegean basin (top), Gulf of Saros (middle) and Ganos (bottom) segment. 

Table 1 - MLE parameters estimates, 95% confidence intervals and log likelihood 

calculation for North Aegean basin segment. 

Distribution Parameters Conf. Intervals Log L 

Weibull α = 47.289 

b = 0.8449 

[23.362,95.721] 

[0.5355,1.3330] 

- 58.9969 

Inverse Gaussian μ = 51.4167 

λ = 7.9814 

[-22.422,125.254] 

[1.5950,14.3678] 

- 61.3968 

Lognormal μ = 3.15735 

σ = 1.56349 

[2.1639,4.1507] 

[1.1076,2.6546] 

- 59.7785 

Table 2 - MLE parameters estimates, 95% confidence intervals and log likelihood 

calculation for Gulf of Saros segment. 

Distribution Parameters Conf. Intervals Log L 

Weibull α = 43.8778 

b = 0.9140 

[22.212,86.677] 

[0.5702,1.4651] 

- 52.9769 

Inverse Gaussian μ = 45.7273 

λ = 8.6043 

[-16.568,108.023] 

[1.4134,15.7952] 

- 55.5644 

Lognormal μ = 3.139 

σ = 1.4593 

[2.1586,4.1194] 

[1.0196,2.5910] 

- 53.7948 

Table 3 - MLE parameters estimates, 95% confidence intervals and log likelihood 

calculation for Ganos segment. 

Distribution Parameters Conf. Intervals Log L 

Weibull α = 105.4160 

b = 1.6997 

[63.8458,174.0520] 

[0.9550,3.0253] 

- 31.9765 

Inverse Gaussian μ = 93 

λ = 283.063 

[50.3465,135.6540] 

[-37.2471, 603.3740] 

- 30.8999 
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Lognormal μ = 4.3692 

σ = 0.5872 

[3.7530,4.9854] 

[0.3665,1.4401] 

- 31.0349 

 

Figure 4 - Comparison of ecdf and estimated (theoretical) cdf for each distribution applied to 

the three data sets (Tr1 left, Tr2 middle and Tr3 right). 

Table 5 - Results of Anderson - Darling test for the three data sets. 

 

Distribution 

Tr1 Tr2 Tr3 

c = 2.5084 c = 2.5099 c = 2.5248 

 A2 A2 A2 

Weibull 0.2572 0.1434 0.5443 

Inverse Gaussian 1.2883 1.2117 0.4347 

Lognormal 0.3242 0.2570 0.3861 

Table 1 - AIC and BIC values for the three data sets. 

 

Distribution 

Tr1 Tr2 Tr3 

AIC BIC AIC BIC AIC BIC 

Weibull 121.99 122.96 109.95 110.75 67.95 67.54 

Inverse Gaussian 126.79 127.76 115.13 115.92 65.80 65.38 

Lognormal 123.56 124.53 111.59 112.38 66.07 65.65 

By combining the results of A - D test and the AIC and BIC criteria, we get that Weibull performs 

better than the other distributions in Tr1 and Tr2Tr2 data sets and inverse Gaussian in Tr3 data set. In 

the two first cases (North Aegean and Gulf of Saros segments) we notice that the parameters b are 

less than 1, which indicates that their hazard rates h(x)= f(x)/[1 - F(x)] decrease over time; this 

statement reflects the clustering behaviour of earthquake occurrence in this two segments, while 

they contain very small and very large time intervals. The Weibull distribution is then used for the 

estimation of the conditional occurrence probability of earthquakes with M ≥ 6.0 for the next 30 

years (after 2015) onto North Aegean Basin and Gulf of Saros segments and the inverse Gaussian 

probability density function on Ganos segment. For the North Aegean basin segment, where the last 

earthquake occurred in 1983, probabilities are low to intermediate for the next 30 years. For the Gulf 

of Saros segment, where the last earthquake occurred in 2014, probabilities of the next earthquake 

occurrence for next 30 years are intermediate and for the Ganos segment where the last strong 

earthquake occurred before over a century (103 years) the respective probabilities are intermediate. 
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Figure 5 - Probability density functions for the North Aegean basin (left), Gulf of Saros 

(middle) and Ganos (right) segments. 

Table 6 - Conditional occurrence probabilities for M ≥ 6.0 earthquakes for the next 10, 20 

and 30 years after 2015. 

Segment Last Earthquake Occurrence Time (in years after 2015) 

  10 20 30 

North Aegean Basin 1983 0.1694 0.3055 0.4162 

Gulf of Saros 2014 0.2196 0.3780 0.4996 

Ganos 1912 0.1783 0.3265 0.4488 

5. Conclusions 

Occurrence probabilities for earthquakes with M ≥ 6.0 for each segment of North Aegean Trough were 

calculated after reassessment of their source parameters. The historical events relocation resulted 

reliable focal parameters for the most of them, except for three due to data shortage. Firstly the 

existence of long-term correlations between the values of each data with the ACF and PACF values 

was examined. These results revealed that there is not any correlation between the three samples. Then, 

Weibull, inverse Gaussian and lognormal distributions were applied to each data set. The confidence 

intervals of each parameter for the three distributions presents significantly great range, probably due 

to data shortage. Especially, the inverse Gaussian’s 95% confidence intervals include negative and 

zero values. Also, b parameter of Weibull distribution for the first two cases is less than the unity, 

which indicates that the earthquake occurrence in this segments have the tendency to cluster in time. 

The A – D goodness of fit test was applied for examining which of them performs better. In all cases 

the test does not reject (all) the distributions. Consequently, for further evaluation, the values of AIC 

and BIC criteria were calculated, and it is derived that the distribution with the best performance is 

Weibull for the North Aegean basin and Gulf of Saros segments and inverse Gaussian for Ganos 

segment. The conditional occurrence probabilities were thus calculated with the distribution, which 

fits better to each segment’s data for the next 10, 20 and 30 years after 2015. The North Aegean basin 

segment exhibits a low to intermediate occurrence probability (17% - 41%) for the next 3 decades. The 

Gulf of Saros segment occurrence probabilities are not low (22% - 50%) although the last earthquake 

occurred 2014. The Ganos segment exhibits low to intermediate probability values (17% - 45%) for 

the next 30 years. 
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Abstract 

This paper introduces "MISTIC", a magnitude independent program for the analysis 

of spatio-temporal earthquake clustering, developed on the basis of a simple 

clustering algorithm which is implemented in Matlab. The method is conceptually 

based upon the comparison of the inter-event time and the epicentral/hypocentral 

distance between subsequent events, with pre-defined values, without any magnitude 

constraints. The code identifies spatial concentrations of the seismic activity which 

exhibit enhanced occurrence rates, significantly higher than the average or 

background seismicity rates. The visualization tools provided by the program’s 

interface, enable the user to directly test and control the whole process. The 

calculations are performed fast even for relatively large catalogs. The description of 

the algorithm along with some examples are presented in this work. Moreover, an 

application in the local microseismicity catalog for Samos-Karaburun area, in 

eastern Aegean Sea, is also demonstrated. The identified clusters which are extracted 

from the analysis, exhibit special characteristics varying from a typical main-

shock/aftershock behaviour to a swarm-like activity. Further testing and improvement 

of the source code are scheduled in order to constitute "MISTIC" a fast and useful tool 

for seismic cluster analysis. 

Keywords: Seismological software, earthquake clustering, microseismicity, Samos - 

Karaburun. 

Περίληψη 

Η παρούσα εργασία παρουσιάζει το "MISTIC", ένα πρόγραμμα για τη χωρο-χρονική σ

υσταδοποίηση της σεισμικότητας ανεξαρτήτως μεγέθους. Βασίζεται σε έναν απλό αλγό

ριθμο συσταδοποίησης και έχει αναπτυχθεί με τη χρήση της γλώσσας Matlab. Στηρίζετ

αι στη σύγκριση των ενδιάμεσων χρόνων και της επικεντρικής/υποκεντρικής απόσταση

ς μεταξύ διαδοχικών σεισμών, χωρίς περιορισμούς ως προς το μέγεθος των σεισμών. 

Με τη χρήση του, αναγνωρίζονται οι χωρικές συγκεντρώσεις της σεισμικότητας κατά τι

ς οποίες ο ρυθμός γένεσης σεισμών είναι σημαντικά αυξημένος συγκριτικά με τον μέσο 

ρυθμό ή τη σεισμικότητα αναφοράς. Το λογισμικό συμπεριλαμβάνει υπηρεσίες απεικόν

ισης που διευκολύνουν το χρήστη ώστε να ελέγχει άμεσα και συνεχώς τη διαδικασία, η 

οποία είναι ταχεία ακόμη και για πολυπληθείς καταλόγους. Στην παρούσα εργασία περ

ιγράφεται ο αλγόριθμος με συνοδά παραδείγματα. Επιπλέον, παρουσιάζεται μια εφαρμ

ογή σε έναν τοπικό κατάλογο μικροσεισμικότητας στην περιοχή Σάμου-Karaburun (Α.

Αιγαίο). Αναδυκνείονται οι ιδιότητες των σεισμικών συστάδων που αναγνωρίστηκαν κ
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αι χαρακτηρίζονται είτε ως τυπικές μετασεισμικές ακολουθίες είτε ως σμηνοσειρές. Με

λλοντικές εφαρμογές και βελτιστοποίηση του κώδικα αναμένεται να καταστήσουν τον "
MISTIC"  ένα γρήγορο και χρήσιμο εργαλείο για τη μελέτη σεισμικών συστάδων. 

Λέξεις κλειδιά: Σεισμολογικό λογισμικό, συστάδες σεισμών, μικροσεισμικότητα, 

Σάμος- Karaburun. 

1. Introduction 

Seismicity clustering is an aspect of earthquake behavior both for global and regional seismicity. 

Earthquakes exhibit multi-dimensional clustering at all scales in the sense that the earthquake 

occurrence, changes with respect to space, time and magnitude (e.g. Kagan and Jackson, 1991). 

Earthquake clustering reveals a physical interrelation mechanism among faults, or demonstrates 

possible interactions between earthquakes and their seismogenic sources. Clustering and earthquake 

interrelations stem also from the fact that some seismicity parameters (inter-event time, frequency-

magnitude distribution) as well as fault properties (displacement accumulation, fault 

length/frequency) are characterized by fractal geometry and power law statistics. When investigating 

earthquake clustering in a specified seismogenic area, two seismicity types are distinguished. The 

first type is the time independent seismicity, which is assumed to be constant over large time periods, 

in a given constant fault stressing rate. Time independent seismicity is considered as normal for a 

certain region (Habermann and Wyss, 1984). The second kind is the triggered seismicity, such as 

aftershock sequences which decay with time according to Omori’s law (Omori, 1894). The later 

type of seismicity is not representative of a region and it is oftentimes removed from the datasets 

when specific analysis is required. This is accomplished by the application of a seismicity 

declustering methodology, a process aiming to the identification and the separation of seismicity 

catalogs into mainshocks (independent events) and seismic excitations including foreshocks and 

aftershocks (dependent events). 

The methods that have been developed in order to discriminate the dependent from the independent 

fraction of seismic activity are divided into conventional and stochastic approaches (for a 

comprehensive review see van Stiphout et al., 2012 and references within). The methods forming 

the first group can be further classified into window and link based methods. The window-based 

methods remove the smaller magnitude earthquakes in a space-time window around a larger event, 

usually named as the main shock (e.g. Utsu, 1969; Gardner and Knopoff, 1974). Most commonly, 

the larger the magnitude of the main shock, the bigger the window size is considered. The link-based 

methods remove events which are found within a compromised space-time distance compared to an 

earlier event (Reasenberg, 1985; Frohlich and Davis, 1990). On the other hand, stochastic 

declustering methods mostly model space-time-magnitude occurrences of earthquake clusters, in the 

form of a branching point process (e.g. Kagan, 1991; Ogata, 1998; Console and Murru, 2001; 

Zhuang et al., 2002, 2004). These models generally classify seismicity into two components, the 

background and the clustered seismicity, according to certain branching rules. However, recent 

studies show that the independent fraction of seismicity, as it is assumed, actually exhibits temporal 

fluctuations which can be noticeable even during short time scales (e.g. Hainzl and Ogata, 2005). 

Some modern clustering identification techniques have also been recently proposed, such as the 

CURATE algorithm (Jacobs et al., 2013) and multi parameter space clustering after data 

transformation to equivalent dimensions (Lasocki, 2014). 

The aim of this paper is not to discriminate and remove aftershocks from the background seismicity, 

but to identify earthquake clusters in space and time without any magnitude constraints (except the 

completeness level of the dataset). There is strong evidence supporting the fact that the magnitude 

of each individual aftershock is independent of the mainshock magnitude (Michael and Jones, 1998; 

Felzer et al., 2004). According to this statement, the only reason that stronger earthquakes generate 

stronger aftershocks is because the number of their aftershocks is much larger than the one for 

smaller magnitude mainshocks. Additionally, seismic swarms and small seismicity bursts without 

characteristic events are also frequently observed in some seismotectonic environments. 
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Thus, the "MISTIC" algorithm (Magnitude Independent Space - TIme Clustering) which is now 

introduced, is developed in order to identify clusters considering that the clustered seismicity density 

in space and time, is much larger than the average (or background) activity. The parameters set to 

classify earthquakes in clusters are the inter-event time, the distance from the cluster’s center of 

gravity and the minimum number of events per cluster. In this way, swarms and relatively smaller 

magnitude seismic sequences can still be identified and thereinafter be connected with physical 

processes such as stress transfer and pore fluid migration. Finally, the algorithm and its application 

in a local seismicity catalog of Samos-Karaburun area (eastern Aegean Sea) are also demonstrated. 

2. Methodology 

"MISTIC" is a code implemented in Matlab. The cluster identification technique that it follows is 

based upon the calculation of characteristic quantities (time and distance) between subsequent events 

and the comparison of the derived values according to predefined ones, by the user limitations. The 

cluster analysis procedure depends on three parameters, user defined: a) a maximum inter-event 

time between subsequent events, b) a maximum distance between earthquakes epicentres and the 

clusters’s gravity center and c) a minimum number of events in each cluster. This algorithm is 

magnitude independent, since high rated seismicity concentrated in a narrow region can be observed 

in the absence of a characteristic earthquake magnitude, something which is verified in the 

demonstrated application. A maximum inter-event time, Tmax, a maximum distance, Xmax and a 

minimum number of events per cluster, Nmin, are assumed to be the constraints set by the user in 

order to define clustered activity. The source code is implemented into the following steps i) the 

preliminary temporal criterion, ii)  the spatial criterion and iii) the final temporal criterion, all 

described below. 

2.1. Preliminary Temporal Criterion 

When a seismic cluster occurs, the fundamental criterion that should be fulfilled concerns the time 

difference between the successive events. Constraints in time are primarily considered because if an 

inter-event distance criterion is adopted instead, the following misleading case is likely to happen: 

We assume that there is a sequence of three seismic events, ni-1, ni, ni+1 (Figure 1). Each of these 

events is determined by an origin time (tj) and a position vector (rj) which is described by either two 

variables in 2D coordinates (longitude and latitude) or three variables (plus depth) in 3D coordinates. 

In the current example the depth has been neglected, thus, the position vector is only defined by the 

epicentral coordinates. 

 

Figure 1 – An example of three earthquake epicentres in a sequence (ni-1, ni, ni+1) described 

by parameters in time and in 2D space, where ti is the occurrence time, ri is the position 

vector, Δt is the inter-event time and Δx is the inter-event distance between the events. 

ΔΤj and Δxj are the temporal and spatial (Euclidian distance) differences between the successive 

events, respectively. In this case, a ni-event although it has occurred close in time with the former 

(ni-1) and the following (ni+1) events (Δt1, Δt2 and Δt3 are similar), it is located far away from them, 
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such that Δx1>>>Δx3 and Δx2>>>Δx3. An inter-event distance criterion could classify both ni, ni+1 

events out of the cluster although the distance between ni+1 and ni-1 is relatively much shorter. On 

the contrary, a predefined temporal criterion ensures that such events are not removed from the 

cluster. In this way, many non-clustered events in the datasets are created, however none of the 

clustered event is subtracted, as an outlier. After the first criterion is applied, the compiled catalogs 

are tested for the number of events they contain and only those for N>Nmin, are further investigated 

through the second criterion. All clusters obtained during this process are individually saved and 

further used as an input to the second step of the procedure. 

2.2. Spatial Criterion 

The earthquake clusters extracted after the first criterion include events with inter-event times 

Δt<Tmax. The second step is to set certain spatial criteria in order to define clustering in the space 

domain. These constraints are successively performed in two individual processes: 

i.  Firstly, the events whose epicentres are far from the cluster’s gravity center in a distance X-

i>Xmax (specified by the user) are identified and removed. This criterion is adopted in order to 

manually select a radius that is in agreement with the scope and the needs of the analysis. 

ii. In the case that the spatial constraints are of minor importance or not strict enough, the algorithm 

identifies and removes the outliers by providing the option for applying two different techniques, 

namely Test 1 and Test 2, which are described below: 

Test 1: The first option is to identify events which lie in a distance equal or greater than the average 

distance ( X ) between the events and the center of the cluster, plus k times the standard deviation 

(σ) of these distances from the cluster’s gravity center. Specifically, the minimum acceptable 

distance in Test 1, where Xi is the distance between the ith event and the cluster center and k-value 

is usually set equal to 2 or 3 is defined as: 

Equation 1 – Minimum acceptable distance defined by Test 1. 

kXX i   

Test 2: The alternative option assumes that the minimum distance between two events which belong 

to the same cluster can be defined from the center of the cluster according to the formula: 

Equation 2 – Minimum acceptable distance defined by Test 2. 

kX
X

X
X i 










%5max

 

The first term in the right part of equation 2 balances the effect of the outliers, since %5maxX  is the 

average distance of the 5% of the most distant events from the center. The second term is 

proportional to the dispersion of the data (same as Eq. 1). If the outliers are far from the cluster 

gravity center %5maxX it becomes larger and therefore, the right part decreases, such that events 

located at intermediate distances are also excluded. On the other hand, if the outliers are relatively 

close to the cluster, the term 
%5maxX

X  is closer to unity and consequently the radius extends, 

therefore, the events located at the borders of the cluster are not being removed. Figure 2 

schematically demonstrates the comparison between the two approaches for four different 

combinations of input parameters (regarding Tmax and Xmax) for the same seismic catalog. In all cases 

Nmin is set equal to 50 events. 
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Figure 2 - Cluster identification for the same seismic dataset for different spatial and 

temporal criteria (Test 1 - blue circles) and (Test 2 - red circle). 

In the subplots of Fig.2 the spatial distribution of earthquake epicentres which form a cluster as they 

have been extracted from the "MISTIC" code is shown. In each plot, the radii of the inner and the 

outer blue circles are equal to the mean distance of the epicentres from the cluster center plus 2σ and 

3σ, (i.e. k=2 and k=3) respectively (Eq. 1). Whereas, the red circle indicates the cluster boundaries 

defined by the term 2
%5max

X
X

X  (Eq. 2, k=2). 

When Xmax takes relatively low values, Test 2 provides almost the same constraint with the case of 

2σ although it is always stricter. As Xmax increases and the outliers lie in greater distances, Test 2 

becomes sufficiently stricter than 2σ+ X and prevents events that are found in intermediate distances 

from intruding into the cluster. An alternative way to avoid such a situation is to select a reasonably 

low value of Xmax (and Tmax) from the beginning of the clustering procedure so that the outliers can 

be initially filtered. These values can be adjusted by the user after repeating the process. In particular, 

in Fig. 2b, there are three events inside the red circle which have been excluded from the cluster 

according to the second temporal criterion described in the following section (Step 3). After the 

spatial constraint is accomplished the compiled catalogs are sought for the number of events they 

include, and only those with N>Nmin, are further analyzed in Step 3. 
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2.3. Final Temporal Criterion 

The datasets compiled after the application of the temporal and the spatial criteria, are further filtered 

with a final temporal constraint. The reason for adding a supplementary test appears because after 

the execution of the Spatial Criterion the removal of some remote events resulted to the increase of 

the inter-event times between subsequent earthquakes in the specified clusters. An additional 

comparison of the new inter-event times with the maximum time (Tmax) set at the beginning of the 

process is therefore necessary in order to ensure that the spatio-temporal criteria are strictly fulfilled. 

At the end of the process, the final catalogs with the extracted clusters are available for visualization 

and any other processes for the inspection of the method’s efficiency or for the final decision making, 

on behalf of the user. 

The output files include all the catalogs compiled in each of the three Steps, named: 

1) Dataset.c*: the first catalog extracted after the application of the Preliminary Temporal 

Criterion (Step 1) 

2) Dataset.p*: the second catalog derived after the application of the Spatial Criteria (Step 2) 

3) Fincat.b*: the final catalog (after employing Steps 1, 2 and 3) 

In addition to the datasets, the program provides supplementary information about the characteristic 

and the statistics of the original dataset (total number of events, time span of the catalog, mean - median 

inter-event time and area dimensions) as well as statistical information for the derived clusters (starting 

and ending date/time, number of events, maximum magnitude difference, etc - see Table 1). 

3. Testing and Evaluation 
3.1. Study Area 

In July 2007, online seismological stations were deployed in the central part of the Aegean coast in 

western Turkey (Inan et al., 2007). Several previous studies in this area focused on the seismotectonic 

properties, regarding active faults and neotectonic analysis (e.g., Bozkurt, 2001, 2003; Mountrakis et 

al., 2003; Çiftçi and Bozkurt, 2009), study of seismic sequences (e.g., Benetatos et al., 2006; Aktar et 

al., 2007), or microseismicity analysis (Tan 2013). Tan et al. (2014) installed a dense local network 

(July 2007 to September 2012) and analyzed the recorded seismicity for faults identification. 

 

Figure 3 - Spatial distribution of the 13.592 earthquakes recorded and analysed in Samos-

Karaburun area. Intense seismic activity is observed at the eastern part of Samos island, 

NNE of Samos at the offshore Turkish mainland as well as in Karaburun peninsula. 
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The earthquake foci analysis showed that they are associated with certain clusters and they 

illuminated the subsurface structure of the mapped faults. During this period continuous monitoring 

resulted in a wealth of data (Figure 3) which, along with data provided from seismological stations 

of the permanent Hellenic Unified Seismological Network (HUSN), are capable of revealing the 

geometrical properties of the activated structures. The catalog was integrated with the calculation of 

local magnitudes (Tan, 2013) with minimum recorded ML=0.2. 

The calculation of the catalog completeness magnitude, MC, was accomplished by applying a 

maximum likelihood goodness of fit test (Leptokaropoulos et al., 2013) which is a modified version 

of Wiemer and Wyss (2000); MC was found equal to ML=1.6 (Figure 4). The application of this 

technique in two years data sets shows a constant value of MC=1.6, a fact that verifies the regular 

and efficient local network operation. Such a low completeness threshold implies that the specific 

dataset is the best catalog ever compiled for this area. The b-value of Gutenberg-Richter relation 

was found equal to 0.93, a value close to 1.00 which is typical for characterizing seismic activity 

worldwide. 

 

Figure 4 - Calculation of the completeness magnitude, ΜC, and b-value of Gutenberg-Richter 

power law for the seismicity catalog. In the left frame, squares and circles indicate the 

incremental and the cumulative frequency magnitude distribution in respect. The fitting 

curve (b-value) was derived by application of the maximum likelihood estimation method. In 

the right frame, the goodness of fit test is shown between the obtained power laws of the real 

data (triangles) or 1000 synthetic catalogs (squares), as a function of magnitude, Μ. 

3.2 Application and Results 

The input seismicity dataset contains 5.577 events, distributed over an area with approximately 

covering 131km x 144km. The earthquake recordings lasted for 1.898 days, for which the mean and 

the median inter-event time is equal to 0.340 and 0.143 days respectively. The parameters used for 

the application of the algorithm and the extraction of earthquake clusters are i) maximum inter-event 

time, Tmax=0.5 days, ii) maximum distance from cluster, Xmax=50km and iii) minimum number of 

events per cluster, Nmin= 30. Finally, 15 clusters fulfilling the aforementioned criteria, are identified. 

Nevertheless, two earthquake triples of these clusters are further merged into hyperclusters, i.e. 

clusters generated after the merge of several clusters into a single one. Although there are inter-event 

times greater than 0.5 days (therefore generating separated clusters), the mean inter-event time of 

the events included in these clusters is still much lower than the overall average. 
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Thus, the analysis yields 11 clusters (Figure 5) whose properties are shown in Table 1. Some of 

these clusters exhibit main shock-aftershocks characteristic (C2, C5, C6, C8 and C10), whereas 

some others (C1, C3, C4, C7, C9 and C11) are rather swarm-like sequences. 

Table 1 – Quantitative properties of the clusters identified with their codes (the clusters are 

displayed in Figure 5). Shaded cells accommodate main-shock aftershock clusters, whereas 

cells with swarm-like clusters are white. 

Cluster 

ID 

Number 

of Events 

Duration 

(Days) 
ML Mmax 

ΔΜ  
between the 2 

strongest events 

Mmax 

Rank in 

Sequence 

b-value 
(95% confidence 

bounds) 

C1 141 6.12 2.1 4.1 0.3 103/141 0.76±0.13 

C2 37 2.07 3.1 4.3 0.9 2/37 0.61±0.20 

C3 50 3.17 3.3 3.6 0.1 43/50 0.75±0.21 

C4 30 1.48 2.5 3.3 0.1 15/30 0.87±0.31 

C5 47 1.83 5.1 5.1 1.9 1/47 0.88±0.25 

C6 69 4.16 4.8 4.8 0.6 1/69 0.70±0.17 

C7 94 4.51 1.7 3.8 0.3 19/94 0.80±0.16 

C8 232 25.79 1.8 5.0 0.8 19/232 0.89±0.11 

C9 105 4.2 2.7 4.2 0.2 65/105 1.08±0.21 

C10 97 5.21 5.0 5.0 0.6 1/97 0.67±0.13 

C11 136 31.8 2.6 3.7 0.5 88/136 
0.73±0.13 

(Mc=1.8) 

 

Figure 5 - The earthquake clusters identified with the use of the "MISTIC" algorithm. The 

cluster properties are described in Table 1. Violet colour represents a main-shock aftershock 

sequences, whereas red colour indicates a swarm-like activity. The usage of triangles and 

circles was only done for discriminating clusters from their adjacent one. 
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The criteria used for this discrimination are the magnitude difference between the two strongest 

events (<0.5 units for swarms) and the occurrence of the strongest shock at the earliest stages of the 

seismic burst. After several iterations, it is shown that selecting values between 0.5-1.0 days for the 

inter-event time, leads to an identical number and size of the extracted earthquake clusters. Lower 

values of inter-event time (0.1 to 0.5 days) yield 5-7 clusters whereas the maximum distance 

criterion from 30km up to ~80km roughly increases the number of events in each cluster by ~5%. 

When the default spatial criterion is applied, a few relatively remote events are included in the 

clusters, in the cases when the inter-event time is set higher than one day. 

4. Discussion and Conclusion 

This paper introduced "MISTIC", a magnitude independent space-time clustering algorithm, which 

distinguishes seismic clusters characterized by significantly higher occurrence rates into areas with 

predefined dimensions. Based upon the well-established observation that seismic bursts occur when 

seismicity rate is more than 10 times higher than the average seismic activity (and even higher than 

the background seismicity), it is unlikely that the cluster’s gravity center is significantly shifted from 

the actual location (i.e. for every 10-20 events which occur within the cluster less than one event 

occurs off the cluster). Especially during the initial stages of a seismic burst, when earthquake rates 

demonstrate the highest values, the clusters are well determined and tightly shaped, hard to be 

contaminated by earthquake outliers. 

The application of the proposed code provides figures of clusters and lists of events potentially 

belonging to each cluster, for manual testing by the user. It is noteworthy that the computation time is 

negligible (less than 10sec) even for a dataset consisting of approximately 50.000 events. This fact 

grants the user with the flexibility to test a variety of different parameters or value combinations and 

to evaluate the results along with the visualization services the code provides. The algorithm 

demonstrates adequate performance, being able to identify even minor clusters with the absence of a 

characteristic magnitude event, but only associated with the increased seismic activity. These enhanced 

seismicity rates may thereinafter being sought for potential association with physical processes such 

as pore fluid migration, dynamic or static stress changes (Leptokaropoulos et al., 2016). Nevertheless, 

the algorithm is not suitable for large areas or global seismicity datasets since it performs with a better 

accuracy at smaller areas with constrained seismic zones where high quality local catalogs are available. 

Further testing of the algorithm providing more results will be beneficial for the verification of the 

process and will certainly contribute to the optimization of the code’s performance. 
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Abstract 

Εarthquake generation causes spatio-temporal stress changes on adjacent fault 

segments that can alter the occurrence probability of subsequent earthquakes onto 

them. The interaction is investigated with the Linked Stress Release Model, applied to 

fit historical data from two areas that accommodate high seismicity, the Corinth Gulf 

and the Central Ionian Islands. These two areas are divided in two subareas, based 

on seismotectonic features; Corinth Gulf is divided in the western and eastern part, 

whereas the area of Central Ionian Islands is divided in Kefalonia and Lefkada 

subareas.  The results establish interactions between the subareas, especially in the 

Central Ionian Islands, and underline the differences in tectonic structures and 

earthquake mechanisms between these areas. Particularly, the seismicity in the 

Central Ionian Islands is proved to be more complex and active and yet more difficult 

to be examined, whereas the LSRM fits the Corinth Gulf data more easily. 

Keywords: interaction, point process, conditional intensity function. 

Περίληψη 

Η σεισμογένεση προκαλεί χωρο-χρονικές μεταβολές στις τάσεις σε γειτονικά ρήγματα, 

οι οποίες επηρεάζουν τις πιθανότητες γένεσης σεισμών σε αυτά. Η αλληλεπίδραση 

διερευνάται με τη βοήθεια τoυ Συζευγμένου Μοντέλου Απελευθέρωσης Τάσης (ΣΜΑΤ), 

το οποίο εφαρμόζεται σε ιστορικούς καταλόγους δύο περιοχών με ιδιαίτερα έντονη 

σεισμικότητα, τον Κορινθιακό Κόλπο και τα Νησιά του Κεντρικού Ιονίου. Οι δύο αυτές 

περιοχές διακρίνονται σε δύο υποπεριοχές η καθεμία, με βάση τα σεισμοτεκτονικά τους 

χαρακτηριστικά. Συγκεκριμένα, ο Κορινθιακός Κόλπος χωρίζεται στο δυτικό και το 

ανατολικό του τμήμα, ενώ η περιοχή του Κεντρικού Ιονίου στις υποπεριοχές της 

Κεφαλονιάς και της Λευκάδας. Τα αποτελέσματα υπογραμμίζουν τις διαφορές μεταξύ 

των δύο περιοχών σε σχέση με τις τεκτονικές δομές τους. Συγκεκριμένα, η σεισμικότητα 

στην περιοχή του Κεντρικού Ιονίου αποδεικνύεται πιο πολύπλοκη και πιο δύσκολη να 

μελετηθεί, ενώ το ΣΜΑΤ προσαρμόζεται πιο εύκολα στα δεδομένα του Κορινθιακού 

Κόλπου. 

Λέξεις κλειδιά: αλληλεπίδραση, σημειακή διαδικασία, συνάρτηση κινδύνου.  
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1. Introduction 

Considerable efforts were exerted during the last decades for evaluating the seismic hazard in a region 

by means of the stress release models. Vere-Jones and Deng (1988) and Zheng and Vere-Jones (1991, 

1994) were the first to apply and study in detail the Simple Stress Release Model (SRM), a stochastic 

version of the elastic rebound theory. According to the models based on this theory, a large earthquake 

should be followed by a period of quiescence. Kagan and Jackson (1991) though, suggest a long-term, 

weak clustering which characterizes all the mainshocks and Gabrielov and Newman (1994) support 

that a strong earthquake can be followed by a period of activation and sometimes other earthquakes of 

comparable magnitude. This kind of behavior could be explained through stress transfer between 

different regions. Liu et al. (1999) proposed the Linked Stress Release Model (LSRM) introducing 

stress interaction between different parts of a region to estimate the effect on the seismic hazard in each 

part. Ever since, stress release models have been applied to historical earthquakes from different 

regions worldwide (e.g. Lu et al., 1999; Lu and Vere-Jones, 2000; Bebbington and Harte, 2001, 2003; 

Lu, 2005) or to synthetic earthquake catalogs (Lu and Vere-Jones, 2001). More recently, information 

gains and entropy scores have been used for scoring probability forecasts (Bebbington, 2005; Harte 

and Vere-Jones, 2004), whereas Rotondi and Varini (2006, 2007) analyze stress release models from 

the Bayesian viewpoint. 

In this paper, we model the earthquakes occurrence as a stochastic point process by applying LSRM 

to the historical earthquake catalogs from the Corinth Gulf and the Central Ionian Islands focusing 

on the stress transfer among subareas of these two areas. The results obtained, confirm interactions 

between the subareas, especially in the Central Ionian Islands, and yet underline the differences in 

tectonic structures between the two study area. 

2. Study areas  

The study areas were extensively investigated during the last decades since they have experienced 

several destructive earthquakes and have been identified as sites of major importance for earthquake 

studies in Europe. The rift of Corinth consists one of the most prominent active structures, which 

separates continental Greece from the Peloponnese (McKenzie, 1978). The high level of seismicity 

is testified by the historical as well as the instrumental records, which include several moderate to 

large earthquakes ( 6.0M  ). In the Gulf of Corinth though, the largest magnitude observed or ever 

reported is hardly any greater than 6.8, a fact that probably reflects the lack of continuity of fault 

segments (Jackson and White, 1989). One more feature that should be taken into account in seismic 

hazard studies is the earthquake occurrence very close in time (e.g. the sequence of 1981 earthquakes 

in the eastern part of the Corinth Gulf). 

The central Ionian Islands area, which includes Lefkada and Kefalonia Islands, constitutes the most 

active part of shallow seismicity in the broader Aegean region, exhibiting the highest seismic 

moment rate (>1025 dyn cm yr-1, Papazachos et al., 1997). The Kefalonia Transform Fault Zone 

(KTFZ) has been recognized as responsible for the high levels of seismicity in the region, connecting 

the continental collision to the north with the oceanic subduction to the south. Seismicity is mainly 

concentrated along the west shoreline and offshore of the two Islands, with almost all the 6.0M 

events to be associated with the fault segments that are part of KTFZ. Lefkada Island has suffered 

many times from earthquakes occurring in the nearby Kefalonia Island, a fact that suggests possible 

coupling between the Lefkada and Kefalonia faults (Papadimitriou, 2002). Therefore, it is 

particularly interesting to examine the interactions between earthquakes occurring in each subarea 

via stress release models. Votsi et al. (2011) were the first to apply these models to central Ionian 

Islands. Two different datasets are used in their study, one comprising earthquakes with 6.0M   

that covers the period 1862-2008 and one comprising earthquakes with 5.2M   that covers the 

period 1911-2008, used in order to obtain a complete catalog with more data necessary for the 

application of the LSRM. The division between the subareas of Kefalonia and Lefkada is slightly 
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different than the one chosen in this study, as well as the dataset used (period selected, magnitude 

cut-off). 

Due to the large number of parameters of the models used, as it will be shown in the methodology 

section, a large data sample is required. The data used for the current study are taken from the catalog 

compiled from the Geophysics Department of Aristotle University of Thessaloniki 

(http://geophysics.geo.auth.gr/ss/). We need though to compromise the fact that we are interested in 

the strong earthquakes that occurred in both regions. Thus, an effort is made to obtain the largest 

and longest possible complete earthquake catalog, which in the case of the Corinth Gulf is the one 

comprising earthquakes with magnitude 5.0M   that occurred in the area since 1911 and in the 

case of the Ionian Islands earthquakes magnitudes with 5.2M   for the same period. The temporal 

distribution of the events is shown in Figures 1 and 2, respectively. Since we will apply the LSRM, 

the two areas were further divided into two subareas according to their seismotectonic features; the 

Corinth Gulf is divided in the western and eastern part, whereas Central Ionian Islands are divided 

in the subatreas of Kefalonia and Lefkada. 

  

Figure 1 - Temporal distribution of the 

earthquakes with 5.0M   that occurred in the 

Corinth Gulf since 1911. 

Figure 2 - Temporal distribution of the 

earthquakes with 5.2M   that occurred in the 

Central Ionian Islands since 1911. 

3. Stress Release Models 

3.1. Simple Stress Release Model (SSRM) 

In the Simple Stress Release Model, the key variable is the stress level in a region, which determines 

the probability of an earthquake to occur (Vere-Jones and Deng, 1988). The evolution of stress 

( )X t  as a function of time, could be written as 

( ) (0) ( ),X t X t S t    

where X(0) is the initial stress value, ρ is the loading rate and S(t) is the accumulated stress release 

from earthquakes within the area over the period (0,t), i.e., 

( ) ,
i

i

t t

S t S


  

where ti, Si are the time and the stress release, respectively, associated with the i-th earthquake. 
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The amount of stress released by an earthquake can be estimated from empirical relations as a 

function of its magnitude. Kanamori and Anderson (1975) show that the magnitude M is 

proportional to the logarithm of the seismic energy released according to the relation 

2 / 3log .M E const   Bufe and Varnes (1993) suggest the cumulative Benioff strain as a measure 

of the total energy released, i.e., 
( )

1/2

1

( )
N t

i

i

S t E


   , where Ei is the seismic energy of the i-th 

earthquake and N (t) stands for the number of earthquakes till time t. Then we have the relation 

min0.75( )10 M MS  , 

where M denotes the earthquake magnitude and Mmin the normalized magnitude. 

The stochastic behavior of the model is characterized by the conditional intensity function, which is 

equal to the hazard function and it is assumed to have the exponential form 

  *( ) ( ( )) exp[ ( (0) ( ))] exp[ ( ( ))] exp ( ) .t X t X t S t a t S t a b t cS t                 

Estimation of the parameters is performed numerically by maximizing the log-likelihood function 
( )

* *

1 0

log log ( ) ( )

TN T

i

L t u du 


   , 

where (0, T) is the observational interval and N(T) is the total number of events in (0, T). 

3.2. Linked Stress Release Model (LSRM) 

From the above description, it can be seen that stress transfer is not taken into account in the Simple 

Stress Release Model. In order to incorporate interactions between different subareas, the Linked 

Stress Release Model is proposed. In that case, the evolution of stress in the i-th area can be rewritten 

as 

( ) (0) ( , )i i i ij

j

X t X t S t j    , 

where S (t, j) stands for the accumulated stress release in the subarea j over the period (0,t) and the 

coefficient θij measures the fixed proportion of stress drop, which is transferred from subarea j to 

subarea i. It is plausible to set θii =1. Positive and negative values of θij indicate damping and 

excitation respectively. 

We assume that each area has an exponential hazard function and we obtain for each area i a 

conditional intensity function of the form 

 * ( ( )) exp ( , )i i i i i ij

j

t X t t S t j    
   

      
   

 , 

where αi (= μi +νi Xi(0)), νi, ρi  and θij are the parameters to be fitted. A simpler parameterization 

(Liu et al., 1998) is achieved by setting bi=νi ρi and cij=θij/ρi, yielding 

* ( ) exp ( , )i i i ij

j

t a b t c S t j
   

    
   

 , 

where ai, bi, cij are the parameters to be fitted for each subarea i. 

For the estimated parameters there are some restrictions that should be taken into account. The 

parameters bi=νiρi, και ciι=1/ρi should be positive, since the loading rate ρi and the sensitivity to 

stress change, νi, take (only) positive values. On the contrary, c12 and c21 could take either positive 

or negative values. 

Estimates of the parameters are found by numerically maximizing the log-likelihood 
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1 2( ) ( )
* * * *

1 2 1 2

1 1 0

log log ( ) log ( ) ( ( ) ( ))

TN T N T

i j

i j

L t t u u du   
 

      , 

where Ν1(Τ), Ν2(Τ)  are the total number of events that occurred in the subareas 1 and 2, respectively, 

in the time interval (0, T), spanned by our catalogs. 

4. Application of the LSRM 

4.1. Application of the LSRM to the area of Corinth Gulf 

Zheng and Vere-Jones (1991, 1994) found that large geographical areas give better fits to the simple 

stress release model when divided into subunits. We will apply the Linked Stress Release Model in 

order to investigate coupling between the two subareas in the Corinth Gulf, i.e., its western and 

eastern parts of the Corinth Gulf. 

In addition to the restrictions mentioned above, in section 3.2, geodetic data analysis shows 

differences in extension rates between the western (15mm/yr) and eastern part (10mm/yr) of the 

Corinth rift (Briole et al., 2000; Chousianitis et al., 2015). There are then additional restrictions 

concerning the loading rates. Particularly, by allowing ρ1/ρ2=3/2, we get c11/c22 =2/3. The maximum 

value of the log-likelihood function is logL=-167.266 and is calculated numerically through a 

Newton-type algorithm. The standard errors are calculated by means of the Fisher information 

matrix. The parameters bi and cii, which have to be positive, were transformed via an exponential 

transformation in order for the confidence intervals to include only positive values. The parameters 

we derived through the MLE method are presented in Table 1. 

Table 1 - Estimated parameters, standard errors and 90% confidence intervals for the 

LSRM applied to the Corinth Gulf. 

Parameter Estimation Standard error 90% Confidence 

Interval 

a1 -0.8119 2.0058 (-4.1114, 2.4876) 

a2 -0.7967 2.4102 (-4.7615, 3.1680) 

b1 0.0149 0.0032 (0.0143, 0.0153) 

b2 0.0413 0.0009 (0.0397, 0.0428) 

c11 0.2513 0.0264 (0.2079, 0.2947) 

c12 0.4550 0.0130 (0.4336, 0.4764) 

c21 0.6112 0.0414 (0.5431, 0.6793) 

c22 0.3773 0.0264 (0.3339, 0.4208) 

Next, we transform the aforementioned parameters in order to get νi, ρi and θij. The results are 

presented in Table 2. 
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Table 2 - Transformed parameters for the LSRM applied to the Corinth Gulf. 

Subarea i ai νi ρi θi1 θi2 

Western 

Corinth (1) 
-0.8119 0.0004 3.97 1 1.806 

Eastern 

Corinth (2) 
-0.7967 0.0156 2.65 1.619 1 

 

 
Figure 3 - The conditional intensity function versus time for each subarea calculated by the 

LSRM, fitted to the catalog of earthquakes with 5.0M   that occurred since 1911. (top) 

western part of the Corinth Gulf. (bottom) eastern part of the Corinth Gulf.  
 

The hazard functions calculated by using the fitted parameters are shown in Figure 3. The 

transformation of the parameters along with the hazard functions help us interpreting the results and 

the possible interactions between the two subareas. Both parameters, θ12 and θ21, are positive, which 

means that earthquakes occurring in the western part of the Corinth Gulf (subarea 1) can be 

considered to “provoke” (more precisely, “are accompanied by”) damping, i.e., decrease of the 

occurrence rate in the eastern part (subarea 2) and vice versa. 
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4.2. Application of the LSRM to the area of Central Ionian Islands 

The LSRM is applied to the earthquakes with 5.2M   that occurred in the Central Ionian Islands 

since 1911. Due to the fact that earthquakes in our data set have to be independent events, aftershocks 

are removed and this fact leads to a catalog of 75 events in total.  

In order to find the maximum value of the likelihood function of the model the (8-dimensional) 

parameter space was scanned numerically using a dense grid (with step varying from 0.01 to 0.1), 

by also taking into account the restrictions of the model. The maximum value of the log-likelihood 

function of the LSRM applied in Central Ionian Islands is -145.6144 and is obtained for the 

parameters given in Table 3. 

Table 3 - Linked Stress Release Model parameters for Central Ionian Islands. 

Parameter Estimation Standard error 90% Confidence 

Interval 

a1 0.3 0.0246 (0.2594, 0.3405) 

a2 0.1 0.0287 (0.0527, 0.1473) 

b1 0.04 2.57*10-5 (0.0399, 0.0400) 

b2 0.03 1.84*10-5 (0.0299, 0.0030) 

c11 0.333 0.0015 (0.3308, 0.3354) 

c12 0.8 0.0042 (0.7930, 0.8070) 

c21 0.6 0.0035 (0.5948, 0.6052) 

c22 0.5 0.0022 (0.4963, 0.5037) 

The transformed parameters are presented in Table 4.  

Table 4 - Transformed Linked Stress Release Model parameters for Central Ionian Islands. 

Subarea i ai νi ρi θi1 θi2 

Kefalonia(1) 0.3 0.0133 3 1 1.6 

Lefkada (2) 0.1 0.015 2 1.8 1 

The parameters are then used in order to calculate the conditional intensity functions for each 

subarea (figure 4). 

Both parameters, θ12 and θ21 are positive (by taking the confidence intervals for the associated c12 

and c21 into account) and thus we may argue that earthquakes occurrence in Kefalonia Island 

(subarea 1) “causes” (or better, “is accompanied by”) damping, i.e., decrease of the earthquake 

occurrence rate in Lefkada Island (subarea 2) and vice versa. 
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Figure 4 - The conditional intensity function versus time for each subarea of the Central 

Ionian Islands calculated by the LSRM, fitted to the catalog of earthquakes with 5.2M   

that occurred since 1911. (top) Kefalonia (bottom) Lefkada. 

5. Conclusions 

By means of the Linked Stress Release Model, we established a model for the interactions between 

different faults and yet different subareas of a larger area. The model itself provides a simple 

paradigm whereby spatio-temporal complexity of seismicity can be related to both the dynamics and 

heterogeneities in a seismic region. Large variation concerning the conditional intensity functions is 

observed, meaning that the risk of an earthquake occurrence is obviously not time invariant 

(especially in the Central Ionian Islands). This kind of behavior could be explained by the more 

complicated structure of this area and thus the pattern of earthquake occurrence could better be 

justified via the Linked Stress Release Model. Finally, it is worth noting that fitting of the LSRM 

leads to the conclusion that earthquake occurrences in any subarea “cause” (are accompanied by) 

damping, i.e., decrease of the earthquake occurrence rate in the area nearby, for both areas under 

study. In other words there is no evidence (using LSRM) of earthquake provoke from one subarea 

to the other.  
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Abstract  

Seismic excitations occur as mainshock-aftershock sequences (MS-AS) encompassing 

a strong event called mainshock with the largest magnitude in the set, or as 

earthquake swarms (ES) when a distinctive main event is absent. In regions as the 

gulf of Corinth, where active deformation is manifested with frequent seismicity 

bursts, it is important to distinguish MS-AS from ES for providing information on the 

physical process of earthquake generation and contribute to the seismic hazard 

assessment. For this purpose, a highly accurate local earthquake catalogue was 

compiled and an effort was made for clusters identification after establishing certain 

criteria based on spatio-temporal seismicity properties. The skewness and kurtosis of 

moment release history were calculated considering the normalized time of every 

event in a cluster since the starting time of the cluster and its seismic moment. For 

MS-AS we found large positive values for skewness and kurtosis contrary to ES that 

exhibit negative to low positive values for skewness and even lower values for kurtosis. 

In order to verify the classification of clusters, the b-value, the spatial size and the 

number of events of each cluster were examined. Finally, a scaling relation between 

the length of the rupture zone and magnitude derived for the MS-AS sequences. 

Keywords: main shock, swarms, relocation, skewness, b-value, statistical seismology. 

Περίληψη 

Οι σεισμικές εξάρσεις διακρίνονται σε μετασεισμικές ακολουθίες οι οποίες συνδέονται 

με τη γένεση ενός κύριου σεισμού μεγαλύτερου σε μέγεθος από τους υπόλοιπους της 

ακολουθίας και σε σμηνοσεισμούς στους οποίους δεν εμφανίζεται σεισμός με διακριτά 

μεγαλύτερο μέγεθος από τους υπόλοιπους. Σε περιοχές όπως ο Κορινθιακός κόλπος 

όπου η ενέργεια παραμόρφωσης εκδηλώνεται υπό τη μορφή συχνών σεισμικών 

εξάρσεων, είναι σημαντική η διάκρισή τους σε μετασεισμικές ακολουθίες ή 

σμηνοσεισμούς διότι συμβάλλει στην κατανόηση των φυσικών διεργασιών 

σεισμογένεσης καθώς και στην εκτίμηση της σεισμικής επικινδυνότητας. Για το λόγο 

αυτό δημιουργήθηκε ένας κατάλογος σεισμών ακριβής ως προς τις εστιακές 

παραμέτρους των σεισμών από τον οποίο αναγνωρίσθηκαν οι σεισμικές εξάρσεις βάσει 

χωροχρονικών κριτηρίων που τέθηκαν. Για κάθε αναγνωρισμένη σεισμική έξαρση 

υπολογίστηκαν η λοξότητα και η κύρτωση της σεισμικής ροπής ως προς το χρόνο. Οι 

μετασεισμικές ακολουθίες είχαν μεγάλες θετικές τιμές λοξότητας και κύρτωσης σε 

αντίθεση με τους σμηνοσεισμούς οι οποίοι είχαν αρνητικές έως χαμηλές θετικές τιμές 
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της λοξότητας και μικρότερες τιμές κύρτωσης. Με σκοπό την επαλήθευση της διάκρισης 

των σεισμικών εξάρσεων υπολογίστηκαν οι τιμές της παραμέτρου b, το μήκος της 

σεισμικής ζώνης και ο αριθμός των σεισμών για κάθε σεισμική έξαρση. Τέλος, βρέθηκε 

σχέση μεταξύ του μήκους της σεισμικής ζώνης και του μέγιστου μεγέθους για τις 

μετασεισμικές ακολουθίες. 

Λέξεις κλειδιά: κύριος σεισμός, σμηνοσεισμοί, επαναπροσδιορισμός εστιών, 

λοξότητα, b-value, στατιστική σεισμολογία. 

1. Introduction  

Corinth Gulf (Fig.1) is one of the most seismically active regions in Greece, with several destructive 

earthquakes both in historical and instrumental eras, and seismicity manifestation with the 

occurrence of numerous small earthquakes forming sequences of Mainshock - Aftershock (MS-AS) 

type or earthquake swarms (ES). Spatial and temporal discrimination of these sequences and study 

of their properties could contribute to understanding of the seismogenesis in the area. 

Previous research in the area was conducted by Mesimeri et al. (2015) aiming to classify earthquake 

clusters to MS - AS and ES for the west part of Corinth Gulf (subregion A on the present study, Fig. 

1) and for the period 2011-2014. Ιn this study the seismicity clusters were identified for the entire 

Corinth Gulf and their classification as MS-AS and ES was attempted. For that purpose statistical 

parameters as skewness and kurtosis of moment release history were calculated (Mesimeri et al., 

2013; 2014; 2015) The difference in magnitude (ΔΜ) of the two largest events in each cluster was 

taken into account as an additional criterion along with the values of skewness and kurtosis. In order 

to verify the classification of each cluster, other parameters such as b-value, spatial size and the 

number of events in each cluster were identified.  

 

Figure 1 - Seismicity map of Corinth Gulf. 
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2. Data and Methods 

2.1. Relocation 

In order to investigate spatio-temporal characteristics of the study area it is necessary to compile an 

earthquake catalogue with as much as possible accurate locations. For that purpose, the recordings 

of approximately 50 stations of the Hellenic Unified Seismological Network (HUSN) operating 

during 2011-2014 and located in epicentral distances less than 160 km from the study area were 

used. P and S phases were mainly gathered from the monthly bulletins of the Geophysics Department 

of Aristotle University of Thessaloniki (http://geophysics.geo.auth.gr/ss) and the National 

Observatory of Athens (http://bbnet.gein.noa.gr/HL/) for approximately 24,000 events. Earthquake 

location was performed after dividing the region into 3 sub-regions, as shown in Figure 1, in order 

to calculate station delays for smaller areas, a procedure that improves location accuracy. The 

regional crustal model proposed by Rigo et al. (1996) was used and a new velocity ratio was 

estimated for each sub-region using the Wadati method. For further improving location accuracy, 

time corrections for each station were calculated and taken into account in the location procedure. 

Then, for each sub-region the focal coordinates were re-estimated using the double difference 

technique (Waldhauser, 2001). 

2.2. Declustering 

Initially for each sub-region the magnitude of completeness (Mc) was sought using the maximum 

curvature method (Wiemer and Wyss, 2000). For each of the sub-regions A, B, C the threshold 

magnitude was found to be equal to Mc=1.1, Mc=1.5 and Mc=1.4 respectively. Earthquake clusters 

were identified after declustering the complete catalogues applying Reasenberg's algorithm (1985) 

as it has been written in Zmap software (Wiemer, 2001), for MATLAB platform. 

The algorithm requires as input the minimum (Tmin) and maximum (Tmax) duration of the earthquake 

sequence in days, the interaction zone in km (Rfact), the probability of an earthquake (P1) being part of 

a seismic excitation and the magnitude of completeness. Different sets of parameters were examined 

concerning the interaction zone and the duration. For the interaction zone a value of 1 km was chosen 

after the examination of values between 1 and 5 km, and for the duration one day. Clusters with more 

than 10 events were kept according to the criterion of Mogi (1963). For the sake of comparison the 

CURATE (Cumulative RATE) method (Jacobs et al., 2013), which uses seismicity rate as the main 

link between earthquakes, was applied. The obtained results by both the algorithms were quite similar 

and for the purposes of the current study Reasenberg’s algorithm was used. 

2.3. Skewness – kurtosis 

One simple way to quantitatively identify earthquake clusters with swarm–like properties is through 

characterizing the timing of the largest event relative to the rest of the seismicity (Roland and 

McGuire, 2009; Chen and Shearer, 2011). To accomplish this task, the skewness (S) of moment 

release history and the kurtosis (K) for each cluster were calculated. Initially for each cluster we 

normalize the time for each event since the beginning of the sequence 

Equation 1- Mean time delay 
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Then, for each event in a cluster, the moment is estimated from the catalogue magnitude (Hanks and 

Kanamori, 1979) 
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where Mw is the moment magnitude for each earthquake. The centroid time of moment release is 

obtained from the weighted mean time  

Equation 3 - Centroid time  
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Individual moments (Mo) are normalized by  

Equation 4 
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The third (μ3) and the fourth (μ4) central moment of this sequence are given by 

Equation 5 - Third central moment        
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Equation 6 – Fourth central moment 
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and the standard deviation: 

Equation 7 – Standard deviation 
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The skewness and the kurtosis of moment release of each sequence are 

Equation 8 - Skewness                     Equation 9 - Kurtosis 

skewness=μ3/σ3 ,                                    kurtosis=μ4/σ4 . 

As described by Roland and McGuire (2009) a larger positive value of skewness is expected for 

MS-AS sequences (approximately 30) and negative or low positive values for ES (between –2 to 2). 

Chen and Shearer (2011) classified clusters with tmax≤0.4 as early Mmax (more similar to MS–AS) 

and clusters with tmax≥0.4 as late Mmax (more swarm like), where tmax is the normalized timing of 

the largest event in the cluster. In addition to these criteria, values of kurtosis of the seismic moment 

release history were calculated for each cluster, where larger and lower values of kurtosis 

characterize the MS–AS and swarm–like sequences (Mesimeri et al., 2013), respectively. Finally, 

the parabolic relationship between these parameters was tested. 

2.4. b-value 

The slope of the magnitude frequency distribution (b-value) describes the relative distribution of 

small and large earthquakes (Gutenberg and Richter, 1944; Ishimoto and Iida, 1939). Its value spans 
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from 0.5 to 2.5 and depends on material heterogeneity, fluid intrusion and applied stress (e.g. Scholz, 

1968). For the estimation of b-value we used the maximum likelihood method was used (Aki, 1965): 

Equation 10- b value calculation 

e
MM

b log
1

min
  

where �̅� is the mean and Mmin the minimum magnitude of the given sample. The uncertainty in the 

estimation of b-value is calculated using equation 11: 

Equation 11 - error of b value calculation 

N

b
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where N is the number of events in each cluster. 

2.5. Spatial size of earthquake clusters 

The spatial extent of each earthquake cluster was estimated by calculating the radius of gyration. 

This approach was proposed by Potanina et al. (2011) according to equation 12: 

Equation 12 - Radius of gyration 
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where Xo, Yo and Zo are the average coordinates of the events in each cluster that determine the 

coordinates of barycenter. 

2.6. Classification of earthquake clusters 

Classification of earthquake clusters as MS-AS and ES was based on several criteria. Firstly the 

difference in magnitude of the two largest shocks in the sequence (ΔM) was taken into consideration. 

According to Båth (1965) the difference in magnitude of the two largest events for a MS-AS 

sequence is approximately 1.2. Hence, we seek for low values for ES and larger for MS-AS 

sequences. The obtained values were compared to skewness and kurtosis for each cluster and then 

the clusters are characterized as MS-AS and ES. Finally, the value of tmax is examined as an 

applicability criterion for the discrimination of clusters. 

3. Results 

Calculations were conducted for each sub-region separately due to their differences in Mc. In 

particular, for sub-region A, 83 clusters were identified with N≥10 out of a complete data set 

containing 10,859 events. Regarding their classification, 31 clusters were characterized as MS-AS 

and 52 as ES. This classification was based on the difference of the two largest earthquakes in each 

cluster and the values of skewness and kurtosis. A mean value of ΔM=0.3 was found for ES and 0.8 

for MS-AS. ES present low values of skewness (S<2) and kurtosis (K<10) contrary to MS-AS which 

present higher values (S>25 and K>700). However, there are clusters with 2<S<25 and 10<K<700 

that could not be categorized clearly. Some of these are characterized as MS-AS but there are also 

others with very low ΔM (eg. 0.1). In order to properly characterize these clusters a more detailed 

study is necessary concerning their duration. Finally, 79% of ES have tmax≥0.4 with a total mean 

value of 0.83 and 65% of the MS-AS have tmax<0.4 with a total mean value of 0.28. 

For sub-region B, seven clusters were identified with N≥10 out of a complete catalog containing 

1,574 events. Six of the clusters are characterized as ES with S<2, K<10 and a mean ΔM=0.2. 
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Furthermore, Five of the ES have tmax≥0.4 and the MS-AS have tmax<0.40. For sub-region C, 8 

clusters were identified with N≥10 out of a complete catalog containing 1,987 events. Five of the 

clusters are characterized as ES and three as MS-AS. ES have values of S<2, K<10, a mean ΔΜ=0.4 

with three of them having tmax≥0.4. The MS-AS sets have S>2, K>10, a mean ΔΜ=1.3 and all of 

them have tmax<0.40. 

Combining all the calculated values of skewness and kurtosis a parabolic relation (Eq. 4, Fig. 2) was 

derived:  

Equation 13 - Parabolic relation between skewness (S) and kurtosis (K) 

42.013.796.0 2  SSK . 

ES have low values of skewness and kurtosis and are placed on the low left part of the parabola 

whereas the MS-AS type sequences are on the right part. 

 

Figure 2 - Parabolic relationship between skewness and kurtosis for the identified clusters. 

The b-value for each cluster was calculated along with its uncertainty. The clusters classified as ES 

have higher b values in comparison to MS-AS clusters (Fig. 3). MS-AS have a mean b value equal 

to 0.72 whereas the mean value of b for ES equal to 0.93. The results of b-values are in good 

agreement with the earlier discrimination of earthquake cluster. There are few cases that exhibit 

large errors in both ES and MS-AS sequences or the b value is extremely high or low. Large 

dispersion of the data is most probably due to the small number of events in each cluster, which 

increases the uncertainty in the estimation as well as the small magnitude range in each cluster. 

Scaling relations between geometrical properties of the causative fault and magnitude for a typical 

MS-AS sequence are well known in literature (e.g. Wells and Coppersmith, 1994; Papazachos et al., 

2004). Similar relations are not valid for ES as their spatial size is not depending on the maximum 

magnitude in the sequence. In Figure 4 the length of each cluster (Rg) against the maximum 

magnitude in it (Mmax) was plotted keeping the previous classification. Apparently ES form a cloud 

and a linear regression is not applicable to the data. The values of the spatial size are between 2 and 

8.6 km with magnitudes from 1.7 to 4.3 with most of the swarms having Mmax<3.2. On the other 
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hand, MS-AS sequences could be well described by a linear relationship (Eq.14) for magnitudes 

spanning from 3.1 to 4.8. 

 

Figure 3 - b-values along with their errors for the ES (left) and MS-AS (right). The mean 

value of b in each dataset is shown with dashed line. 

 

Figure 4 – Length of the activated area against maximum magnitude in each cluster. With 

circles and triangles are shown the clusters classified as ES and MS-AS, respectively. 

Equation 14 - Scaling relation Magnitude Length  

𝑙𝑜𝑔𝐿 = 0.21𝑀 − 0.10          3.1<M≤4.8  

Figure 5 shows that for Mmax≤2.6 the number of events occurring in an ES is not depending on the 

largest event in the swarm. For Mmax>2.6 the number of events is increasing considerably, showing 
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a dependence on the Mmax, although there is a big scattering of the data. For equal Mmax, the number 

of events in the MS-AS clusters is less than the number of events in ES with the same Mmax. 

 

Figure 5 – Number of events in each cluster against maximum magnitude in the cluster. 

With circles are shown the clusters classified as ES, green triangles represent MS-AS with 

the mainshock to be the first in the sequence (tmax=0) and black triangles represent MS-AS 

with the mainshock occurred later in the sequence (tmax>0). 

4. Discussion – Conclusions 

The west part of Corinth Gulf (sub-region A) is complex, with highly clustered seismicity in space 

and time. Distinction of earthquake clusters into MS-AS and ES was attempted. Generally, ES are 

presenting low values of skewness and kurtosis contrary to MS-AS which exhibit higher values. For 

sub-regions B and C fewer clusters were identified and their classification into MS-AS and ES is 

clear. ES in these sub-regions show low values of skewness and kurtosis, and MS-AS have higher 

ones. In addition, tmax tends to be a valuable parameter which could be used carefully for the 

classification of earthquake clusters. The parabolic relationship between skewness and kurtosis 

along with their values could be applied as a criterion for distinguishing MS-AS sequences from ES. 

This procedure could be used as a preliminary estimation when a seismic excitation is in progress, 

investigating its evolution in time by re–evaluating the values as a function of time. 

The above results were also verified with the values of b and the spatial size of each cluster. The 

spatial size of ES seems to be magnitude independent with high b-values to be estimated. A scaling 

relation between magnitude and length of the rupture area was found for MS-AS sequences, where 

the b values were lower or equal to 1, as expected from already known published work. 

The combined results for all sub-regions show that the classification of earthquake clusters is 

possible by applying the same criteria in the entire region of Corinth Gulf. Characteristics of ES and 

MS-AS are the same for all sub-regions even though the clusters in sub-regions B and C are fewer. 

The highly clustered seismicity in sub-region A is probably due to tectonic properties of the area. 
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Few cases which cannot be categorized into a certain type of sequence may be the consequences of 

wrong discrimination of clusters. Future work will use more precise locations after the application 

of relocation with waveform cross correlation data for better spatial distribution of earthquake 

clusters. In addition more effort is needed to define accurately the beginning and the end of seismic 

excitations with more strict temporal criteria. All of these will strengthen our findings and the two 

types of seismic excitations will be related to tectonic features of the area. 
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Abstract 

Stress triggering must be incorporated into quantitative earthquake probability 

estimate, given that faults are interacted though their stress field. Using time 

dependent probability estimates this work aims at the evaluation of the occurrence 

probability of anticipated earthquakes near the city of Thessaloniki, an urban center 

of 1 million people located in northern Greece, conditional to the time elapsed since 

the last stronger event on each fault segment of the study area. A method that 

calculates the macroseismic epicenter and magnitude according to macroseismic 

intensities is used to improve the existing earthquake catalog (from AD 1600 - 2013 

with M≥6.0) in order to compute new interevent and elapsed time values which form 

the basis for time-dependent probability estimates. To investigate the effects of stress 

transfer to seismic hazard, the probabilistic calculations presented here employ 

detailed models of coseismic stress associated with the 20 June 1978 M=6.5 

Thessaloniki which is the latest destructive earthquake in the area in the instrumental 

era. The combined 2015-2045 regional Poisson probability of M≥6.0 earthquakes is 

~35% the regional time-dependent probability varies from 0% to 15% and 

incorporation of stress transfer from 0% to 20% for each fault segment. 

Keywords: Intensity, interevent time, coseismic stress change. 

Περίληψη 

Στόχος της παρούσας εργασίας είναι η εκτίμηση της χρονικά εξαρτώμενης πιθανότητας 

γένεσης ισχυρών σεισμών (M≥6.0) στα ενεργά ρήγματα γύρω από την πόλη της 

Θεσσαλονίκης, περιοχή που στο παρελθόν έχει πληγεί από αρκετούς κατατροφικούς 

σεισμούς με τελευταίο αυτόν του 1978. Με τη χρήση της μεθόδου υπολογισμού 

μακροσεισμικού επικέντρου και μεγέθους χρησιμοποιώντας μακροσεισμικές εντάσεις και 

από τις μακροσεισμικές περιγραφές παλαιότερων σεισμών με M≥6.0 που έγιναν στην 

περιοχή τα τελευταία 500 χρόνια καταβλήθηκε προσπάθεια επαναπροσδιορισμού των 

εστιακών παραμέτρων των ιστορικών σεισμών με σκοπό τον υπολογισμό μέσης περιόδου 

επανάληψης και του χρόνου από τον τελευταίο σεισμό σ’ ένα ρήγμα. Για να γίνει η 

εκτίμηση της πιθανότητας λήφθηκε υπόψη η μεταβολή της τάσης που προκύπτει μετά από 

κάθε ισχυρό σεισμό και η οποία έχει ως αποτέλεσμα να επιταχύνει ή να επιβραδύνει τη 

γένεση ενός επόμενου σεισμού. Ενσωματώθηκε έτσι στους υπολογισμούς της χρονικά 

εξαρτώμενης πιθανότητας, η μεταβολή της τάσης που προκλήθηκε από το σεισμό της 20 

Ιουνίου 1978 με Μ=6.5. Η συνδυαστική πιθανότητα Poisson για τα επόμενα 30 χρόνια 
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(2015-2045) βρέθηκε ίση με ~35%, η δεσμευμένη πιθανότητα εκτιμήθηκε από 0% έως 

15% και από0% έως 20% με το συνδυασμό των τάσεων. 

Λέξεις κλειδιά: Μακροσεισμική ένταση, περίοδος επανάληψης, μεταβολές τάσης. 

1. Introduction 

The city of Thessaloniki is the second largest city in the territory of Greece surrounded by several 

small towns and villages. In the 20th century five M≥6.0 earthquakes occurred and since 600 A.D. 

nine M≥6.0 earthquakes have shaken city and its satellite settlements, causing severe damage and 

casualties. The most severe episode took place in 1759 (M=6.5) when the majority of the inhabitants 

abandoned the city for about two years (Papazachos and Papazachou, 2003).The 1978 earthquake 

(M=6.5) was the latest destructive one, causing the collapse of buildings and loss of life in the city 

and nearby villages. 

Using a time dependent probability method, this work aims at the evaluation of the occurrence 

probability of anticipated earthquakes in the city of Thessaloniki, associated with known fault 

segments conditional to the time elapsed since the last strong event onto each segment. For the 

probability estimates an earthquake catalog as long in time is possible and the calculation of 

Coulomb stress changes were necessary. The historical earthquake catalog for the period between 

A.D. 1600 and 2014 was improved by reevaluation of the earthquake source parameters using the 

technique of Bakun and Wentworth (1997), for earthquakes with M≥6.0, and the regional attenuation 

relation of Papazachos and Papaioannou (1997) which enables better calculation of historic 

earthquake magnitudes from intensity values. Interevent and elapsed times where then calculated 

along with Coulomb stress changes due to the coseismic slip of the 1978 Stivos earthquake resulting 

to earthquake advances and delays onto each fault segment at a depth of 10km. The probability 

calculations for the next 30 and 50 years were performed and given in the form of tables and maps. 

2. Earthquake catalogue 

In the period between A.D. 1600 and 2014 seven M≥6.0 earthquakes occurred near Thessaloniki 

metropolitan area (Figure 1, table 1). Strong earthquakes are documented before 1600, back to 1 

A.D. (Papazachos and Papazachou, 2003; Ambraseys, 2009), but more damage descriptions begin 

with the 1759 Thessaloniki earthquake. Nevertheless set the 1677 Vasilika earthquake is also 

included in the data set due to its proximal location to Thessaloniki, although the damage reports 

were limited. These observations are required for the quantitative approach to historic earthquake 

locations and magnitudes used here. 

2.1. Methodology - Data processing 

Damage descriptions for the study area were published in Papazachos and Papazachou (2003) and 

Ambraseys (2009) and interpreted on the Modified Mercalli intensity (MMI) scale for seven 

earthquakes from A.D. 1600 up to now. MMI values were assigned to about 1500 damage 

descriptions (608 were for 1978 earthquake). These values were used to infer M and epicentre 

location from MMI according to the methodology of Bakun and Wentworth (1997). The intensity 

attenuation relation used in this study is given by equation (1): 

  



1391 

 

Table 1 – Information on source parameters of earthquakes with M≥6.0, assigned to specific 

fault segments, the names of which are given in the first column. 

Fault 

name 
Date 

Bakun and 

Wentworth (1997) 

Papazachos and 

Papazachou (2003) 
Ambraseys (2009) 

  Mi 
φ(°

) 
λ(°) M φ(°) λ(°) M φ(°) λ(°) 

Anth1 1677 6.0±0.2 40.48 23.24 6.2 40.50 23.00    

Anth2 22/06/1759 6.5±0.3 40.55 23.10 6.5 40.60 22.8    

Assiros 05/07/1902 6.6±0.3 40.89 22.97 6.5 40.82 23.04 6.3 40.79 23.05 

Ierissos 26/09/1932 6.8±0.33 40.44 23.83 7 40.45 23.86 6.8 40.50 23.80 

Sohos 29/09/1932 6.4±0.26 40.79 23.44 6.4 40.97 23.23 6.3 40.77 23.48 

Volvi 11/05/1933 6.3±0.26 40.66 23.55 6.3 40.62 23.53 6.3 40.70 23.67 

Stivos 20/06/1978 6.3±0.26 40.74 23.24 6.5 40.61 23.27 6.4 40.73 23.25 

Equation 1- Intensity attenuation relation (Papazachos and Papaioannou, 1997) 

1.26 0.62 ( ) 0.00328 3.28log( ) /1.61i i i iM MMI d d         

where di is distance in kilometres between MMI observation and epicentre. Felt reports (MMI< III) 

were excluded and MMI≥ III observations were used in the calculations. The method uses a grid 

search for an intensity center, thus distance in equation (1) is to a point source. The input file includes 

the point source (which is the center of grid search), the radius of search and the grid search spacing. 

The input MMI values yield an output grid of moment magnitudes and confidence intervals (RMS 

values for each magnitude). Outputs are highly dependent to the input parameters mainly in cases 

of limited MMI values (such as 1677, 1759 and 1902 earthquakes). Hence a multivariable method 

was developed to the existing code from Bakun and Wentworth (1997). A geographical area which 

is defined by the user and includes the epicenter of every earthquake in the dataset is used. Within 

this limited area we calculate the input parameters as follows: a) the grid center point per 0.15°, b) 

the radius of search for each 5km and c) the grid search spacing for every 2km. The average of the 

moment magnitudes yields from the inputs was chosen as the best solution. 

 

Figure 1 - Main faults of the study area (after Tranos et al., 2003, So. F: Sohos Fault, As-An. 

F: Assiros-Analipsi Fault, L-AV. F: Lagina-Ag. Vasileio Fault, P-A. F: Pefka- svestochori 

Fault, A-Ch. F: Asvestochori-Chortiatis Fault, P-P. F: Pilaia-Panorama Fault, S-G. F: 

Stivos-Gerakarou Fault, TGFZ: Thessaloniki-Gerakarou Fault Zone, AEDF: Anthemoudas 

Fault). The intensity centers for each earthquake are depicted by the black triangles (Bakun 

and Wentworth, 1997). Red and blues circles denote the epicenters form Papazachos and 

Papazachou (2003) and from Ambraseys (2009) respectively. 
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The historical earthquake rupture most consistent with the MMI data would be the one that 

minimizes M and falls within 95% confidence limits on minimized misfit to input MMI values. The 

segment nearest to the zone of minimum magnitude of sufficient length to accommodate the 

historical rupture is identified as the earthquake source, with the rupture being centered in the 95% 

confidence interval (Figure 2). 

2.2. Interevent and elapsed times 

The A.D. 1600-2015 relocated earthquake catalogue comprises seven strong (M≥6.0) earthquakes 

(table 1, Figures 1, 2) that are used to build interevent and elapsed times for use in probability 

calculations. Assignment of historical earthquakes to faults indicates possible repeated rupture of 

some segments. The 1677, M ~6.0 and the 22 June 1759, M~6.5 earthquakes appear to have broken 

two parts called Anth1, Anth2 respectively, table 1, figure 2. The 5 July 1902, M~6.6 earthquake 

appears to have ruptured Assiros segment (table 1, figure 2), the 26 September 1932, M~6.8 and the 

29 September 1932, M~6.4 earthquakes broke the Ierissos and part of Sohos faults, respectively, 

whereas the 11 May 1933, M~6.3 and 20 June 1978, M~6.3 shocks ruptured the Volvi and Stivos 

faults segments respectively (table 1, Figure 2). Based on the above assignment the mean earthquake 

interevent times (Tr) and elapsed times were found and are given in table 2. Specifically the mean 

interevent time was taken equal to 500 years due to limited event numbers reported for a particular 

fault segment, and adopting a mean return period suitable for continental faults. 

Table 2 - Estimated parameters that used for probability calculations on the 7 fault segments 

near the city of Thessaloniki. 

Fault 

name 

Tr 

(years) 

Elapsed Time 

(years) 

  

(bars/year) 
tα 

Anth1 500 338 0.0076 50 

Anth2 500 256 0.0073 50 

Assiros 500 113 0.006 50 

Ierissos 500 83 0.0076 50 

Sohos 500 83 0.006 50 

Volvi 500 82 0.0067 50 

Stivos 500 37 0.0065 50 

 



1393 

 

 

Figure 2 – Relocated earthquakes with M≥6.0 during 1600 – 2015 A.D., using MMI values 

estimated from damage descriptions compiled by Papazachos and Papazachou (2003).Brown 

circles are sites with MMI assignments with symbol size increasing with the intensity. The 

intensity centre shown by a black solid triangle and contours of Mi by green lines. The 

rms(Mi) contours corresponding to the 95% confidence for location are depicted with thick 

blue lines. 
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3. Probability calculations 

Occurrence probabilities for an earthquake with M≥6.0 and in the next 30 years close to the city of 

Thessaloniki, are calculated, onto the seven fault segments mentioned above. 

3.1. Regional Poisson probability 

We started with the stationary Poisson probability model which is one that treats earthquake as 

occurring at random in time (t) about an average interevent time Tr. The probability of at least one 

event in the time interval (t, t+Δt) is given by: 

Equation 2- Poisson probability model 

rTt
ettTtP

/
1)(


  

The estimated Poisson probabilities are given in Table 3. This model can be applied to the A.D. 16

00-2015 interevent catalog such that compined probabilities are calculated as: 

Equation 3 – Combined Probability 

. . . . . . .1 (1 )(1 )(1 )(1 )(1 )(1 )(1 )Vas An As I S V StP P P P P P P P          

where: PVas. , PAn. , PAs. , PI. , PS., PV. , PSt. are probabilities for the Vassilika, Anthemounta, Assiros,

 Ierissos, Sohos, Volvi and Stivos faults, respectively. The combined 30 year probability of an eart

hquake to occur near the city of Thessaloniki is 34.4%. 

3.2. Time dependent Probability 

Earthquakes are likely not completely random in time and space as Poisson model assumes, thus 

time-dependent probabilities are also calculated and given in Table 3. A time-dependent probability 

(in any time interval (t, t+Δt)) is calculated by a probability density function f(t) as (Working Group 

of California Earthquake Probabilities, 1990): 

Equation 4 – Time dependent probability formulation 



     ( ) ( )    
t t

t
P t T t t f t dt

 

where f(t) is the lognormal probability distribution (e.g. Nishenko and Buland, 1987). 

3.2.1. Coulomb stress change calculations 

An earthquake can be modeled as a slipping dislocation in an elastic half space (Okada, 1992) 

enabling estimation of stress transfer to other faults. Earthquakes occur when stress exceeds the 

strength of the fault. The closeness to the failure was quantified by using the change in Coulomb 

failure function (ΔCFF). In its simplest form, the Coulomb failure stress change is (modified from 

Scholz, 1990): 

Equation 5 - Coulomb failure stress change formulation 

(1 )     CFF B    

where, Δτ is the change in shear stress on a fault, Δσ is the change in normal stress, μ is the friction 

coefficient and B is the Skempton’s coefficient (in this study we assume μ =0.75 and B=0.5 as in 

Robinson and McGinty, 2000 among others). The Coulomb stress changes are calculated for 1978 

earthquake, the last strong earthquake in the study area and used for earthquake probabilities 

estimates. 
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3.2.2. Incorporating stress changes from the 1978 earthquake into time dependent 

probability calculations 

For time dependent probabilities calculations the methodology followed is that by Toda et al. (1998) 

and Parsons (2004) who support an earthquake renewal process. The probability of a future event 

grows as the time elapsed from the previous event increases and considering both permanent and 

transient effect of the stress changes. All parameters (interevent and elapsed times, tectonic stressing 

rate (τ), duration of transient effect (tα) that used for calculations are taken from previous 

investigations (Paradisopoulou et al., 2010, 2013) and given in Table 2. 

3.2.3. Assumptions of parameters 

For Coulomb stress changes calculations it is assumed that are performed in a homogeneous elastic 

half space and require a coefficient of friction (μ) and the Skempton’s coefficient (Β). One more 

uncertainty concerns the dip and rake angles of the target fault which are known approximately, e.g. 

from surface projection, or they are defined from structural information or by moment tensors or 

focal mechanisms. In all cases there are uncertainties that lead to variation in stress change 

calculations. 

For probability estimations the uncertainties concern: a) the calculation of Tr and elapsed time where 

historical and paleoseismic data used. We try to reduce these assumptions using the Bakun and 

Wentworth (1997) method and recalculate the location and magnitude of historical earthquakes 

based on intensity assigns. b) The estimation of stressing rate  from geodetic data. The calculation 

of this parameter was improved using the distribution of   across and onto every fault and taking 

the average  value for probability estimations (Karakostas et al., 2013). 

For the dominant transient effect of the stress changes, rate-state constitutive relations were applied, 

which require parameters such as tα (aftershock duration) and Ασ (a state parameter). We assume, 

according to seismicity of each subarea of the study area and the mean recurrence time (Dieterich, 

1994) that tα is equal to 10% of Tr. With given values of the parameters tα and , the Ασ was 

calculated using the equation: Aσ=tα∙ . 

3.2.4. Results 

Detailed earthquake occurrence probabilities are provided by gridding the target fault areas and 

performing calculations on the nodes of the grid spacing by 1km (Figures 3). The probability 

calculations were carried out during the next 30 (Figure 3a) and 50 years (Figure 3b) and are given 

in Table 3. In these figures shades of blue denote faults where the probability values are low 

(0.00≤P≤0.03) due mostly to the effect of negative changes in Coulomb stress. Shades of green and 

yellow represent higher probability values (0.04≤P< 0.08 and 0.09≤P< 0.20, respectively) due 

mainly to positive ΔCFF values on these faults. The entirely blue lines represent faults that have 

already failed whereas orange and red lines correspond to faults that are candidate to host an 

incoming earthquake (higher probability values 0.20≤P< 0.35). 
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Figure 3 - Probability distribution along each fault of the study area. Colors between blue 

and green correspond to low probability values (0.00≤Ρ<0.08) whereas between yellow and 

red indicate higher probability values (0.09 ≤ Ρ < 0.20 and P≥0.30). 

Table 2 - 30 and 50 years probability values (Poison and time dependent) for the occurrence 

of an earthquake with M≥6.0 onto each fault segment. 

 Probability before stress step 
 Probability after 

stress step 

Fault 

name 

Poisso

n (30 

yrs) 

Time 

Dependen

t (30 yrs) 

Poiso

n (50 

yrs) 

Time 

Dependen

t (50 yrs)  

Avg 

ΔCFF 

(bars) 

Average 

value 

[P(30)] 

Average 

value 

[P(50)] 

Anth1 0.06 0.09 0.095 0.15 -0.21 0.09 0.14 

Anth2 0.06 0.06 0.095 0.11 -1.65 0.005 0.01 

Assiros 0.06 0.01 0.095 0.02 -4.66 0.05 0.06 

Ierissos 0.06 0.002 0.095 0.005 0.018 0.13 0.20 

Sohos 0.06 0.002 0.095 0.005 0.15 0.02 0.03 

Volvi 0.06 0.002 0.095 0.005 0.05 0.05 0.07 

Stivos 0.06 0 0.095 0 -1.60 0 0 

a) 

b) 
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The probability of an M≥6.0 earthquake rupturing near Thessaloniki city (if a time-dependent model 

that includes coseismic stress changes is applied) is estimating ~10% and 13%  for Anthemoundas1 

and Sohos faults, respectively, in the next 30 years although the estimated probability on the same 

faults for 50 years is ~14% and 20% respectively. Lower probability values are found for the other 

five faults because of the relatively long interevent time (500 years) and because they are located 

inside low (negative) ΔCFF values. 

4. Conclusions 

Historical and instrumental records reveal that the city of Thessaloniki is frequently affected by 

disastrous earthquakes associated with proximal fault segments, which exhibit recurrence intervals 

of the order of 200 to 500 years. Intensity descriptions and attenuation relations were used in a grid 

search to find source locations and magnitude that best fit the intensity assignments (following 

Bakun and Wentworth, 1997). 

The same approach was applied for the recent 1978 main shock, which served as a calibration event. 

The historical earthquake rupture most consistent with the MMI data would be the one that 

minimizes M and falls within 95% confidence bounds on minimized misfit to input MMI values. 

Additionally, the 1677 earthquake according to 95% confidence contour is associated with a fault 

segment of ~17 km in length and the 1759 earthquake with a ~20km length fault segment. The 

results are in accordance with active mapped faults and with fault lengths calculated from empirical 

relationships. 

The applied method (Bakun and Wenworth, 1997) revealed that the intensity centre locations for the 

verification events are acceptably close to the epicentres from Papazachos and Papazachou (2003) and 

Ambraseys (2009). More specific for the 1978 earthquake the intensity centre is exactly at the same 

location with the instrumental epicentre, and for the 1759 and 1677 earthquakes the relocated 

epicentres are 10 and 15km, respectively, from the historical ones (table 1). 

The earthquake catalogue that resulted with revised magnitudes, Mi, and intensity centre locations, 

enables the estimation of interevent and elapsed times necessary for probability calculations that are 

performed for seven faults being proximal to the city of Thessaloniki. 

The Coulomb stress changes were calculated for the last strong earthquake that occurred 1978 

earthquake in order to combine earthquake renewal and stress transfer into probability calculation. The 

ΔCFF values affect the estimated probabilities, by increasing or decreasing them when positive or 

negative ΔCFF values, respectively, were calculated for the particular fault segment. Thus, the 

probability values for an earthquake to occur for the next 30 years from 2015 on Sohos and 

Anthemountas1 faults were affected from positive stress changes from the 1978 earthquake and found 

equal to 10% to 13%, respectively (for 50 years is ~14% and 20%, respectively). The probability 

estimates derived from the renewal model, as shown in Table 3, reveal that for most of the faults are 

smaller than those based on the Poisson model (~0.06 and 0.1). Besides, Poissonian probabilities are 

larger than the conditional ones due to the fact that the time elapsed since the last event of M≥6.0 onto 

each of the considered faults is shorter than the estimated mean interevent time. 

The combined 30 year probability for the city of Thessaloniki is estimated to be equal to 34.4%. 

For certain faults the differences between Poissonian and conditional estimates before the stress step 

are significantly different than those incorporating the stress step, and worthy to mention for future 

seismic hazard assessment. For the Anthemountas and Sohos faults the Poissonian probabilities are 

found equal to 6% for 30 years and ~10% for 50 years, whereas the corresponding ones after the stress 

step are equal to 10% and 13% (for the next 30 years) and 14% and 20% for the next 50 years, 

respectively. The opposite consequence of ΔCFF effect is observed to the rest five faults, yielding a 

30-year (50-year) Poisson of 6% (10%) and conditional probability ranging in 0.2-1%, respectively, 

whereas the time-dependent probabilities on these faults are from 0% to 7%. 
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Abstract 

Earthquakes with M ≥ 5.2 that occurred in the area of central Ionian Islands (1911-

2014) are assumed to form a semi-Markov chain, aiming to contribute in the field of 

seismic hazard assessment. The sojourn times are considered to be geometric or 

approximated by Pareto distributions. Destination probabilities are examined and the 

results demonstrate that in many cases these probabilities become higher adequately 

forecasting the magnitude class of an anticipated earthquake. The geometrically 

distributed model can also reveal the more probable occurrence time of the next 

earthquake since for this model the destination probabilities were found to obtain 

many times their maximum values for the real occurrence time. The successful 

forecasting as for the occurrence time is 63.75% for all earthquakes and becomes 

71.42% for the larger magnitude events (M ≥ 6.0).  

Keywords: Interevent times, destination probabilities, geometric distribution, Pareto 

distribution. 

Περίληψη 

Ένας κατάλογος σεισμών μεγέθους M ≥ 5.2, οι οποίοι έγιναν από το 1911 ως το 2014 στην 

περιοχή του κεντρικού Ιονίου, θα θεωρηθεί ότι αποτελεί μια ημι-Μαρκοβιανή αλυσίδα, 

αποσκοπώντας στην εκτίμηση της σεισμικής επικινδυνότητας. Θα υποθέσουμε ότι οι 

ενδιάμεσοι χρόνοι (χρόνοι μεταξύ των σεισμών) ακολουθούν γεωμετρικές κατανομές ή 

προσεγγίζονται από κατανομές Pareto. Οι υπό μελέτη ποσότητες είναι οι πιθανότητες 

προορισμού (destination probabilities). Σε αρκετές περιπτώσεις διαπιστώθηκε ότι οι 

πιθανότητες αυτές λαμβάνοντας μεγαλύτερη τιμή, προβλέπουν σωστά την κατηγορία 

μεγέθους του επόμενου σεισμού. Επίσης, το μοντέλο με γεωμετρικούς ενδιάμεσους χρόνους 

μπορεί να χρησιμοποιηθεί και για να υποδείξει τον αναμενόμενο χρόνο του επόμενου 

σεισμού, καθώς το ποσοστό της επιτυχούς εκτίμησης του χρόνου είναι 63.75% για όλους 

τους υπό μελέτη σεισμούς ενώ γίνεται 71.42% όσον αφορά τους μεγαλύτερους σεισμούς  (M 

≥ 6.0).  

Λέξεις κλειδιά: Πιθανότητες προορισμού, πιθανότητες εισόδου, γεωμετρικές 

κατανομές, κατανομές Pareto. 
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1. Introduction 

A semi-Markov model can describe the evolution of a system in time where the current state of the system 

depends only upon the previous one and the sojourn times can be arbitrarily distributed (Barbu and Limnios, 

2008). These models have been applied in many fields such as finance, meteorology, neuroscience and 

biology. Research has been conducted also in Seismology aiming to forecast an anticipated earthquake. For 

example, a semi-Markov model was applied (Altinok and Kolcak, 1999) in the north Anatolian fault zone 

between the longitudes 
o0026. E and 

o0042. E using a dataset of seventy one earthquakes with M ≥ 5.5 

that occurred in the area between 1902 and 1992. The evaluated magnitude to magnitude interval transition 

probabilities demonstrate that the probability that an earthquake with 5.5  M < 6.0 will follow another one 

of the same magnitude range, decreases as the time increases, whereas the probability that an earthquake 

with 5.5  M < 6.0 will follow another one of  6.0  M < 6.5 or 6.5  M increases with time. The study area 

was also divided in three subareas and the estimated region to region transition probabilities were found to 

increase with time. 

Semi-Markov modelling was adopted to describe 223 datasets each one containing one mainshock 

and the corresponding sequence of aftershocks. The data were extracted randomly from the seismic 

database “Commissariat à l’Energie Atomique” from different regions around the world covering 

the period 1984 to 1989 (Al-Hajjar and Blanpain, 1997). The main event and the aftershocks were 

classified into four classes 5.5  M1 < 6.5, 4.5  M2 < 5.5, 3.5  M3 < 4.5 and 3.5 < 4. The scope of 

the study was to estimate the time duration T of the aftershock activity. For mainshocks of category 

M1 the evaluated time duration was T = 130 days and for mainshocks of class M2 the time duration 

was found to be T = 58 days. 

A discrete semi-Markov model was applied on major seismic zones of the circum-Pacific belt for 

examining the recurrence of large earthquakes M ≥ 7.8 (Patwardha et al., 1980). Historical 

seismicity data were taken into consideration and the results presented reasonable agreement 

between the calculated and actual waiting times as well as the calculated and actual earthquake 

magnitudes. Semi-Markov models were also developed (Sadeghian et al., 2008) to forecast the three 

parameters (time, location and magnitude) of the next earthquake occurrences with M ≥ 6.0 in Iran. 

The study area was divided into zones (states of the model) and after declustering 3179 earthquakes 

between 1973 and 2007 were used and classified into 5 categories with magnitudes ranging from M 

 3.6 to 6.3 < M. The corresponding probability matrices were evaluated and 42% of the last 179 

earthquakes belonging in the magnitude classes M1  3.6, 3.6 < M2  4.8 and 4.8 < M3  5.4 were 

correctly forecasted. 

The forecasting ability of the semi-Markov model was also tested (Sadeghian, 2012) in the Tehran 

province area using as data earthquakes of all magnitudes classified into three categories 

  5 and 554 ,54 ..  from 1966 to 2004. Considering transitions from region-to-region 

(the study area was divided into 6 regions) and magnitude-to-magnitude the obtained results 

demonstrate that 56% of the earthquakes that occurred from 2004 and on have been correctly 

forecasted in all the three dimensions, 19% have been forecasted only as for their location and 19% 

have been forecasted as for the magnitude and location. 

A continuous-time semi-Markov model has been applied to a dataset of earthquakes with M ≥ 5.5 

that occurred from 1953 to 2007 in the region of the Northern Aegean Sea, which accommodates 

high seismic activity (Votsi et al., 2012). Earthquake occurrence rates were evaluated and it was 

found that the probability of an earthquake occurrence for a given state j (the states refer to the 

magnitude) increases as time elapses. A new classification of states combining both magnitude and 

fault orientation was also proposed, dividing the study area into smaller subareas on the basis of 

faulting similarity. The hitting time of an earthquake occurrence with M ≥ 5.6 into each one of the 

subareas was calculated and indicated that all the subregions presented a similar behaviour with 

regard to the particular estimated quantity. 
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2. Data and area under study 

The study area includes Kefalonia and Lefkada islands, and is characterized by frequent occurrence 

of strong (M ≥ 6.0) earthquakes. The Kefalonia transform fault system runs along the western coasts 

of these Islands and connects continental collision to the north with subduction to the south. A belt 

of thrust faulting, with a NE-SW direction of the axis of maximum compression, runs along the 

eastern coastline of Adriatic Sea, and terminates just north of the Lefkada Island. The subduction of 

the eastern Mediterranean oceanic floor beneath the Aegean microplate, which starts south of 

Kefalonia Island, forms the Hellenic Arc (Papazachos and Comninakis, 1971), which is the most 

prominent tectonic feature of the Aegean region. The dextral strike-slip character of the Kefalonia 

transform fault was first evidenced by Scordilis et al. (1985) and it is recognized as a major 

discontinuity between the Apulian platform and the West Hellenic arc with special emphasis to its 

prolongation towards the Ionian Abyssal Plain (Kokinou et al., 2006). The central Ionian Islands 

area constitutes the most active zone of shallow seismicity in the broader Aegean region. It is a key 

area for long-term study of the earthquake process since it has both a high level of seismic activity 

along an active boundary and a record of earthquakes extending back at least to 1850 for events at 

M 6 minimum magnitude of completeness (Papadimitriou, 2002). 

For this research we use a complete catalogue of earthquakes from 1911 to 2014 with M ≥ 5.2. A 

semi-Markov model, with time unit of one month, will be applied. In the case when more than one 

earthquake exists in the same time unit, only the one with the higher magnitude is considered. The 

total number of events is 80 and the data are classified into two categories, i.e., state 1: 5.2  M < 

6.0 and state 2: M ≥ 6.0. 

 
Figure 1 - The main geodynamic features of the broader Aegean region shown on a relief ma

p. The active boundaries are shown as solid lines. The arrows indicate the approximate direc

tion of relative plate motion. NAT: North Aegean Trough, CTF: Cephalonia Transform Faul

t. The rectangle indicates the study area.  
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The above classification allows more data to be included in each category, which is important from 

a statistical point of view. It is also based on how destructive an earthquake could be, since 

magnitudes larger than 6.0 can cause severe damage in the study area. 

3. Semi-Markov framework 

Let us consider a random system with finite state space }1{ d,...,E  . We suppose that the evolution 

of the system in time is described by the following chains (Barbu and Limnios, 2008): 

The embedded Markov chain  
NnnJJ   with state space E, where nJ  is the system’s state at the 

nth jump time (nth earthquake occurrence). 

The chain  
NnnSS   with state space ℕ, where nS  denotes the nth jump time. We suppose that 

00 S and ...SS...SS nn  1210  

The chain  
NnnXX  , where 1 nnn SS:X  for all nℕ∗and 00 :X . Thus, nX  represents 

the sojourn time in state 1nJ  before the nth jump (it is the time between successive earthquakes). 

We also denote by  
Ej,iijpP


  the transition matrix of J , defined by 

:pij  ℙ  nEjiiJ|jJ nn   , ,  ),( 1 . 

and let )(ijf be the common probability function of ,1nX n ℕ,  conditioned on nJ  and :1nJ  

:)k(fij  ℙ ),jJ,iJ|kX( nnn   11 k  ℕ. 

The chain  
NkkZZ   is considered to be a semi-Markov chain associated with the couple (J, S) 

if ,J:Z kNk )( k ℕ, where  n:)k(N  max{ ℕ }kS| n  is the discrete-time counting process of 

the number of jumps in [1, k]. 

Starting from a semi-Markov sample path we define for any states i, j and any positive integer k, 

:1 Mk   

 :)(MNi  the number of visits to state i of the Embedded Markov Chain (EMC), up to time 

M ;  

 :)(MNij  the number of transitions of the EMC from i to j, up to time M ; 

The “approached maximum-likelihood estimator” of the (i, j) element of the transition matrix P is 

).( / )()( MNMNMp iijij 


 Since )(kfij  is the sojourn time distribution function, the complement

ary cumulative sojourn time distribution is defined as (Howard, 1971) 

.  ... 2, 1, ,0  ,)()(

1

 




 kmfkf

km

ijij  

Now let )( u|zeij   be the probability that a process which enters state i at time zero and at transitio

n zero will enter state j at time u on its z-th transition. It is (Howard, 1971), 

... 2, ,1 ,0 ,  , ..., 2, ,1 , ,  0},)0( , ,11) U(,){U()( 0  uzNjitiJ|jJzuzuPu|ze nij  

where )U(u  denotes the number of transitions until time u and )0(t the starting time. 

This probability is called entrance probability and it is given by the following recursion  

)1()()()()(
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and ).()(0 uu|e ijij  The quantity of interest in this paper is the destination probability denoted by 

)( u|zijq  and defined to be the probability that a process which was in state i at time 0 at transition 

0 is observed to be in state j at time u after z transitions by that time, and will make its next transition 

to state q. The following recursion demonstrates that the destination probability )(  |ijq  is the convo

lution of the entrance probability )(  |eij  and the complementary cumulative sojourn time distributio

n )( muf jq   multiplied by the transition probability jqp  (Howard, 1971) that is 

2,... 1,  ,  ,2,... ,1 , ,  ),()()(

1




 uzNqjimufpm|zeu|z

u

m

jqjqijijq  

4. Semi-Markov model with geometric sojourn times 

It will be now assumed that the sojourn times of the model follow geometric distributions of the 

form 

ij
k

ijij aakf 1)1()(  ,    3,...} 2, {1,k where 10  ija  is the success probability. 

The transition probability matrix estimated by our data, described in section 2, is 

. 
0.3158     0.6842 

0.2295     0.7705 








P  

The sojourn time values evaluated from the data can be observed in Table 1. 

The maximum likelihood estimation for the parameter of the geometric distribution is nij X/â 1  

where nX  represents the mean value of the sojourn times.  Hence, 

,05610) 056101()( 1
11 ..kf k    ,06170) 061701()( 1

12 ..kf k  

0.1057, ) 0.1057 1()( 1
21

 kkf  0.1724. ) 0.1724 1()( 1
22

 kkf  

The matrix of the complementary cumulative geometric sojourn time distributions is 

 equation by thegiven  are elements ,  the where,
)172401(  )105701(

)061701(  )056101(
)( ji

..

..
kF

kk

kk
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Table 1 - Sojourn times evaluated from the data (in months). 

Transition from state

  

i to state j   (i,j) 

 

Sojourn times nΧ  

 

(1,1) 

1, 5, 24, 42, 5, 19, 39, 10, 57, 12, 60, 26, 3, 2, 13, 22, 22, 8, 3, 1, 

3, 43, 2, 9, 8, 5, 37, 13, 13, 13, 51, 13, 1, 27, 18, 15, 4, 11, 29, 25, 

10, 14, 51, 31, 6, 3, 9 

(1,2) 8, 2, 3, 18, 17, 17, 1, 25, 9, 17, 19, 1, 8, 82 

(2,1) 2, 4, 6, 4, 12, 1, 1, 1, 63, 1, 1, 2, 25 

(2,2) 2, 21, 2, 3, 1 

Before proceeding in the evaluations we will test whether the sojourn times (Table 1) follow the 

aforementioned geometric distributions. For this purpose the Mann-Whitney (Mann and Whitney, 
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1947) and Anderson-Darling (Anderson and Darling, 1952) goodness of fit tests will be 

implemented (Dodge, 2008). The null hypothesis is rejected 0(H
: the data come from a certain 

distribution), at the significance level α if the evaluated p-value is smaller than α (for this application 

α=0.05). Applying the Mann-Whitney test via the SPSS package and the Anderson -Darling test via 

the R package “ADGofTest” (Bellosta, 2011) we derive the following results. 

Table 2 - Testing whether the sojourn times come from the geometric distribution. 

Sojourn times  nΧ    

states (1,1) (1,2) (2,1) (2,2) 

Mann-Whitney U 2.5 0 2.000 1.000 

p-value 0.767 0.221 0.245 1.000 

Anderson-Darling AD 0.9595 0.5329  1.5123 0.8147 

p-value 0.3788 0.7105 0.1738 0.4634 

Observing Table 2 we realize that for all the cases the p-values are found to be greater than .050.

 Hence, there is not much evidence to reject the null hypothesis. 

It will be now considered that we start to observe the process on 24-05-1911 (M=5.3, i=1). We know 

that the next earthquake occurred on 24-01-1912 (M=6.8, j=2) and the time elapsed between these 

events is 8u  while there was only one transition ).1( z  We seek the probability that the next 

earthquake will be of state 1q  or .q 2 The corresponding destination probabilities are 

0.0422 )8(1121 |  and 0.0154 )8(1122 | .Therefore, the probability that the next earthquake will be 

of state 1 is 2.74 times higher than the probability of an earthquake occurrence of state 2. Observing o

ur data, we realize that the next earthquake was of state 1 which was the most probable to occur. 

Let us consider that we start to observe the process again on 24-05-1911. The second transition 

)2( z is on 05-03-1912 when j=1 and the elapsed time is u=10 months. We seek the probability tha

t the next earthquake will be of state 1 or state 2. The corresponding quantities are 0.06 )10(2111 |

 0.0175 )10(2112 |  which means that the probability that the next earthquake will be of state 1 is 3

.42 times higher than the probability that the next earthquake will be of state 2. Observing the data we

 rea- lize that the next earthquake is of state 1 which was the most probable to occur. 

Ιn the same way 0.00978 )16(4111 |  and 0.00287 )16(4112 |  which means that if the starting ti

me is on 24-05-1911 when i=1 and we observe the process on 28-09-1912 when j=1, the time elapsed

 between i and j is u=16 months while the process has made 16 transitions, then the probability that th

e next earthquake will be of state 1 is 3.4 times higher compared to the probability that the next earth

quake will be of state 2, which describes adequately the succession of the data. 

As an example we will now present a different use of the destination probabilities. Let us assume t

hat we start to observe the chain on 10-04-1962 when an earthquake of M=6.3 occurred (i=2). We 

would like to evaluate the destination probabilities for the next two earthquakes considering that w

e do not know neither their magnitude nor their occurrence time. 

The above figure 2 demonstrates e.g. for u=3, that in the next 3 months it is more probable that an 

earthquake of state 1 will occur (green color) and will be also followed by an earthquake of state 1.

 For the next three months there exists also a higher probability (dark blue color) that an earthquak

e of state 2 will occur and will be followed by one of state 1 (this correspond to the observed data).

 The destination probabilities )(1212 u| and )(1222 u| illustrated by orange and light blue color res

pectively, are much smaller. 
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Figure 2 - Destination probabilities green: ),(1211 u| dark blue: ),(1221 u|  orange:

),(1212 u| light blue: )(1222 u| . 

Now let 19-07-1961 be the starting time. The event of 19-07-1961 (M=5.3, i=1) was followed by the 

events of 10-04-1962 (M=6.3) and 06-07-1962 (M=6.1). We will evaluate the probability )|(1122 u

aiming to reveal in how many months after the 7-1961 an earthquake of state 2 is anticipated for the f

irst time. Figure 3 illustrates the probability of an earthquake of state 1 to be followed by two successi

ve earthquakes of state 2. The probability is very small, however, if this is the case then the first earth

quake of state 2 (10-04-1962) is more probable to occur after 9 months (the curve of the graph has a 

maximum in 9 months) starting from 07-1961, and this fact corresponds to the data. 

 

Figure 3 - Destination probabilities )(1122 u| . 

Since, the time of an earthquake occurrence is of great importance for the seismic hazard assessment, 

the above case will be tested for another event too. The earthquake of 09-12-2002 (M=5.5, i=1) was f

ollowed by the events of 14-08-2003 (M=6.2, j=2) and 19-09-2005 (M=5.2, q=1). Assuming that the 

starting point is on 09-12-2002 we will evaluate the probability )|(1121 u aiming to reveal in how m

any months after the 12-2002, the event of state 2 is the most probable to occur. 

According to the results illustrated in figure 4 the destination probability is very small. Nevertheless, i

f this is the case then the event of state 2 is anticipated to occur more probably 10 months after the sta

rting point. Indeed the time between the earthquakes of 09-12-2002 and 14-08-2003 is 8 months. 

The aforementioned ability of the geometrically distributed model to forecast an earthquake occurrence 

time was tested for all the events of our dataset. More precisely, we assume that an event of state i will 

be followed by another one of state j after u months (while the chain is considered to make its first 
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transition, 1z  in j) and the earthquake of state j will be followed by another one of state q. The aim 

is to reveal the time u that the event of state j is anticipated to occur. 

 

Figure 4 - Destination probabilities )(1121 u| . 

Table 3 - Estimation of the time u (in months) that the earthquake of state j will succeed the 

earthquake of state i. 

)|(1 uijq  i j q u p 

)|(1121 u  1 2 1 3-25 p>0.03 

)|(1211 u  2 1 1 4-25 p>0.18 

)|(1111 u  1 1 1 4-40 p>0.14 

)|(1112 u  1 1 2 5-37 p>0.04 

)|(1122 u  1 2 2 3-20 p>0.01 

)|(1221 u  2 2 1 2-17 p>0.06 

)|(1212 u  2 1 2 4-25 p>0.05 

)|(1222 u  2 2 2 2-10 p>0.03 

For example the destination probabilities )|(1121 u  in the second row of Table 3 demonstrate that 

there is a higher probability that the earthquake of state 1 will be followed by one of state 2 in the 

next 3-25 (p>0.03) months under the assumption that the event of state 2 will be succeeded by 

another one of state 1. The corresponding graphs are as follows. 

The estimated time windows for the variable u, presented in Table 3 include 51 out of 80 real 

earthquake occurrence times (from our data) i.e., 63.75% of the total number of events. It is worth 

to be mentioned that when 2j the aforementioned time windows contain 10 out of 14 earthquake 

occurrence times i.e., 71.42%. 

5. Semi-Markov model with Pareto distributed sojourn times 

The Pareto distribution is a heavy tailed distribution, in the sense that the variables can take higher 

values with considerable probabilities, compared to other distribution functions. It is used to describe 

continuous data. In our case the sojourn times are considered to be discrete (time unit, one month). 

However, observing Table 1 it can be seen that the sojourn times of our application can take large 

values. This motivated us to use the Pareto distribution as an approximation. The probability density 

function (pdf) is .abbk
k

ab
kf
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The maximum likelihood estimation of the parameters is (Malik, 1970) 
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The complementary cumulative sojourn time distribution is of the form 
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where ζ represents the Hurwitz Zeta function, defined as (Miller and  Adamchik, 1998)  

.
rn

rs

n
s



 


0 )(

1
) ,(   

Thereby, 

 













)1 (1.904,0.904   )1 (1.823,8230

)1 (1.465,0.465   )1 (1.418,0.418
)(

kk.

kk
kF




. 

Before proceeding in the evaluation part we will test if the sojourn times of Table 1 can follow the 

estimated Pareto distributions. For this purpose the Mann-Whitney test will be implemented via the

 SPSS statistical package (The Anderson-Darling test cannot be applied for the Pareto distribution 

since for the estimated parameters ijb̂ the logarithm of the test cannot be defined). 

Table 4 - Testing whether the sojourn times come from the Pareto distribution. 

Sojourn times  nΧ    

states (1,1) (1,2) (2,1) (2,2) 

Mann-Whitney U 1 0 3 0 

p-value 0.248 0.221 0.439 0.221 

Observing Table 4 we realize that for all the cases the p-values are greater than ,050. the signif

i-cance level. Thus, there is not much evidence to reject the null hypothesis. 

We consider now that the time we start to observe the process is on 24-05-1911 (M=5.3, i=1) and it is 

known that the next earthquake occurred on 24-01-1912 (M=6.8, j=2). The elapsed time is 8u  

months and there was only one transition ).1( z  We seek the probability that the next earthquake will 

be of state 1q  or .q 2  The corresponding evaluated quantities are 0.039  )8(1121 |  and

0.0161  )8(1122 | . This means that the probability that the next earthquake will be of state 1 is 2.41 

times higher than the probability of an earthquake occurrence of state 2. Observing our data we realize 

that the next event was of state 1 which was the most probable to occur. 

Let the starting time be again on 24-05-1911. We suppose now that we observe the process on 05-

03-1912 when j=1 and the time between these events is u=10 months. The number of transitions 

that the process has made until state j is .z 2  We are interested in the probability that the next 

earthquake will be of state 1 or state 2. The corresponding quantities are 0.247  )10(2111 |  and

0.068  )10(2112 | . Hence, the probability that the next earthquake will be of state 1 is 3.58 times 

higher than the probability of an earthquake occurrence of state 2. Observing our data, the next 

earthquake on 19-04-1912 is indeed of state 1 (M=5.5), which was the most probable to occur. 
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Ιn the same way 0.263  )16(4111 |  and 0.0732  )16(4112 |  which means that if the starting time 

is on 24-05-1911 when i=1 and we observe the process on 28-09-1912 when j=1, the time between i 

and j is u=16 months and the process has made 16 transitions, then the probability that the next 

earthquake will be of state 1 is 3.59 times higher compared to the probability that the next earthquake 

will be of state 2. Observing our data, we realize that indeed the next earthquake was of state 1. 

It will be now assumed that we start to observe the chain on 02-01-1940 while being in state i=1 

(M=5.2). We would like to evaluate the destination probabilities for the next two earthquakes, i.e., 

),(1112 u| ),(1111 u| )(1121 u| and ).(1122 u|  

The probabilities )(1111 u| in Figure 5 are higher than all the other which means that it is more 

probable the next earthquake to be of state 1 at every time u and also the following event to be again 

of state 1. This result corresponds to our data since the occurrences of 14-02-1943 and 22-05-1943 

were both of state 1. Figure 6 demonstrates the evaluation of the above probabilities under the 

assumption that the sojourn times follow geometric distributions. 

 

Figure 5 - Destination probabilities for the Pareto distributed sojourn times green:

),(1111 u| dark blue: ),(1112 u| orange: ),(1121 u| light blue: )(1122 u| . 

 

Figure 6 - Destination probabilities for the geometric sojourn times green: ),(1111 u| dark 

blue: ),(1112 u| orange: ),(1121 u| light blue: )(1122 u| . 

The probabilities )(1111 u| are again higher compared to all the other. The advantage of the 

geometric distribution is that there is a maximum in the curve of the )(1111 u| showing that if the 

earthquake on 02-01-1940 is followed by another one of state 1 (14-02-1943) then this is more 

probable to occur in almost 20 months. Observing our data, we realize that the time u is adequately 

approximated. The shape of the destination probability curves in figure 5 is not that helpful in the 

sense that they do not provide a maximum. In Figure 4 we find out that the curve of the destination 
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probabilities )|(1121 u when the sojourn times are geometrically distributed, gives insight 

concerning the time in months that the earthquake of state 2 is anticipated, given that it will be 

followed by another one of state 1. The corresponding probabilities for the Pareto distributed sojourn 

times are illustrated in Figure 7. 

 

Figure 7 - Destination probabilities )(1121 u| , Pareto distributed sojourn times. 

Comparing Figures 4 and 7 we realize that the destination probabilities from the Pareto distribution 

are higher than these of the geometric but again they do not provide useful results as for the time (in 

months) that the next earthquake is more probable to occur. 

6. Conclusions 

A semi-Markov model with sojourn times that follow either geometric or Pareto distributions is 

applied to a dataset of earthquakes with 25.  that occurred (1911-2014) in the central Ionian 

Islands. The evaluated destination probabilities were found to forecast adequately the magnitude 

class of an anticipated earthquake, taking higher values. The model with geometric distributed 

sojourn times gives insight to the real occurrence time of an earthquake since the estimated time 

windows with the higher probabilities include the real occurrence time for 63.75% out of all cases 

and provide 71.42% successful forecasting when the anticipated event is of ..06  
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Abstract 

This paper aims to determine the exposure-based earthquake risk posed in the Attica 

Basin, Greece using a GIS based methodology. The hazard level is based on grouped 

geological formations according to the New Ground Anti-Earthquake Regulation of 

Greece and the structural setting of the area. Vulnerability is calculated using two 

different methodologies. The first one uses a deterministic approach by attributing 

population values to each building block divided by the acreage of each municipality 

and the second one uses a probabilistic approach by using centroids based on a building 

block level and then creating their kernel density. Both of these approaches are 

combined with land use maps to create the final vulnerability layers. Risk is calculated 

in two ways, using the product and a weighted overlay of the hazard and vulnerability 

layers. In the Risk maps, proof of concept comes from overlaying the damages from the 

earthquakes of 1981 and 1999 that affected Attica Basin. Moreover, both the maps show 

high Risk probability in the area of the east part of the Attica Basin but without 

significant damages from past earthquakes. This suggests that the Kifisos Fault Zone 

might act as a seismic barrier depending of the location of the epicentre. 

Keywords: Athens earthquake, seismic hazard, vulnerability. 

Περίληψη 

Η εργασία αυτή έχει στόχο τον καθορισμό της σεισμικής διακινδύνευσης στο 

λεκανοπέδιο της Αττικής σε περιβάλλον GIS. Το επίπεδο του κινδύνου προκύπτει από 

τον συνδυασμό ομαδοποιημένων γεωλογικών σχηματισμών σύμφωνα με τον Νέο 

Αντισεισμικό Κανονισμό και την τεκτονική της περιοχής. Η τρωτότητα της περιοχής 

υπολογίζεται με τη χρήση δύο διαφορετικών μεθοδολογιών. Στην πρώτη, αποδίδονται 

πληθυσμιακές τιμές σε κάθε οικοδομικό τετράγωνο διαιρεμένες ανά την έκταση κάθε 

δήμου ενώ στην δεύτερη χρησιμοποιείται μία πιθανοτική προσέγγιση με χρήση 

κεντροειδών σε κάθε οικοδομικό τετράγωνο και υπολογίζοντας την πυκνότητα των 

πυρήνων τους. Και στις δύο περιπτώσεις έγινε συνδυασμός με χάρτες χρήσεων Γης για 

την παραγωγή των τελικών χαρτών τρωτότητας. Η διακινδύνευση υπολογίστηκε με δύο 

διαφορετικούς τρόπους, χρησιμοποιώντας την επικάλυψη των επιπέδων πληροφορίας 

με τη χρήση συντελεστών βαρύτητας και με το γινόμενο των επιπέδων πληροφορίας του 

κινδύνου και της τρωτότητας. Στους προκύπτοντες χάρτες διακινδύνευσης η 

επιβεβαίωση της μεθοδολογίας προκύπτει από τη σύγκριση με τις ζημιές των σεισμών 

του 1981 και 1999 στο λεκανοπέδιο της Αττικής. Περαιτέρω, και οι δύο χάρτες 

διακινδύνευσης δείχνουν υψηλές τιμές διακινδύνευσης στην Ανατολική Αττική χωρίς 

όμως να έχουν υπάρξει μεγάλες ζημιές σε προηγούμενους σεισμούς. Αυτό καταδεικνύει 
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ότι η Ρηξιγενής Ζώνη του Κηφισού μπορεί να λειτουργεί ως σεισμικό φράγμα ανάλογα 

την τοποθεσία του επικέντρου. 

Λέξεις κλειδιά: σεισμός Αθήνας σεισμικός κίνδυνος, τρωτότητα. 

1. Introduction 

The aim of this paper is to produce a seismic risk map for the Attica basin, Greece. The Attica basin is 

the most densely populated area of Greece, being the location of the capital city Athens which houses 

more than 5 million people. It has been hit by numerous earthquakes in the historical years with the 

most recent ones with significant human and financial losses being the seismic events of 1981 

(ML=6.9R) from the Corinth Gulf and 1999 (ML=5.9R) from Parnitha Mountain. No previous work 

has been done in the field of seismic risk assessment for the Attica basin and since there is a number 

of possible earthquake producing prone zones in a relative vicinity, a need for a risk map is dire. 

In general, seismic risk assessment began when Richter (1959), created a seismic zoning map of the 

United States based on a combination of a modified Mercalli intensity scale and the geology of the 

area. Using an intensity scale for calculating risk is subjectifying the final product, thus Algermissen 

et al. (1975) created a probabilistic map for maximum ground acceleration establishing a technique 

used until today. During the 1980s with the development of Geographical Information Systems 

(GIS) it became much easier to spatially distribute hazard and vulnerability elements to create risk 

maps. However, ground acceleration maps are still used as risk maps today as they are the key factor 

in urban areas and are easily quantifiable (Alexander, 1993). On the same principle Richter (1959), 

used, Papanikolaou (2011), developed a study in the Apennines using the ESI (2007), intensity scale. 

The main premise of this methodology is that the duration of maximum ground movement is more 

important than the numerical maximum of that movement, as this can be instantaneous. Using 

empirical syn-seismic slip rates, length of fracture and magnitude measurements along with 

relationships between magnitude and intensity, a very high resolution seismic hazard map can be 

produced. There is a number of ready-to-use software packages available for seismic risk assessment. 

One such tool is HAZUS (HAZards United States) developed by FEMA (Federal Emergency 

Management Agency). Its development began in 1997 and has been updated numerous times since. 

This software implements algorithms that calculate financial losses, human losses along with other 

impact on the population. It also can create scenarios regarding secondary consequences of the 

earthquakes (city fires, debris accumulation etc.) (FEMA, 2004). This specific methodology is target 

oriented and customized to areas of the US making it less transferable and applicable outside the 

US. A European variation of the HAZUS software is SELENA (Seismic Loss EstimatioN using a 

logic tree Approach) developed by Molina and Lindholm (2006) in a seismic risk assessment of 

Oslo (Molina and Lindholm, 2005). SELENA is based on MATlab software, demanding specialized 

users. Despite that, SELENA has the advantage of producing scenario-based risk maps (Toma-

Danila et al., 2015). A methodology based on the use of GIS environments, a variation of which was 

implemented in this work, is lastly presented here. The main difference between this methodology 

and the aforementioned is that the latter is far more customizable and versatile, as the layers of input 

information can be adjusted to the user’s requirements, data availability and desired outcome. Such 

methodologies have been applied in various cities around the world such as Barcelona (Lantada et 

al., 2003), Brussels (Petermans et al., 2006), Thessaloniki (Pitilakis et al., 2006), Grenoble 

(Gueguen et al., 2007), Chania (Sarris et al., 2010) and Tabriz (Karimzadeh et al., 2014). 

Justification for this selection will be provided in the Materials and Methods chapter. 

2. Materials and Methods 

The produced risk map was based on the premise that Risk= Hazard*Vulnerability. The selected 

methodology for this paper was the one used by Sarris et al. (2010), as it covered most aspects and 

produced the most accurate result using the data available. It should be noted that this formula does 

not necessarily represent an algebraic multiplication, any more than an algebraic combination 
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depending on the nature and the number of layers of information on the used parameters. The 

elements each methodology uses can be seen in the following table (Table 1). 

Table 1 - Seismic Risk Assesment techniques. 

Seismic Risk Assessment Mappi

ng 

Algermissen 

et al., 1975 

Papanikolaou, 2

011 

HAZUS SELENA Sarris et a

l., 2010 

Seismic Event 

(Hazard) 

Ground Accelera

tion 

   v v 

Seismic Velocity v   v v 

 Seismicity  v   v 

 Geology   v v v 

 Tectonics   v v  v 

 Seismic Source 

Analysis 

 v v   

Urban Environ

ment (Vulnerab

ility) 

Population – Urb

an Planning - Lif

elines 

  v v v 

 Building Type   v v v 

 Building Value   v v  

Final Product Intensity  v    

 Ground Accelera

tion 

v     

 Possible damage   v v  

 Risk     v 

Resulting Map  Hazard Hazard Risk Risk Risk 

2.1. Hazard 

The creation of a seismic hazard map was based on the use of 3 layers of information; geology, 

tectonics and slopes (calculated on a raster map created by the contours of the area using ArcGIS 10. 

The geology of the area was obtained from Papanikolaou et al. (2001), and each geological formation 

was classified accordingly to the corresponding NGASR (New Ground Anti-Seismic Regulation) 

category (as seen in Table 2). The distribution of these formations can be seen in Figure 1 (left). 

Each geological formation was assigned a weighing factor, depending on the NGASR classification 

(Table 3). 

On the same principle, faults and thrusts were assigned weighting factors and buffer zones 

depending on whether they are considered active (Papanikolaou et al., 2001) (Table 4). 

Finally, weighting factors were assigned to different ranges of slope, depending on the results of the 

ArcGIS slope tool and they were classified into 6 classes using the Natural Breaks (Jenks, 1967) 

method (Table 5). 

These three levels of information (geology, tectonics, slope) were assigned weighting factors, after 

creating raster layers from polygon themes, using the Reclassify tool of ArcGIS 10 (Table 6). The 

raster layers were combined using the Weighted Overlay tool to create the final Hazard map (Figure 

1 right). 
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Table 2 - Geological formations in the Attica basin and NGASR classification. 

NGASR 

Category 

Geological Formations Description 

A Thin bedded Upper Cretaceous 

limestone and shales 

Miocene travertines 

Mesozoic Marbles 

Mesozoic Schists 

Pelagic Clastic limestones 

Phyllites 

Triassic-Jurassic pelagic limestones 

Triassic crystallic limestones 

Triassic dolomites and marbles 

Upper Cretaceous Neritic 

Limestones 

Upper Miocene Limestones 

Upper Palaeozoic-

Lower Triassic clastic formations 

Rocky or semi-rocky formations extending in signi

ficant extent and depth, without heavy weathering. 

Layers of thick grainy material with low rate of sil

t-muddy admixture with thickness lower than 70,0

0 m. 

Layers of very tough pre-compressed mud with thi

ckness lower than 70,00 m. 

B Pleiocene sea formations 

Dilluvial deposits 

Ophiolites 

Upper Miocene sea formations 

Upper Miocene terrestrial 

formations 

Upper Pliocene lake formations 

Highly weathered rocky formations or formations that,

 by mechanical aspect, can be assimilated to rocky.  

Layers of grainy material of medium density and t

hickness greater than 5,00 m or of great density wi

th thickness greater than 70,00 m. 

Layers of tough pre-compressed mud with thickne

ss greater than 70,00m. 

Γ Alluvial deposits 

Pleiocene terrestrial formations 

Talus cones and fans 

Talus cones 

Layers of grainy material with low relative density

 with thickness greater than 5,00 m or with mediu

m density with thickness greater than 70,00 m.  

Silty-muddy soils of low durability in thickness gr

eater than 5,00m. 

Δ  Ground with soft muds of high indicator formation 

(Iρ >50) with total thickness greater than 10,00m 

X Human Deposits 

Coastal Deposits 

Shoal Deposits 

River Deposits 

Estuaries 

Fans 

Loose fine-grained sand-muddy soils under the water

 horizon that are possible to be liquefied (unless the s

pecial study do not find such a danger or a reclamatio

n of the territorial capacities takes place) 

soils that are close to obvious tectonic breaches.  

Steep inclines that are covered by products of loos

e side detritus 

Loose grainy or soft mud-argillaceous soils as long 

as it has been proved that are dangerous from the as

pect of dynamic condensation or loss of strength  

Recent loose banking ups (rubble), organic soils  

of C category with dangerously great incline. 

Table 3 - NGASR classes and weighting factors. 

ΝGAER class Weighting factor 

Α 2 

Β 4 

Γ 6 

Χ 10 
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Table 4 - Structural elements of the Attica basin with buffer zones and weighting factors. 

Status Buffer Zone Weighting factor 

Inactive faults 50 5 

Potentially active faults 50 5 

Active faults 100 10 

Thrust 50 5 

Table 5 - Slopes in Attica basin and attributed weighting factors. 

Slope in Degrees Weighting factor 

0-6 1 

6-15 2 

16-30 5 

34-45 8 

46-60 9 

>61 10 

Table 6 - Final weighting factors for the Hazard map. 

Raster Layers Weighting factor 

Geology 50% 

Faults and Thrusts 40% 

Slope 10% 

2.2. Vulnerability 

The creation of a vulnerability map was based on the exposed elements using in this case population 

and land use. The population data came from the 2001 census conducted by the Hellenic Statistic 

Agency, while the land use data came from the Corine Programme of the European Environmental 

Agency. Building block data were provided by Attiko Metro S.A. These datasets were combined 

using two different methodologies. 

2.2.1. Population per building block 

This methodology involved calculation of the total area of the building blocks per municipality 

within the area of interest. The number of residents in the municipality (as provided by the census 

data of 2001 which was available at the time) was then divided by the number of blocks; producing 

the population density per square meter. Then the population density was multiplied by the area of 

each individual building block in the municipality and the population per block was calculated 

depending on its size. The outcome, which is an approximate estimation limited by tha accuracy of 

the data, is presented in the left map of Figure 2. 

Depending on the population of the building block, a weighting factor was assigned (Table 7). 

Respectively, the data from Corine 2000 were given a weighting factor (Table 8 and Figure 2 right). 

The two maps were combined using the Weighted Overlay tool of ArcGIS with 60% of the total 

weight assigned to land use and 40% to population density. The difference in weight is a matter of 

precaution against bad calculations regarding population density. The results can be seen in the 

map of Figure 3 (left). 

2.2.2. Probabilistic Density of Population 

This methodology made use of the per block population calculated before, in order to create 

Centroids and calculate the population throughout the study area and not just per municipality. For 

this reason the Centroids created were introduced to the “Kernel Density” tool of ArcGIS in order 

to calculate the Probabilistic Density per square kilometre. Kernel density estimation is a non-
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parametric way to estimate the probability density function of a random variable. Kernel density 

estimation is a fundamental data smoothing problem where inferences about the population are made, 

based on a finite data sample. Moreover, it could in fact be more accurate, taking in mind that, 

depending on the time of the day, population is not necessarily contained in the buildings, but 

disperesed in the whole area instead. 10 Natural Breaks were selected and were given weighting 

factors from 1 to 10 when rasterized. 

  

Figure 1 - Geological formations classification according to NGASR (left) and Seismic 

Hazard Map (right). 

Table 7 - Building block population and weighting factors. 

 

 

 

 

 

 

Again the resulting map was combined with the land use using the “Weighted Overlay” tool; with 

60% of the weight assigned to land use and 40% to population data. The results are shown in the 

map of Figure 3 (right). 

2.3. Risk 

To create the Seismic Risk Map for the study area 2 different methodologies were used. These were: 

Raster Calculator: Hazard and Vulnerability layers were combined using the “Raster Calculator” 

tool of ArcGIS based on the formula of Risk (Risk=Hazard*Vulnerability) in its strict sense. 

Weighted Overlay: Using the “Weighted Overlay” tool of ArcGIS the Hazard and Vulnerability 

layers were combined using weighting factors. The weighting factors were 50%-50%. 

 

Number of people per 

building block 

Weighting 

factor 

Number of people per 

building block 

Weighting factor 

0-18 1 153-217 6 

18-43 2 217-314 7 

43-73 3 314-485 8 

73-108 4 485-925 9 

108-153 5 925-1411 10 
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Figure 7 - Number of residents per building block (left) and Corine 2000 Land use 

classification (right). 

Table 8 - Corine2000 classes, color coding and weighting factors. 

Corine2000 

code 

Color 

Coding Description 

Weighting 

Factor 

111  Continuous Urban Fabric 8 

112  Discontinuous Urban Fabric 8 

121  Industrial, Commercial and Public Units 9 

122, 123,124 
 Road and Rail Networks and associated Land, 

Port Areas, Airports 
10 

131  Mineral Extraction sites 5 

133  Construction sites 8 

141  Green Urban areas 4 

142  Sport and Leisure facilities 6 

211  Non-irrigated arable land 5 

221  Vineyards 4 

222  Fruit Trees and berries plantations 4 

223  Olive groves 4 

242  Complex Cultivation patterns 4 

243 

 Land principally occupied by agriculture, with 

significant areas of natural vegetation. 3 

244  Agro-forestry areas 3 

311  Broad-leaved forest 1 

312  Coniferous forest 1 

313  Mixed forest 1 

321  Natural grasslands 2 

322  Moors and heathland 2 

323  Sclerophyllous vegetation 2 

0pt  Transitional woodland-scrub 2 

333  Sparsely vegetated areas 2 

334  Incinerated areas 5 
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Figure 3 - Weighted overlay vulnerability map using the building block (left) and Kernel 

Density (right) population distribution. 

In each case, the Hazard map was combined two times with each vulnerability layer producing 

four final Risk maps which will be presented in the Results chapter. 

3. Results and Discussion 

As said before, risk was calculated using two different methodologies. The first two maps (Figure 

4), concern the Raster Calculator tool, where a maximum Risk value of 0.8-1 is possible (where the 

Very High Risk category would apply). It is clear that no place on the map can acquire a risk value 

this high according to the used vulnerability and hazard data. 

On the first map, the Aegaleo and Hymettus foothills, along with the coastal areas of P. Faliron and 

Pireas and the urban centre of Athens, have the highest risk value. Meanwhile, on the second map 

the same areas still maintain a high risk value but with a relatively smaller extent. This differentiation 

between the two maps, can be attributed to the fact that on the second map the population density is 

distributed in a level of building blocks while first map presents the population divided by Kernel 

density. This results in the second map having a more sharpened end result, affected by more factors 

such as fault presence, geology, morphology and population density. Still, on both the maps, the 

High and Very High Risk value does not appear. 

The last two maps (Figure 5) have been constructed with the “weighted overlay” method, using the 

weighting factors mentioned previously. A first observation is that the weighted overlay result, 

results in higher values. This can be attributed to the fact that this method sharpens the differences 

between areas and amplifies those with increased Hazard and Vulnerability factors. Similarly to the 

raster calculator methodology, the first map has been produced using the Kernel density of the 

population, while the second one has been developed based on a building block-based population 

distribution. Accordingly, on the first map, the risk is higher on the foothills of Aegaleo and 

Hymettus Mts, on the Kifissos estuaries and the Penteli fault zone. It is remarkable that these areas 

now can be classified as High Risk contradicting the Raster Calculator method that classified them 

as Medium Risk. In this map, the Medium Risk category is attributed to the whole populated region 

of Attiki with lower values on the less densely populated areas. Moreover, the areas closer to the 

faults, are again sharpened towards higher risk values, due to the “weighted overlay” method 
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increasing the Risk where the Hazard or Vulnerability factors are increased. Analyzing the last 

weighted overlay map, it is clear that the Medium and High Risk categories are even more extended 

throughout the map. This applies mostly because the Vulnerability layer concerning the population 

density is once again provided on a building block level. Thus, the High Risk category extends in 

more areas, such as the Glyfada fan, the whole Kifissos area, the Pikrodafni stream, the 

Thrakomakedones fan, the Pentelikon Mt foothills and the hilly areas of the urban center of Athens. 

This can be attributed to the fact that the Hazard layer contribution increases exponentially when the 

Vulnerability layer is analyzed on a building block level. 

 

Figure 4 – “Raster Calculator” risk maps using: the Kernel density based vulnerability map 

(left) and the building block based vulnerability map (right). 

In both cases, classification of risk was applied using natural breaks in order to avoid polarising the 

data. Risk maps can vary, depending on the data layers that are inserted on the Vulnerability and 

Hazard layers. This is up to the user and the availability of valid and up to date data. In this paper 

the population data used were from the 2001 since the 2011 census data were not available. Also 

real estate values were not included. Thus, when Vulnerability is concerned, along with the 

population and land use data, an array of additional information can be added such as real estate 

values, lifelines, specific scenarios depending on the time the event happens with the final result 

varying each time. Despite all the different possible inputs, the ultimate reliability of a Risk map, 

can only be evaluated through comparison with damages from past or future seismic events. This 

paper’s final risk maps show a significant overall match of the medium and high risk areas with the 

Athens 1999 earthquake damage distribution in the western part of the city (Figure 6). The only area 

there is notable difference (as far as extent of high risk is concerned) is the Adames (Kifissia) region, 

and this is due to the fact the topographic slope has been attributed a relatively low gravity factor, 

and the geological data available were limited. One major issue that occurs when observing the 

results, is that in both the recent major seismic events that affected Athens (1981, 1999) no severe 

damage was observed east of Kifissos river. This can be attributed to the fact that the Kifissos Fault 

Zone, acts as an ‘insulator’ against earthquakes occurring in the west of the basin, defracting (or 

even reflecting) the distribution of the seismic energy. Moreover, the Artemida and Kallidromon 

earthquakes (June and August of 2013 respectively) justify the ‘insulator’ theory. Testimonies of 

Attica residents across social networks and media, reported that both these incidents were more 

perceptible in the northern and southern areas of the basin rather than the centre and the west (if at 

all). Thus, it is worth making a special note on the Glyfada fan which has been highlighted with a 
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high risk value in the last map, since according to Papanikolaou et al. (2001) it has similar 

mechanical characteristics to the Thrakomakedones fan making it equally susceptible (or possibly 

even more since the Glyfada fan is more densely populated and has higher real estate values) to 

potential damages in a seismic event located east of the river. 

 

Figure 5 - Calculated “Weighted Overlay” risk maps using: the Kernel density based 

vulnerability map (left) and the building block based vulnerability map (right). 

 

Figure 6 - Comparison between the damages from the 1999 earthquake and the calculated 

seismic risk. 
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Abstract 

Information on the areas prone to the strongest earthquakes in a region is very 

important for knowledgeable seismic hazard and risk assessment. We consider the 

central part of the Alpine-Himalayan Belt (Caucasus–Kopet Dagh-Alburz) for the 

recognition of seismogenic nodes capable of M7+ earthquakes. The nodes formed 

around the intersections of the fault zones are viewed as objects of recognition which 

have been described by the common set of geologic, geomorphologic and geophysical 

parameters. 150 nodes out of 510 ones delineated in the Caucasus-Kopet Dagh-

Alburz region were recognized prone for earthquakes M7+. We have recognized a 

number of capable nodes where earthquakes M7+ have not yet been recorded. 

Keywords: seismic hazard, criteria of seismicity, earthquake. 

1. Introduction 

The study region embraces the central part of the Alpine-Himalayan belt presented by a system of 

young mountain systems and basins that reveal a high level of recent and past seismic activity 

(Ambraseys et al., 1982; Engdahl et al., 1998; Berberian, 1992; Kondorskaya et al., 1993; Shebalin 

et al., 1998). This region is an area of dense population and sensitive industrial infrastructure, for 

which the reliable seismic hazard assessment is a problem of a great practical importance. During 

last decades number of works dedicated to seismic hazard assessment at a local and regional scale 

have been conducted for this region using probabilistic approach (e.g. Balassanian et al., 1999; 

Shabani et al., 2007; Moinfar et al., 2012). 

In this work, for identification of earthquake prone areas we employ the phenomenological approach 

based on the idea that large earthquakes correlate with morphostructural nodes forming around 

intersections of the fault zones (Gelfand et al., 1972; Gorshkov et al., 2003). The goal of this work is 

to identify seismogenic nodes prone to earthquakes M7+ in the region shown in Figure 1. 

The methodology used has been systematically tested in many seismic regions of the world. Recent 

earthquakes occurred in the previously studied regions with the methodology employed in this work 

have proved the sufficient reliability of the methodology. Specifically, Soloviev et al. (2014) 

demonstrated that 87% of the post-publication events with target magnitudes occurred at the nodes 

recognized in advance as the seismogenic ones. 
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Figure 1 – Major structures of the study region. 

2. Methodology 

The methodology used combines a Morphostructural Zoning (MZ) method, which defines a set of 

nodes, and a pattern recognition technique which classifies the nodes by similarity of geomorphic-

geological-geophysical features (Gelfand et al., 1972). 

2.1 Morphostructural Zoning Method 

The morphostructural zoning (MZ) map of the study region has been compiled using topographic 

maps, satellite images, geological and tectonic maps. MZ was performed deliberately ignoring 

seismicity data (earthquake catalogues). In the MZ (Gorshkov et al., 2003) the study region is 

divided into a system of hierarchically ordered areas of the homogeneous present-day topography 

and tectonic structure. MZ distinguishes (1) blocks (areas) of different rank; (2) their boundary 

zones, morphostructural lineaments; and (3) sites where lineaments intersect, the nodes. The rank of 

the lineament depends on the rank of the area limited by the lineament. With respect to the regional 

trend of the tectonic structure and topography, two types of lineaments are distinguished: (1) 

longitudinal and (2) transverse ones. Longitudinal lineaments are approximately parallel to the 

regional strike of the tectonic structure and of the topography and, as a rule, include the prominent 

faults. Transverse lineaments go across the regional trend of the tectonic structure and of the 

topography. Normally, they appear on the Earth’s surface discontinuously and are evidenced by 

escarpments, by rectilinear parts of river valleys, and partly by faults. 

2.2. Recognition of Earthquake-Prone Areas 

The goal of the recognition is to separate the nodes into two classes: the nodes where earthquakes 

with magnitude M  7.0 may occur (class D) and the nodes where only earthquakes with M < 7.0 

may occur (class N). Using the information on the recorded large earthquakes two sample sets of 

nodes are specified: D0 representing class D and N0 representing class N. Each node is described by 

the topographical, geological, geomorphic, and geophysical parameters. The values of the 

parameters form a vector that is associated with a node. The vectors are classified into classes D and 

N using pattern recognition techniques, specifically the CORA-3 algorithm (Gorshkov et al., 2003) 

that operates in two stages. At the learning stage the algorithm selects the characteristic D- and N-

traits for classes D and N, using samples D0 and N0. At the classification stage the algorithm counts 
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the numbers of D- and N-traits (nD and nN respectively) that each node possesses and assigns it to 

class D if nD – nN ≥  or to class N if nD – nN < , where  is a parameter of the algorithm. 

3. Data and Results 

The MZ map displayed in Figure 2 shows morphostructural lineaments and loci of the nodes. 

Totally, with MZ we have identified 510 intersections of lineaments treated as the nodes. The node 

is defined as a circle of 30 km in the radius about the point where lineaments intersect. Such node 

dimension is consistent with the size of earthquake sources for M7+ (Wells and Coppersmith, 1994). 

 

Figure 2 - Morphostructural zoning map of the central part of the Alpine-Himalayan belt. 

Continuous lines - the longitudinal lineaments, dashed lines - the transverse lineaments; bold lines - 

the lineaments of the 1st rank, middle lines - the lineaments of the 2nd rank, hairlines - the lineaments 

of the 3rd rank. 

All nodes have been described by the uniform set of parameters listed in the Table 1. Values of 

parameters are the input for the recognition algorithm Cora-3. 

For the learning stage of the recognition the shallow earthquakes M7+ have been selected from the 

earthquake catalogs spanning different time intervals and covering totally or partially the study 

region (Engdahl et al., 1998; Berberian, 1994; Kondorskaya et al., 1993; Shebalin et al., 1997). All 

the epicenters plotted in Figure 2 correlate with the nodes. 

The set D0 of samples for the class D includes nodes where earthquakes with M ≥ 7.0 already 

occurred. The set N0 of samples for the class N contains the remaining nodes. 

At the recognition stage the Cora-3 algorithm assigned 150 nodes out of 510 ones to class D. 

Recognized seismogenic nodes capable of earthquakes with M ≥ 7.0 are shown in Figure 3. 

Lines and red dots are the same as in Figure 2. Circles mark recognized nodes capable of earthquakes 

M7+. 

Characteristic features defined by Cora-3 that discriminate D nodes from N nodes are presented in 

Table 2. 
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Table 1 - Parameters Used for the Recognition and Their Thresholds of Discretization. 

Parameters Thresholds of discretization for the different parts of the 

united region 

Caucasus Kopet Dagh Alburz 

Maximum altitude, m 

(Hmax) 2642.01 1900 2544.01 

Minimum altitude, m 

(Hmin) 290 340 100 

Relief contrast, m (H) 

(Hmax - Hmin) 1532; 2470 1100;1623 728; 2370 

Measure of slope, (H/L) 54.2 38 48.39 

The percentage of 

Quaternary deposits, % (Q) 10; 48 42, 62 4; 49 

The highest rank of a 

lineament in the node, (HR) 1 1 1 

The number of lineaments 

in the node, (NL) 2 2 2 

The distance from the node 

to the nearest first rank 

lineament, km, (R1) 0, 32 0, 0 0, 20 

The distance from the node 

to the nearest second rank 

lineament km, (R2) 26 32 13 

The distance from the node 

to the nearest intersection, 

km, (Rint) 24 23 15 

Combinations of large 

topographic forms (Top) 

1- mountain range and a 

piedmont plain (m/p) 

2- mountain range and 

piedmont hills (m/pd) 

3- mountain ranges 

separated by a longitudinal 

valley (m/m) 

4- piedmont hills and a 

piedmont plain (pd/p) 

3, 4 

 

1, 2 

 

2, 4 
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Table 2 - Characteristic Features of D and N nodes. 

Parameters 

Hmax, 

M 

Hmin, 

m 

ΔH, 

m TOP 

Q, 

% HR NL dH/L 

R1, 

km 

R2, 

Km 

D traits 

 Large Large       Large 

Small  Large        

    Large   Large  N/small 

  Large    Large   N/small 

Small  N/small       N/small 

Large        Large Small 

Large    N/small     Small 

  Large  N/large    Small  

 Small   N/large   Large   

Small    N/large   Large   

  N/large  N/small   Large   

Small Large      Large   

  N/small Small    Small   

  Large Large   Large    

Large  N/large    Large    

 

 N/small  N/small 

N/smal

l     

 Large Large  Large      

N traits 

        Large Large 

     Large    Large 

       Small  N/large 

      Small Small  Small 

  Small    Small Small  Small 

Small      Small Small  Small 

  Small Large   Small Small  Small 

 Small     Small Small Large  

     Small  Small   

 Small  Large  Large     

  Small   Large     

 Small Small   Large     
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Figure 3 – Recognized Earthquake-Prone Areas for M7+. 

4. Discussion and Conclusions 

The obtained results are reasonable because we have recognized properly all the nodes hosting 

earthquake M7+ (Figure 3). We missed only one node accommodating the 1895 Krasnovodsk 

earthquake, the location of which is poorly defined (Balassanian et al., 1999). 

Figure 3 shows that the majority of the recognized D nodes sit on the 1st and 2nd rank lineaments. 

This indicates that seismogenic nodes are located on the boundaries separating the largest blocks of 

the crust in the study region. 

Note that within the South Caspian deep-sea basin characterized by the thin oceanic crust and a high 

heat flow nodes capable of earthquakes with M7+ are not recognized. 

Characteristic features D and N nodes (Table 2) include 10 parameters that are most informative for 

the discrimination of D nodes from N ones. Unlike N nodes, D nodes are characterized by the 

contrast neotectonic movements and increased fragmentation of the crust. Specifically, “large” 

values of Н, Q, and Hmax indicate the high contrast of neotectonic movements. In the vicinities of 

D nodes the increased fragmentation of the crust evident in “large” values of NL and in “small” 

values of R2. 

Recognition results highlight the significant seismic potential of the central segment of the Alpine-

Himalayan belt: we recognized 126 D-nodes (D*) where earthquakes M7+ have not yet been 

recorded. These nodes form the prominent clusters in each of the large-scale tectonic structures 

composing the central segment of the Alpine-Himalayan belt. 

Most of D* nodes are located in the Caucasus. Figure 3 shows that the largest cluster of D* nodes 

is situated north of Erevan in the Armenian part of the Lesser Caucasus. In the Greater Caucasus D* 

nodes form several clusters occupying the southern flank of the Main Caucasus Range. The isolated 

D* nodes were recognized north of the Sochi and Sukhumi towns and, in the eastern part of the 

Greater Caucasus, near the towns of Nalchik, Vladikavkaz, and Makhachkala. 

In the Alborz, large clusters of D* nodes are located in the westernmost and easternmost parts of the 

mountain system. Another prominent area of high seismic potential is delineated near and east of 

Tehran. 

In the Kopet Dagh we have recognized only a few D* nodes. They are concentrated in the southwest 

and in the northwest edges of the Kopet Dagh. 
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Thus, the present study is considered to provide the important information on the potential 

earthquake sources for long-term seismic hazard assessment in the central part of the Alpine-

Himalayan belt. 
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Abstract 

This study aims at showing the numerical modelling of earthquake ground motion in 

the Thessaloniki urban area, using a 3D spectral element approach. The availability 

of detailed geotechnical/geophysical data together with the seismological information 

regarding the relevant fault sources allowed us to construct a large-scale 3D 

numerical model suitable for generating physics-based ground shaking scenarios 

within the city of Thessaloniki up to maximum frequencies of about 2 Hz. Results of 

the numerical simulation of the destructive MW6.5 1978 Volvi earthquake are 

addressed, showing that realistic estimates can be obtained. Shaking maps in terms 

of ground motion parameters such as PGV are used to discuss the main seismic wave 

propagation effects at a wide scale. 

Keywords: deterministic seismic hazard, seismic wave propagation, Spectral Element 

Method. 

Περίληψη 

Αντικείμενο της παρούσας μελέτης είναι η αριθμητική προσομοίωση της σεισμικής 

εδαφικής κίνησης στην αστική περιοχή της Θεσσαλονίκης με τη χρήση της μεθόδου των 

φασματικών στοιχείων. Η διαθεσιμότητα λεπτομερών γεωτεχνικών/γεωφυσικών 

δεδομένων, καθώς και σεισμολογικών πληροφοριών για τα ρήγματα που επηρεάζουν 

την περιοχή, μας επέτρεψε την κατασκευή ενός τρισδιάστατου αριθμητικού 

προσομοιώματος μεγάλης κλίμακας, κατάλληλου για την παραγωγή σεναρίων εδαφικής 

κίνησης για την πόλη της Θεσσαλονίκης και για μέγιστη συχνότητα 2 Hz. Στη μελέτη 

αυτή παρουσιάζονται αποτελέσματα της αριθμητικής προσομοίωσης του 

καταστροφικού σεισμού της Βόλβης του 1978, μεγέθους Mw6.5, καταδεικνύοντας τη 

δυνατότητα επίτευξης ρεαλιστικών εκτιμήσεων. Τέλος, χρησιμοποιούνται χάρτες 

εδαφικής ταλάντωσης σε όρους παραμέτρων εδαφικής κίνησης όπως PGV για τη μελέτη 

των κύριων φαινομένων διάδοσης σεισμικών κυμάτων σε μεγάλη κλίμακα. 

Λέξεις κλειδιά: ντετερμινιστική σεισμική επικινδυνότητα, προέλαση σεισμικών 

κυμάτων, Μέθοδος Φασματικών Στοιχείων. 
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1. Introduction 

Thessaloniki, the second largest city in Greece after Athens, is located in the Axios-Vardar zone, 

which is adjacent to the Servomacedonian massif (see Figure 1), extending from the Yugoslavia-

Bulgaria border up to the North Aegean Trough. The Servomacedonian massif is one of the most 

seismotectonically active zone in Europe; a large portion of its seismicity is associated to the 

Mygdonia graben, around 25 km northeast of Thessaloniki, where on 20 June 1978 a destructive 

earthquake with moment magnitude MW 6.5 occurred. The 1978 earthquake caused extensive 

damage to many villages located close to the epicentral area (Stivos, Scholari, Peristeronas, 

Gerakarou), as well as in Thessaloniki, where the death toll reached the value of 45 people. It is 

considered as the first earthquake with a serious impact on a big modern urban centre in Greece. 

The earthquake attracted the attention of many researchers and marked the beginning of several 

studies, extending from the analysis of the seismological features of the largest events as well as of 

the aftershocks of the seismic sequence (see thorough overview in Roumelioti et al., 2007), to 

microzonation studies and researches related to the quantification of the local site effects (e.g., 

Lachet et al., 1996; Triantafyllidis et al., 2004a, b; Raptakis et al., 2004a,b), up to the construction 

of a 3D geotechnical/geophysical model for the sedimentary and bedrock formations within the city 

of Thessaloniki (Anastasiadis et al., 2001; Apostolidis et al., 2004). 

The aim of this study is to present a numerical study on the prediction of earthquake ground motions 

in the Thessaloniki urban area, based on a full 3D model both of the seismic fault rupture and of the 

source-to-site propagation path, with reference, in particular, to the MW 6.5 1978 earthquake. 

Numerical simulations were carried out using a high-performance code, namely SPEED, based on 

the Discontinuous Galerkin Spectral Elements Method (DGSEM). The comparison between 

synthetics and observations at the only available strong motion station will be addressed together 

with the comparison with Ground Motion Prediction Equations (GMPEs) and the generation of 

ground shaking maps at a broad scale. 

 

Figure 1 – Seismic sources for the broader Thessaloniki area, as provided by the GreDASS 

database, and distribution of the epicentres (denoted by the stars) of the historical 

earthquakes with MW > 6. The blue box indicates the extent of the 3D model. 

2. Seismotectonic and Geologic Context 

The broader Thessaloniki area lies in Central Macedonia, an area characterised by extensive NW-

SE and E-W-trending continental-type basins and grabens, filled with Neogene and Quaternary 
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sediments, which formed as a result of Miocene to present extensive brittle extensional deformation 

that mainly related to high-angle normal faults (Tranos et al., 2003). Among them, the Mygdonian 

graben is the largest basin in the area (see Figure 1) and its continuous seismic activity poses a 

serious threat to the city of Thessaloniki. The tectonic regime of the broader area is characterised by 

extensional deformation associated mostly with E-W, NW-SE or NE-SW striking faults (Tranos et 

al., 2003; Paradisopoulou et al., 2006). The E-W trending faults are mainly normal dip-slip, while 

the NW-SE and ENE-WSW ones occasionally show strike-slip components of movement. The fault 

system bounding the southern boundaries of the Mygdonia graben (Gerakarou fault) was responsible 

of the destructive 20 June 1978 earthquake. 

Figure 1 points out the main seismic sources of the broader Thessaloniki area, as provided by the 

Greek Database of Seismogenic Sources (GreDaSS: http://gredass.unife.it/; Caputo et al., 2012), a 

repository of geological, tectonic and active fault data for the Greek territory, together with the 

epicentres of the historical events with moment magnitude MW>6 (events within the computational 

domain are selected). Data about the historical events are taken from Papazachos et al. (2000; 2010) 

and, specifically for the 1978 Volvi earthquake, from Roumelioti et al. (2007). The study area is 

characterised by an intense seismic activity with strong historical earthquakes, associated mainly to 

the Mygdonia Basin and the Anthemountas fault zone, with magnitude up to MW=6.8. The boundary 

of the computational model, described in the following sections, is also indicated, as denoted by the 

superimposed blue box. 

From a geological point of view, the Thessaloniki urban area is characterised by three main macro 

geological structures oriented in the NW-SE direction. Starting from the deepest one, these 

formations can be summarised as follows: (1) metamorphic substratum consisting of crystalline 

rocks (gneiss, epigneiss and green shists), which outcrops at the N-NE border of the city and reaches 

a depth larger than 500 m near the coastline in the W-WS direction; (2) sedimentary deposits, mainly 

of Neogene period, dominated by the red silty clay series, covering the bedrock basement beneath 

the city; (3) recent deposits consisting of clays, sands and pebbles of Holocene period. The definition 

of 3D thematic maps of these geologic formations together with their characterisation in terms of 

main geotechnical/geophysical properties have been addressed, first, by Anastasiadis et al. (2001) 

and, subsequently, by Apostolidis et al. (2004). In this work reference has been made to the 3D 

model produced by Apostolidis et al. (2004). 

3. The Numerical Simulation Method 

3D numerical simulations of seismic wave propagation have been performed using the 

Discontinuous Galerkin Spectral Elements Method (DGSEM) implemented in the open-source 

computer package called SPEED, SPectral Element in Elastodynamics with Discontinuous Galerkin 

(http://speed.mox.polimi.it/; Mazzieri et al., 2013). SPEED can handle the simulation of large-scale 

seismic wave propagation problems including the coupled effect of a seismic fault rupture, the 

propagation path through Earth’s layers and localised geological irregularities, such as alluvial 

valleys. Based on a discontinuous version of the classical spectral element (SE) method, as explained 

in Antonietti et al. (2012), SPEED is naturally oriented to solve multi-scale numerical problems, 

allowing one to use non-conforming meshes (h-adaptivity) and different polynomial approximation 

degrees (N-adaptivity) in the numerical model. The code has been optimised to run on multi-core 

computers and large clusters (e.g., Fermi BlueGene/Q at CINECA), taking advantage of the hybrid 

MPI-OpenMP parallel programming. The present version of SPEED includes the following features: 

i) different seismic excitation modes, including kinematic finite-fault seismic ruptures models; ii) 

both linear and non-linear visco-elastic soil materials; iii) different attenuation models with 

frequency proportional quality factor (Stupazzini et al., 2009) or frequency constant quality factor 

(Mozco et al., 2014); (iv) paraxial absorbing boundary conditions (Stacey, 1988); (v) time 

integration by either the second order accurate explicit leap-frog scheme or the fourth order accurate 

explicit Runge-Kutta scheme. Note that the current version SPEED cannot account for coupled fluid-

soil seismic wave propagation analyses. 

http://speed.mox.polimi.it/
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4. Computational Model for the Thessaloniki Urban Area 

Based on the available data regarding both the characterisation of the seismic sources and geological, 

geotechnical and geophysical aspects, a large-scale 3D spectral element model (see Figure 2) has 

been constructed, including the following features, as key ingredients: 

 ground topography as retrieved from 90 m SRTM DEM (http://srtm.csi.cgiar.org/); 

 four seismogenic fault sources posing a hazard to the city of Thessaloniki, specifically, 

Gerakarou-GRIS101 (i.e., the fault responsible of the 1978 Volvi earthquake), Langadhas-

GRIS102, Angelochori-GRIS251, and Souroti-GRIS252 (the latter two being part of the 

Anthemountas fault zone); 

 horizontally layered crustal model for deep rock materials (from Ameri et al., 2008); 

 3D subsoil model of the Thessaloniki urban area, based on the detailed microzonation 

geotechnical studies (Anastasiadis et al., 2001) combined with extensive geophysical analyses 

(Apostolidis et al., 2004). Further details about the 3D subsoil model are given below. 

As depicted in Figure 2, the mesh extends over a volume of about 82 km x 64 km x 31 km and is 

discretised using an unstructured hexahedral conforming mesh with characteristic element size ranging 

from a minimum of about ~150 m at the surface to ~1500 m at the bottom of the model. The model 

consists of 753’211 spectral elements, resulting in approximately 60 million of total degrees of freedom, 

with a third order polynomial approximation degree. Considering a rule of thumb of four grid points 

per minimum wavelength for non-dispersive wave propagation in heterogeneous media by the SE 

approach (Faccioli et al., 1997), this model can propagate frequencies up to about 2 Hz. Provided that 

the mesh honours the geometry of different faults, as highlighted in Figure 2, this model can be used 

for generating ground motion scenarios in the city of Thessaloniki, resulting from fault ruptures 

involving either a portion or the entire length of any of these seismogenic sources. 

 

Figure 2 – 3D spectral element mesh for the broader Thessaloniki area. The crustal model, 

the faults included in the model and the slip distribution for the 1978 Volvi earthquake are 

also shown. 

Regarding the 3D basin model, the following assumptions were made: (i) the 3D geometry of the 

geologic bedrock basement, as published in Apostolidis et al. (2004), was implemented in the 

numerical model (see Figure 3, left panel); (ii) two generic soil profiles with linear visco-elastic 

behavior were defined for the alluvial deposits overlying the bedrock for two ground categories, i.e. 

Eurocode 8 (EC8) soil B (VS30 = 360-800 m/s) and C (VS30 = 180-360 m/s), following the soil 

classification mapped in Figure 3 (right panel, from Pitilakis et al., 2015). 

http://srtm.csi.cgiar.org/
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 The soil profiles in terms of S- and P- wave velocity (VS and VP, respectively), soil density 

() and quality factor (QS), are given in Figure 4. The functional form for the VS gradient, 

      70.0
l,Sm,Sl,SS h/zVVVzV  , with VS,l = 300 m/s and VS,m = 2000 m/s being the lower and 

upper VS at ground surface and top of geologic bedrock, respectively, and h = 1000 m, was defined 

according to the recent findings achieved in the framework of NERA project, based on empirical 

data from SHARE-AUTH database (Pitilakis et al., 2014). Note that a minimum shear wave velocity 

of 300 m/s was assumed due to computational reasons, even though it overestimates the actual values 

especially along the shoreline. A frequency proportional quality factor is assumed using a reference 

frequency of 0.67 Hz. 

 Note that, although well constrained data were available only for the Thessaloniki urban area, 

it was necessary to extend arbitrarily the basin model to the west/south-west (Axios basin and 

Thermaikos gulf) and to the south-southeast (Anthemountas basin). To this end, the shape of the 

bedrock-alluvial interface along the NW-SE edge of the model by Apostolidis et al. (2004) was 

replicated along these directions to follow roughly the general geomorphologic features of the area. 

Several preliminary simulations tests were performed to check the impact of this extrapolation 

procedure, pointing out that results are affected only to a minor extent. 

 

Figure 3 – Left: 3D map showing the depth of geologic bedrock (after Apostolidis et al., 2004) 

within the city of Thessaloniki; Right: EC8 soil classification (based on Pitilakis et al., 2015). 

 
Figure 4– Calibration of average soil profiles in terms of VS, VP,  and QS (at a reference 

frequency f0 = 0.67 Hz) for the 3D model, based on the available 1D data. 
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5. Numerical Simulation of the 20 June 1978 Volvi Earthquake 

As a case study, the MW 6.5 June 20 1978 Volvi earthquake was simulated by SPEED. Even though 

there was only one strong motion station in operation during the earthquake and the quality of the 

available recordings is rather low, it is interesting to analyse the main features of the predicted 

ground motion during this major event. 

To simulate the Volvi earthquake, in addition to the features illustrated in the previous section, a 

kinematic source model along the Gerakarou fault was considered. Reference was made to the recent 

work by Roumelioti et al. (2007), who investigated the rupture process of the 1978 earthquake from 

the analysis of teleseismic waveforms, recorded in the distance range 21º to 37º, combined with 

near-fault levelling data. The main kinematic source parameters are listed in Table 1 while the slip 

distribution is shown in Figure 2. Based on the results of preliminary comparisons between 

synthetics and observations using the Hisada code (Hisada and Bielak, 2003), the following 

modifications were made with respect to the model published by Roumelioti et al. (2007): (i) the 

top depth of rupture as assumed at 1 km to avoid super-shear effects (VS in the top layer is, in fact, 

2 km/s); (ii) for the slip distribution, we used a k2 slip model (Herrero and Bernard, 1994), with 

location and size of the main slip asperities resembling the ones in the original model. 

It was, in fact, found that the application of the original finite-fault solution, characterised by a 

significant slip asperity at ground surface (as inferred from levelling data), in conjunction with the 

assumed crustal model, may induce unrealistic ground motion amplitudes towards the city of 

Thessaloniki owing to excessive amplification effects at the resonance frequency of the first layer 

of the crustal model, i.e. at 0.5 Hz, where the source radiates much energy. To clarify these effects, 

Figure 4 shows the results (velocity histories and corresponding Fourier Amplitude Spectra, FAS) 

at the accelerometric station THE-City Hotel (see location in Figure 3) for the kinematic slip model 

by Roumelioti et al. (2007) under two hypotheses regarding the crustal model, i.e., with or without 

the top layer of 2000 m/s. It is apparent that the case with the top layer produces excessive energy 

in the frequency range between 0.5-1 Hz, especially on the EW and UP component. 

 

Figure 5 – Effect of the crustal model and kinematic slip distribution. Results refer to the 

THE-City Hotel station (see location in Figure 3) in the range 0.25-2 Hz. 

Figure 5 shows the comparison between synthetics and ground motion observations at the 

accelerometric station THE-City Hotel in terms of velocity waveforms and FAS. Recorded motions 
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were downloaded from ITSAK database (http://www.itsak.gr/). Both simulated and recorded data 

are band-pass filtered between 0.25 and 2 Hz, the former being the minimum usable frequency of 

the analog record and the latter being the frequency limit of the numerical simulation. A satisfactory 

agreement is found especially for the horizontal components, especially the NS one, while vertical 

component tend be overestimated, due to the assumptions regarding the assumed focal mechanism. 

Table 1 - Summary of main source parameters for the 1978 Volvi earthquake. 

Hypocentre 

(°N, °E) 

Depth 

(km) 
L x W 

(km2) 
Ztop 

(km) 
Strike/Dip/Rake 

(°) 

Rup. 

Vel. 

(km/s) 

Rise 

Time 

(s) 

(40.705, 23.266) 7.5 35 x 19 1 278/46/-70 2.6 0.6 

 

Figure 6 – Comparison between synthetics and recordings at the THE-City Hotel station: 

three component velocity time histories (top) and FAS (bottom) in the range 0.25-2 Hz. 

Finally, as a further check on the results of the numerical simulations on a broad scale, Figure 5 

illustrates the comparison with the GMPE by Skarlatoudis et al. (2003, 2007), SK07, developed 

specifically for shallow earthquakes in the broader Aegean area, in terms of geometric mean of PGV, 

considering a set of uniformly spaced sites on rock (left) and basin (right) conditions. A satisfactory 

comparison is found especially for rock and stiff soil sites, while at soft basin sites (EC8 class C) 

larger differences are found probably due to the inability of the empirical models to account for the 

specificity of local site conditions. 

 

Figure 7 – Comparison between simulated results and the GMPE of Skarlatoudis et al. 

(2003, 2007), SK07, for both rock (left) and basin (right) sites. 
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6. Ground Shaking Maps 

Interesting outputs of 3D numerical simulations are the ground shaking maps at a broad scale in terms 

of different ground motion intensity measures, such as Peak Ground Velocity (PGV), Peak Ground 

Displacement (PGD) or response spectral acceleration (SA). In Figure 6 the spatial distribution of PGV 

(filtered in the range 0.05-2 Hz) is shown for the three components of ground motion: normal to the 

fault strike (Fault Normal, FN), parallel to the fault strike (Fault Parallel, FP) and vertical (UP). For 

comparison purposes, the same colour scale has been adopted for the three maps. It is found that 

maximum PGV values of about 1.15 m/s are found on the hangingwall of the fault on the FN 

component, while the FP ground motions tend to be significant lower in the near field. However, at 

larger distances, differences between the FN and FP tends to decrease significantly. Vertical motion 

can be larger than the horizontal FP motion in the near-source region, in agreement with the evidence 

of larger vertical to horizontal ratios in the proximity of the source (see e.g. Ambraseys and Douglas, 

2003). From both maps it is found that maximum ground motion amplitudes are found in the region, 

south-east of the epicentre owing to focal mechanism effects. At larger distances, amplification of 

ground motion due to the presence of the soft sedimentary deposits is also apparent. 

 

Figure 8 – Map of Peak Ground Velocity (PGV) on the Fault Normal (FN, left), Fault 

Parallel (FP, centre) and vertical (UP, right) component. 

7. Conclusions 

In this paper 3D numerical modelling of earthquake ground motion in the Thessaloniki urban area has 

been addressed with emphasis on the simulation of the destructive MW 6.5 20 June 1978 earthquake, 

who affected seriously the city. The model covers a wide area of size 82 km x 64 km and includes the 

3D subsoil structure of the urban area, as retrieved from the available geotechnical and geophysical 

studies, as well as the fault sources posing a serious threat to the city of Thessaloniki. 

The first efforts to study 3D seismic wave propagation effects within the Thessaloniki urban area at a 

wide scale were made by Skarlatoudis et al. (2010, 2011, 2012), who adopted a finite-difference 

numerical approach. Compared to these numerical studies, in our modelling extended finite-fault 

rupture models have been addressed rather than point-source representations. However, a more 

simplified description of the subsoil structure has been adopted herein owing to computational reasons. 

The available strong motion data, i.e., only one rather poor record at the basement of a high rise 

building, are not sufficient to carry out a comprehensive validation study. The comparison between 

recordings and synthetics at this strong motion station points out some discrepancies especially in 

the EW and UP components, probably due to the assumptions regarding the kinematic source model 

(focal mechanism and slip distribution). However, in this study, emphasis is given to the complex 

modeling of 3D seismic wave propagation, including a variety of factors, from the extended fault 

rupture to local site effects in Thessaloniki, to prove that this kind of analysis is now feasible and 
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can reproduce in a satisfactory way the general features of spatial variability of ground motion at 

broad scale. Comparison with GMPEs is addressed and ground shaking maps in terms of PGV are 

provided to shed light on the most significant wave propagation effects (near-fault, focal mechanism 

and site effects). The model presented in this study may be used for generating various ground 

shaking scenarios from future earthquakes originating from the Gerakarou, Langadhas or 

Anthemountas seismogenic sources of potential major impact on the city of Thessaloniki. 
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Abstract 

The quantification of uncertainties and choise of the seismogenic zonation are crucial 

points in the probabilistic assessment of seismic hazard. This study followed the 

structure of a "logic tree" of 16 branches, in order to quantify uncertainties. It consists 

of two seismogenic zonations - one specifically developed for the North Aegean Trough 

based on recent swath mapping, geophysical and seismotectonic data, and the regional 

zonation used in the seismic hazard map of Greece. Two different approaches for the 

seismicity model definition and four attenuation relationships valid for Greece were 

used. The assessment of seismic hazard was obtained using the CRISIS software. All 

seismic hazard maps refer to the horizontal peak ground acceleration (PGA) with 475 

years return period. Using the new developed zonation, maximum PGA values of 300 

Gal are associated with the North Sporades area and the deepest part of the North 

Sporades basin.  Results obtained by the regional seismogenic zonation of Greece shift 

maximum PGA values northeast of Athos peninsula. We conclude that the new zonation 

produces results that better address the seismotectonic regime of the North Aegean area. 

Keywords: logic tree, CRISIS software, Greece. 

Περίληψη 

Η ποσοτικοποίηση των αβεβαιοτήτων και η επιλογή του μοντέλου σεισμογενών ζωνών 

αποτελούν κρίσιμα σημεία στην πιθανολογική εκτίμηση της σεισμικής επικινδυνότητας. 

Στην παρούσα μελέτη ακολουθήθηκε η δομή ενός “logic tree” από 16 κλάδους: 

χρησιμοποιήσαμε δύο μοντέλα σεισμογενών ζωνών, ένα νέο μοντέλο για την περιοχή του 

βορείου Αιγαίου, που βασίστηκε σε πρόσφατη βυθομετρική χαρτογράφηση και γεωφυσικά 

και σεισμοτεκτονικά δεδομένα και το κλασσικό μοντέλο σεισμογενών ζωνών για τον 

Ελληνικό χώρο. Επιπλέον εφαρμόσαμε δύο μεθοδολογίες για την εκτίμηση των 

παραμέτρων σεισμικότητας και τέσσερεις σχέσεις απόσβεσης της εδαφικής επιτάχυνσης. 

Η εκτίμηση της σεισμικής επικινδυνότητας βασίστηκε στο λογισμικό CRISIS και τα 

αποτελέσματα αναφέρονται στη μέγιστη αναμενόμενη σεισμική επιτάχυνση (MΣΕ), με 

περίοδο επανάληψης 475 χρόνια. Με τη χρήση του νέου μοντέλου σεισμογενών ζωνών, 

οι μέγιστες τιμές της ΜΣΕ, 300 Gal, σχετίζονται με την περιοχή των βορείων Σποράδων 

και το βαθύτερο σημείο της λεκάνης, ενώ η χρήση του κλασσικού μοντέλου  μετατοπίζει 

αυτές βορειοανατολικά της χερσονήσου του Άθω. Συμπερασματικά η χρήση του νέου 

μοντέλου σεισμογενών ζωνών δίνει αποτελέσματα που αντιπροσωπεύουν ρεαλιστικότερα 

τα σεισμοτεκτονικά δεδομένα της περιοχής του βορείου Αιγαίου. 

Λέξεις κλειδιά: “logic tree”, λογισμικό CRISIS, Ελλάδα. 
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1. Introduction 

The most prominent tectonic feature of the North Aegean Sea is the North Aegean Trough (NAT), 

consisting of a series of deep fault-bounded seismically active basins, like those of Saros and north 

Sporades (e.g. Le Pichon et al., 1984; Papanikolaou et al., 2006; Pavlides et al., 2008) (see fig. 1). 

The prevailing tectonic regime is extensional associated with dextral strike-slip transtension (e.g. 

Lyberis, 1984; Ginzburg et al., 1986; Papazachos and Papazachou, 2003). Right-lateral strike-slip 

faults within the Trough and the surrounding region accommodate the westward motion of the North 

Anatolia Fault (NAF) and the south-westward motion of the Aegean microplate relative to Eurasia. 

This is also clearly mapped by GPS observations (Kahle et al., 1998). 

The westward extension and termination of the NAF in the Aegean domain is a matter of dispute 

and has been discussed by many authors. McKenzie (1972) and LePichon et al. (1984) suggested an 

extension of NAF with two major extensional rifts, this of Sperchios basin and even more so the 

Corinth basin rift. Makris (1977, 1985), based on gravity observations and seismic reflection and 

refraction profiles, proposed that the shear of the NAF is dissipated into a number of major 

dislocations and tensional and sheared features across the north Aegean Sea and the Hellenides (see 

also Makris and Stobbe, 1984; Ginzburg et al., 1986). 

Brooks and Ferentinos (1980), based on single channel reflection seismic mapping, showed that 

faulting in the basins has caused significant post orogenic gravitational slumping, and deformed the 

sea bottom topography. Ginzburg et al. (op cited) accomplished a detailed multichannel seismic 

reflection and refraction study and showed that the crust in the NAT is continental, 28 km thick 

(Moho depth), overlain by sediments of 5 to 5.5 km thickness. They proposed that the origin of the 

present-day NAT is the result of a Miocene extension and down warping of the crust accompanied 

by sedimentation of Neogene and younger sediments. Also Makris et al. (2001), from refraction 

seismic data, and Makris et al. (2013), from 3D density modelling constrained by gravity and seismic 

information, showed that crustal thickness in the NAT is 26 – 28 km, and average thickness of 

sediments about 5 - 6 km, having maximum values in the north Sporades and Saros basins (see also 

Lalechos and Savoyat, 1979). These basins, as mentioned above, are developing by transtension in 

a continental domain. 

The northern Aegean Sea is the host of many moderate-to-large earthquakes. Several of these are 

located along the NAT lineament, including the M 6.6 and 6.7 earthquakes of January 1982 and 

August 1983, the M 6.7 earthquake of March 1975 (Papazachos and Papazachou, 2003), and the 

Mw 6.3 of the eastern segment of NAT (Sboras et al., 2015). The largest earthquake was the Mw 

6.9 event in 2014 in in the Saros basin (Saltogianni et al., 2015). The broader NAT region is one of 

the most seismically active areas in the Aegean domain. It is therefore of primary importance for the 

safety of a fairly densely populated area to have a reliable seismic hazard model. In this paper we 

present a seismic hazard assessment based on the most advanced state of the art techniques and the 

latest geophysical and geological information. 

2. The earthquake catalogue 

The earthquake catalogue used in the present study was derived from the homogenization of data 

from Papazachos et al. (2009), the Seismic Bulletins of Thessaloniki 

(http://geophysics.geo.auth.gr/ss/CATALOGS/seiscat.dat), the Seismic Bulletins of the National 

Observatory of Athens (http://gein.noa.gr/services/1950-00.txt), the catalogue of Papanastasiou et 

al. (2001), and the GCMT, Global Centroid Moment Tensor database of Harvard 

(http://www.globalcmt.org/CMTsearch.html). All double events were removed by using a 

FORTRAN code and the catalogues were unified (Scordilis, personal communication). Thus, 4,679 

dependent events were eliminated from the original catalogue and the final data file used for 

estimating hazard includes 6,007 events with magnitude larger than 3.0 for the time period between 

1900 and 2009 and between coordinates 21.00 - 26.50 E and 38.50 - 41.50 N. Individual magnitudes 

from the different catalogues were calibrated and a final magnitude was estimated, equivalent to the 
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moment magnitude, Mw, for Greek earthquakes. A detailed description of the procedure followed 

for the homogenization and compilation of the new earthquake catalogue is given in Tsambas (2006) 

and Tsambas et al. (2016). 

 

Figure 1 - Seismicity in the North Aegean Trough (NAT) and surrounding area. Faults 

adopted from IGME (1989), Papanikolaou et al. (2006) and Pavlides et al. (2008). 

Earthquake data from Tsambas (2006) and Tsambas et al. (2016). NSB: North Sporades 

basin, SB: Saros basin. 

3. The new seismogenic zonation and seismicity parameters 

We designed a new seismogenic zonation (see fig. 2) considering the latest bathymetric and tectonic 

mapping based on swath bathymetry (Papanikolaou et al., 2006) of the North Aegean Trough, active 

faults mapping (Pavlides et al., 2008) and the seismotectonic data of IGME (1989). Distribution of 

earthquakes was obtained from the new homogenized catalogue. This new zonation provides the 

best fit between the tectonic regime and the seismicity. 



1446 

 

 

Figure 2 - The new proposed seismogenic zonation for the North Aegean Trough and 

surrounding region (shaded polygons) vs. the regional zonation of Papaioannou and 

Papazachos (2000) (white polygons). Frame indicates the area where hazard is estimated. 

In order to estimate the influence of the seismogenic zonation on hazard estimates we also used the 

regional zonation published by Papaioannou and Papazachos (2000) and computed hazard maps 

using the same catalogue and attenuation relationships. 

The seismicity parameters used as input for seismic hazard assessment by the CRISIS code (Ordaz 

et al., 2007) are summarized in Table 1. The parameters a and b of earthquake recurrence have been 

computed for each SZ following two different approaches, the maximum likelihood (MLE) and the 

least squares method (LSQ). 

The geological approach for the determination of MmaxGEO for a seismogenic zone is based on th

e scaling law between surface rupture length (SRL) and maximum magnitude as originally establis

hed by Wells and Coppersmith (1994) for earthquakes in California. Pavlides and Caputo (2004) d

eveloped a similar relation for the earthquakes of Greece that was adopted in the present study. 

4. The seismic hazard assessment of the North Aegean Trough 

The probabilistic seismic hazard assessment (PSHA) for the NAT broader area has been computed 

using the standard approach of Cornell (1968) and the CRISIS code of Ordaz et al. (op cited). A 

logic tree approach for PSHA (Kulkarni et al., 1984; Coppersmith and Youngs, 1986) was 

introduced for quantifying the uncertainties. Each node of the logic tree represents a specific 

constrain of the calculation by modifying the seismogenic source zonation, seismicity model, and 

the attenuation relationships, providing a series of alternative models (see fig. 3). Specifically, we 

considered two seismogenic zonations, the new designed zonation and the regional zonation 

(Papaioannou and Papazachos, op cited), and two methods for seismicity rates computation, the 

maximum likelihood and the least squares method. Finally, four attenuation relationships for 

horizontal peak ground acceleration (PGA) published for Greece by Margaris et al. (2002), 

Theodulidis and Papazachos (1994), Skarlatoudis et al. (2003), and Danciu and Tselentis (2007) 

were considered. Seismic hazard is presented in terms of maximum PGA with 10% probability of 

exceedance in 50 years (475 years return period). 
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Table 1 - Seismicity parameters for the seismogenic zones in the North Aegean Trough and 

surrounding area. N=number of earthquakes, a and b: parameters of the Gutenberg-Richter 

law estimated by the maximum likelihood (MLE) and the least squares (LSQ) method. 

Mmaxobs= maximum observed magnitude, MmaxGEO= maximum geological magnitude, 

T.period= period of observations. 

 

5. Results and Conclusions 

Using the steps mentioned in section 4, we obtained 16 different PGA maps that are presented in 

figures 4 and 5. Figure 4 is based on the new optimized zonation, while figure 5 shows the results 

based on the Papaioannou and Papazachos (op cited) zonation. In both figures left side presents the 

results obtained with the seismicity parameters defined by the maximum likelihood procedure, while 

the right side is based on the least squares definition of those parameters. 

In figure 4, upper left part, PGA distribution was computed using the ‘Margaris’ attenuation 

relationship. Maximum values of 300 Gal are associated with the North Sporades area and the 

deepest part of the North Sporades basin, of 1200 m depth. This is not surprising, since the uplifted 

Sporades islands are separated from the deepest basin depression by a nearly vertical fault that 

downthrows the crust by more than 5 km (see Makris et al., 2001; Ginzburg et al., 1986). To the 

east this maximum acceleration area is truncated by a NE-SW zone, running nearly parallel to the 

Kasandra peninsula, and displaces the PGA values to the southwest. The 300 Gal belt is now 

narrower than its western branch and extends toward Limnos Island. To the north, the Thermaikos 

and Strymonikos gulfs are distinctly separated by the east-northeast trending Sporades and Saros 

rifts by striking to a northwest trend, having PGA values less than 200 Gal. 
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Figure 3 - Branches of the ‘logic tree’. 

The same trend of PGA values and their distribution is generally maintained also in the maps of 

figure 4b, c and d (left side) that were obtained by the ‘Theodoulidis-Papazachos’, ‘Skarlatoudis’ 

and ‘Danciu-Tselentis’ attenuation relationships, respectively. Between maps 4a to 4d, there is a 

30% decrease of the peak acceleration values. We believe that the ‘Margaris’ attenuation 

relationship (4a - left side) gives the best result. It provides a more differentiated resolution of the 

calculated acceleration values, fits better to the seismotectonic features of the north Aegean domain, 

and supports the seismic hazard that this area has historically experienced (see Papazachos and 

Papazachou, 2003). Comparing the left with the right side of figure 4, that is the acceleration maps 

obtained by the least squares approximation, we observe that the hazard maps obtained by this 

procedure are more smoothed, correlating less accurately with the seismotectonic regime. PGA 

values decrease from a to d by 30 to 50%, although the general trends are more or less consistent. 

In figure 5 we calculated PGA values using the same procedure as described in figure 4; the same 

seismicity catalogue, attenuation relationships and seismicity parameters were used. Only the 

seismogenic zonation is the one published by Papaioannou and Papazachos (op cited). In figure 5a 

(left side) we see that maximum PGA of 300 Gal values are shifted to the east-northeast of the Athos 

peninsula, and that lower values are obtained towards the Sporades islands and the southwestern 

part of the NAT. Moreover, the generated maps of PGA values do not represent the seismotectonic 

regime with sufficient accuracy and resolution. This is not surprising, since at the time these 

seismogenic zones were defined the available geotectonic information was inaccurate and the swath 

bathymetric maps did not exist. 
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Figure 4 - PGA (in gal) with 475 year return period based on the new proposed seismogenic 

zonation. A to d refer to the ‘Margaris’, ‘Theodoulidis-Papazachos’, ‘Skarlatoudis’ and 

‘Danciu-Tselentis’ attenuation relationships. 
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Figure 5 - PGA with 475 year return period based on the Papaioannou and Papazachos 

(2000) seismogenic zonation. A to d refer to the ‘Margaris’, ‘Theodoulidis-Papazachos’, 

‘Skarlatoudis’ and ‘Danciu-Tselentis’ attenuation relationships. 
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Abstract 

Near fault ground motions can be significantly different than those further away from 

the seismic source. Within the near fault zone ground motions are drastically 

influenced by the rupture mechanism, the direction of rupture propagation relative to 

the site and possible permanent displacement related to the fault slip. During the past 

two decades several sophisticated theoretical or/and empirical methods have been 

proposed to simulate near fault motion requiring input parameters that hardly can be 

provided with accuracy, leading thus to extended parametric studies and 

uncertainties. In this paper, a simple but effective analytical model that 

mathematically represents near fault ground motions (Mavroeidis and Papageorgiou, 

2003) is applied and tested in the case of Cephalonia, Feb. 3, 2014 earthquake (Μ6.0). 

Its validity and reliability are examined and an effort to distinguish source and 

possible site effects is attempted for the town of Lixouri (LXR1 accelerograph) where 

the highest damage levels was observed. 

Keywords: near fault, velocity pulse, strong motion, site effects, Cephalonia. 

Περίληψη 

Η ισχυρή σεισμική κίνηση στο εγγύς πεδίο ρήγματος μπορεί να διαφέρει σημαντικά από 

εκείνη στο ενδιάμεσο και μακρυνό πεδίο. Εντός της ρηξιγενούς ζώνης η εδαφική κίνηση 

επηρεάζεται δραστικά από το μηχανισμό διάρρηξης, τη διεύθυνση διάδοσης της 

διάρρηξης σε σχέση με την εξεταζόμενη θέση και ενδεχόμενη στατική μετατόπιση 

σχετιζόμενη με την ολίσθηση του ρήγματος. Κατά τη διάρκεια των δύο τελευταίων 

δεκαετιών έχουν αναπτυχθεί αρκετά εξελιγμένες θεωρητικές ή/και εμπειρικές μέθοδοι 

για την προσομοίωση της εδαφικής κίνησης στο εγγύς πεδίο του ρήγματος που απαιτούν 

δεδομένα εισόδου τα οποία είναι δύσκολοί να δοθούν με ακρίβεια οδηγώντας έτσι σε 

εκτεταμένες παραμετρικές διερευνήσεις και αβεβαιότητες. Στην εργασία αυτή 

εφαρμόζεται και ελέγχεται για την περίπτωση της εδαφικής κίνησης εγγύς του ρήγματος 

κατά το σεισμό της Κεφαλονιάς στις 3/2/2014 (Μ6.0), ένα απλό αλλά αποτελεσματικό 

αναλυτικό μοντέλο που αντιπροσωπεύει μαθηματικά αυτή τη σεισμική κίνηση 

(Mavroeidis and Papageorgiou, 2003). Η ισχύς και η αξιοπιστία του μοντέλου αυτού 

εξετάζονται και επιχειρείται η διάκριση των χαρακτηριστικών της σεισμικής πηγής και 

των τοπικών συνθηκών για την πόλη του Ληξουρίου (σταθμός επιταχυνσιογράφου 

LXR1) όπου παρατηρήθηκε το υψηλότερο επίπεδο βλαβών. 

Λέξεις κλειδιά: εγγύς ρήγματος, ισχυρή κίνηση, επίδραση τοπικών συνθηκών, 

Κεφαλονιά. 
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1. Introduction 

In January 26 and February 3 of 2014, two moderate magnitude earthquakes M6.1 and M6.0, 

respectively, occurred in Cephalonia Island (Greece). Both shocks were right lateral strike-slip 

events and occurred on the Cephalonia Transform Fault zone. Strong ground motion was recorded 

in the near fault by the permanent and temporary accelerometer network of ITSAK, with the highest 

to date acquired peak ground acceleration in Greece (PGA=0.77g at Chavriata: CHV1 station) 

(Theodoulidis et al., 2015). High level of damage on buildings and infrastructure was mainly 

observed at the Paliki peninsula, western part of the Cephalonia island, where the causative fault is 

located (Fig. 1). 

Near fault ground motion involves particular features from engineering point of view, the most 

important of which is the velocity pulse (Bouchon, 1979; Somerville, 1998; Rodriguez-Marek, 2000; 

Stewart et al., 2001; Somerville, 2003; Mavroeidis and Papageorgiou, 2003). The severe implication 

of such velocity pulses on the performance of long period structures was recognized by the majority 

of engineers only after the 1994 Northridge, California, earthquake and they started considering 

methods to incorporate the near fault effects in seismic codes. Near fault recordings are sparse 

worldwide though during the last 20 years relative database was gradually enriched. Such a database 

was compiled by Mavroeidis and Papageorgiou (2003) and served as a basis for the calibration of 

their proposed analytical model. 

 

Figure 1 - Fault projection -red rectangle- of the Feb. 3, 2014 earthquake (M6.0) (modified 

from Boncori et al., 2015) along with recorded ground displacement in both horizontal 

components of the LXR1 accelerograph. Permanent displacement at LXR1 in E-W and N-S 

directions is shown (blue arrows). Particle motion of displacement at the LXR1 station is also 

shown. 



1455 

 

In the present work near fault strong ground motion characteristics are investigated in order to 

understand and -if possible- to distinguish the source and site effects, especially within the severely 

stricken area around Lixouri town (LXR1 station). For this purpose an analytical model proposed 

by Mavroeidis and Papageorgiou (2003), hereafter MP03, representative of near fault strong ground 

motion is used for the prediction of the respective velocity pulse. This model is applied at three near 

fault stations and its results are compared with observed data of the Feb. 3, 2014 earthquake in 

Cephalonia island, Greece. Apart from near fault source effects, possible influence of site effects is 

also investigated and discussed. 

2. Data and Model Used 

In this paper a simple approach is proposed to blindly predict near fault ground motion, with 

emphasis in the characteristic velocity pulse, given the causative fault geometry and its 

corresponding magnitude. To this purpose an analytical model based on the mathematical 

representation of the near fault ground motion by Mavroeidis and Papageorgiou (2003) [hereafter: 

MP03] is used. Its mathematical representation constitutes a simple analytical model for near fault 

pulses, which uses as parameters the pulse duration (period) T0 (sec), the pulse amplitude A 

(cm/sec), the signal phase νo (degrees) and the oscillatory character of the signal γ (i.e. for small γ 

the signal approaches a delta like pulse, as γ increases the number of zero crossing increases). There 

is also the parameter to, which specifies the epoch of the envelope’s peak, without affecting the 

produced pulse. This parameter provides an extra flexibility to the signal, allowing its translation 

along the time axis. The to parameter, takes suitable values, so that the synthetic pulses is coincident 

in time with the real pulses, so as to be comparable. In this work we study the form of the synthetic 

pulse and not its generating time that relates to the origin time of the earthquake, since the to 

parameter is not examined. 

The normalized velocity signal of the MP03 is expressed by the equation: 

             �̅�(𝑡̅) =  
�̅�(�̅�)

𝐴
 {  
1

2
[1 + cos (

𝑡̅

𝛾
)] cos(𝑡̅ + 𝑣)

 0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
, −𝜋𝛾 ≤ 𝑡̅ ≤ 𝜋𝛾  𝑤𝑖𝑡ℎ  𝛾 < 1               (1) 

with 𝑡̅ = 2𝜋𝑓𝑝 (𝑡 − 𝑡0) 

According to MP03, assuming that the duration of the pulse is independent of the source-station 

distance for stations located within ≈10 km from the causative fault, velocity pulse period T0 is 

strongly correlated with the moment magnitude, Mw, through the following relation: 

wMT 5.09.20       (2) 

That is, given the earthquake magnitude of the causative fault, one can determine the expected near 

fault pulse duration, T0. 

Regarding to the independent variable A (in cm/s), which controls the pulse amplitude and the PGV 

(in cm/s), it can be directly related to the observed peak ground velocity given the fact that in MP03 

[Table 1 and 3] they are both provided. Based on the exported A values and the corresponding PGV 

data of specific earthquakes MP03 [Table 1], we correlated these two variables by a linear regression 

analysis with the following relation (Fig. 2): 

44.215.1  APGV       (3) 

That is, given the average PGV, one can determine the corresponding average near fault pulse 

amplitude, A. 
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Figure 2 - Correlation between pulse amplitude A and observed peak ground velocity, based 

on data provided in MP03. 

For the determination of PGV one of the most recent relative predictive models, namely, the NGA2 

relationship proposed by Boore et al. (2014) was chosen. This model is expressed by the equation: 

lnPGV=FE(Mw, mech)+Fp(RJB, Mw, region)+FS(VS30, RJB, Mw, region, z1)+εnσ(Mw, RJB, VS30)       (4) 

where the natural logarithm of the peak ground velocity, lnPGV, depends on the source function 

(FE ), the path function (FP) and site effect function (FS ). σ is the total standard deviation of the 

model and εn is the fractional number of standard deviations for a single predicted value of ln(PGV) 

away from the mean (for details see Boore et al., 2014). The predictive relation (4) was chosen 

among numerous published worldwide because it is based on the most extensive and updated strong 

motion database, including almost all worldwide available and reliable near fault strong motion 

recordings. 

The independent variables of the relation (4) are, the fault type (‘mech’) (0 for “unspecified”, 1 for 

SS-“strike slip”, 2 for NS-“normal” and 3 for RS-“thrust & reverse”), the moment magnitude (Mw), 

the Joyner-Boore distance (RJB in km; defined as the closest distance to the surface projection of the 

fault, which is approximately equal to the epicentral distance for events of Mw<6), the parameter 

‘region’, which is related to the regional variations in crustal damping and is 0 if no regional 

correction is to be made, 1 for California, New Zealand and Taiwan (indicated as “average Q”, 2 for 

Italy and Japan (indicated as “low Q”) and 3 for China and Turkey (indicated as “high Q”). 

Regarding the site parameters, the average shear-wave velocity VS30 (in m/s) and the basin depth Z1 

(in Km), up to which shear wave velocity reaches the horizon of 1.0 Km/s. In case that Z1 is unknown, 

the function FδZ1, that is a component function of the FS function, is zero (FδZ1=0) and it is not taken 

into account in the estimation of PGV. εn is the fractional number of standard deviations of a singl

e predicted value of lnPGV away from the mean and σ is the total standard deviation of the model. 

That is, given the aforementioned parameters, one can determine the corresponding PGV. Hence, 

considering all the above, the parameters which could determine the form of the synthetic pulse 

based on the analytical model of MP03, are the ‘mech’, Mw, RJB, ‘region’, VS30 , Z1 , ν and γ. In 

order to test the proposed in this work approach, recorded ground velocities at the ARG2, CHV1 

and LXR1 are used (Theodoulidis et al., 2015). The extracted results concerning the pulse simulati

on process mentioned above were obtained by using the software platform of MATLAB (2012). 
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3. Results 

3.1. Seismic Source Effects 

In this study, comparison of the synthetic pulses in relation to the real maximum ones for the average 

PGV horizontal component, is done. For each one of the examined stations, the same independent 

parameters ‘mech’, Mw , RJB , ‘region’, VS30,  Z1, were used while the parameters ν and γ were given 

a range of values. The values of the independent parameters stem from the Cephalonia, Feb. 3, 2014 

earthquake, as well as from information of the Lixouri, Chavriata and Argostoli stations; LXR1, 

CHV1 and ARG2, respectively. According to the MP03 study, the values of γ must be greater than 

1 and up to a maximum 3. For the simulations three representative values within this range, 1.5, 2 

and 2.5 are used. Regarding the v parameter, the simulations were performed for selected discrete 

values of ν=0o, 90 o, 180 o, and 270 o, because the rest possible pulses are included within their range. 

It should be noted, that the simulations performed referred to average PGV values, since standard 

deviations σ is not taken into account (εn=0). 

The simulations performed refer to the Cephalonia, Feb. 3, 2015 earthquake, in near fault stations 

LXR1, CHV1, ARG2, as mentioned above. Therefore the parameters ‘mech’ and ‘region’ which 

depend only on the source characteristics, maintain their values stable. The earthquake and 

consequently the simulations concern to a fault, characterized by a right-lateral mechanism with small 

reverse component (Boncori et al., 2015; among others) close to the well-defined Cephalonia transform 

fault of (CTF) (Scordilis et al., 1985; Louvari et al., 1999). Hence the parameter ‘mech’ is taken equal 

to 1, for SS - “strike slip” faults and the parameter ‘region’ is taken equal to 2 because high seismic 

attenuation (low Q factor) in Greece (Hatzidimitriou et al., 1993) matches better with the attenuation 

regime in Italy and Japan. Magnitude of the mainshock is equal to 6.0 and the parameters RJB and Vs30, 

are station dependent. According to Boncori et al. (2015) their preferred seismic fault model and its 

surface projection is the one shown in Fig. 1, as red rectangle, that we adopted in our study. The Joyner-

Boore distance, RJB, is 0.5km, 4.5km and 5.5km, for the LXR1, CHV1 and ARG2 stations, 

respectively. The Vs30 values are 480m/s, 480m/s and 440m/s, for the LXR1, CHV1 and ARG2 

stations, respectively (Theodoulidis et al., 2015). Concerning the ARG2 station an alternative value of 

VS30  equal to 750m/s was also considered based on the observed Vsz values for depth greater than 10m 

at the station. Basin depth Z1 in all three stations is unknown and hence FδZ1=0 was taken. The values 

used for near fault pulses in this study, are presented in Table 1. 

Table 1 - The values which are used in this paper about the simulation production and 

corresponding to the Cephalonia, Feb. 3, 2014 earthquake (M6.0). 

Station Code/ 

Model  

Parameters 

LXR1 CHV1 ARG2 

RJB (km) 0.5 4.5 5.5 

VS30 (m/sec) 480 480 440 750 

ν (deg.) 0, 90, 180, 270  0, 90, 180, 270 0, 90, 180, 270 

γ  1.5, 

2.0, 2.5  

1.5, 2.0, 

2.5 

1.5, 2.0, 

2.5 

1.5, 2.0, 2.5 1.5, 2.0, 

2.5 

1.5, 2.0, 

2.5 

εn 0 0 0 0 0 0 

For the station in Chavriata (CHV1) which is 4.5 km away from the fault projection, Fig. 3 clearly 

shows that the real maximum pulse recorded in N-S component, is in good agreement with the 

synthetic pulses. Most specifically, the synthetic pulse with period To=1.25sec, for values ν=0o, γ=2 

and amplitude A=67cm/sec is the best fit with the observed pulse. In this case, both period pulse and 

amplitude are comparable. The main difference between synthetic and observed data is the high 

frequency content, ~3Hz, of the latter that may be due to local site effects. 
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Figure 3 - Velocity pulse simulations (red lines) in comparison with the maximum recorded 

velocity pulse at the CHV1, in N-S horizontal component (blue line), of the Cephalonia, Feb. 

3, 2014 earthquake (M6.0). 

For the station in Argostoli (ARG2) which is 5.5 km away from the fault projection, it is clearly 

shown that the observed maximum pulse recorded in N-S component, is in good agreement with the 

synthetic pulses, mainly with the synthetic pulse with period To= 1.25sec, for values ν=180o, γ=2 

and amplitude A=-35.5cm/sec, but for Vs30=750m/sec (Fig. 4). It is evident that in order to better 

simulate the velocity pulse at ARG2 station higher shear wave velocity, Vs30, is required. 

Synthetic velocity pulse at Lixouri station (LXR1), which is almost on the surface projection of the 

activated fault with RJB = 0.5km, does not present satisfactory overlapping with the observed 

maximum velocity pulse which was recorded in E-W component (Fig. 5). The best fit is achieved 

for values ν=180o and γ=2 where synthetic pulse satisfactorily approaches the inverted “bell” shape 

of the observed pulse. The velocity pulse of the observed data shows a period To=1.48sec and pulse 

amplitude A is -118 cm/sec, while the synthetic a period To=1.25sec and amplitude PGV=-81 

cm/sec. This remarkable disagreement between synthetics and observed data both in amplitude and 

pulse period may be due to local site effects and deserves further investigation. 
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Figure 4 - Velocity pulse simulations (VS30=440m/s in red lines; VS30=750m/s in black lines) in 

comparison with the maximum recorded velocity pulse at the ARG2, in N-S horizontal 

component (blue line), of the Cephalonia, Feb. 3, 2014 earthquake (M6.0). 

  

Figure 5 - Velocity pulse simulations (red lines) in comparison with the maximum recorded 

velocity pulse at the LXR1, in E-W horizontal component (blue line), of the Cephalonia, Feb. 

3, 2014 earthquake (M6.0). 
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3.2. Site effects at LXR1 station 

The Lixouri station (LXR1) was almost on the fault projection and according to source 

characteristics directivity effect was expected to be very important (Fig. 1). According to Boncori 

et al. (2015), permanent displacement was observed at the Paliki peninsula. More specifically, based 

on SAR measurements, they observed a clear southeast coseismic displacement of the southeastern 

part of the Paliki peninsula where Lixouri town is situated. In order to investigate such a 

phenomenon based on recorded acceleration time history at LXR1 station, uncorrected displacement 

time history for both horizontal components was calculated (Fig.1). The broadband accelerometer 

(To=20sec) coupled with high resolution digitizer (24bits) allows for permanent displacement 

detection. In the N-S fault parallel component a permanent displacement of about 12cm is observed, 

in good agreement with that estimated, around 10cm, from the SAR measurements. In the E-W fault 

normal component a permanent displacement of about 24cm is also evident, the so-called ‘fling step’ 

usually observed close to the causative fault. Although in E-W component there is present coseismic 

slip it is much lower than 24cm. This is an indication that apart from the source properties there may 

be a local factor that strongly affected the permanent ground displacement at LXR1 station in the E-

W direction. In addition, particle motion of ground displacement shows a preferable Ε-W direction 

while the larger ellipsis of the particle motion is shifted to southeast of Lixouri (Fig. 1). 

In order to investigate influence of strong ground motion on the Horizontal to Vertical (H/V) spectral 

ratio (Nakamura, 1989; Lermo and Chavez-Garcia, 1994; Theodoulidis and Bard, 1995; SESAME 

Project, 2004; among others) a 5sec window including mainly the S-wave part of the accelerogram 

was used. Using the ‘geopsy’ software (www.geopsy.org) a clear H/V peak around indicates a 

fundamental frequency fo=0.78Hz with a corresponding amplitude 7.5 has been identified (Fig. 6a). 

Using the low amplitude acceleration time history, that is the part of motion beyond S-weaves, a 

fundamental frequency fo=1.7Hz with a corresponding amplitude ~5 is observed (Fig. 6b). A shift 

of the fundamental frequency towards lower frequency is clear when ground motion amplitude is 

increased at LXR1 station. The fundamental period, To=1/fo≈1.3sec, of the strong motion S-wave 

window is close to the period pulse, that varies between 1.25sec and 1.48sec for the synthetic and 

observed data, respectively. 

(a)  

(b)  

Figure 6 - Horizontal to Vertical spectral ratio at the LXR1 station: (a) using the most 

energetic part of the acceleration time history and (b) the part beyond the S-waves. 

3. Discussion and Conclusions 

In this work an effort to simulate the characteristic near fault velocity pulse of the Cephalonia Feb. 

3, 2014 earthquake, is attempted. For this purpose a simple analytical model (Mavroeidis and 
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Papageorgiou, 2003) in combination with a recently proposed empirical predictive model of peak 

ground velocity (Boore et al., 2014) are adopted. The proposed approach is applied to three near 

fault stations (ARG2, CHV1 and LXR1) where high values of peak ground velocities were recorded. 

Comparison of the synthetic near fault velocity pulses with the observed ones showed satisfactory 

agreement in terms of amplitude and period of the pulse for all three stations. This fact encourages 

use of the proposed in this paper approach in order to blindly predict near fault ground velocity 

pulses, responsible for high level damage especially on long period constructions. 

However, for the LXR1 station a 15% increase of the recorded period pulse and 40% of its 

amplitude, with respect to the synthetic, one is observed. In addition, from the H/V spectral ratio 

analyses it seems that fundamental frequency of the surface layers overlain the station drastically 

changes from high to low amplitude ground motion. Most probably, the representative fundamental 

frequency of the site is obscured by the source effects (e.g. rupture directivity, fling step) that are 

intense in the near fault zone. This assumption is further supported by the fact that aftershocks’ H/V 

spectral ratio analyses for the LXR1 station, using low amplitude ground motion recordings, with 

PGA<0.05g, showed a fundamental frequency 1.5Hz<fo<2.0Hz (Theodoulidis N., pers. 

communication, 2015). However, further theoretical investigation, especially in local soil behaviour, 

is needed (e.g. possible non-linearity) in order to better understand and constrain observed ground 

motion of the Cephalonia, Feb. 3, 2014 earthquake at the LXR1 station. 

3. Acknowledgments 

This work has been funded by the NERA-EC and E2VP2-CEA projects. 

4. References 

Boncori, J.P.M., Papoutsis, I., Pezzo, C., T., Atzori, S., Ganas, A., Karastathis, V., Salvias, S., 

Kontoes, C. and Antonioli, A., 2015. The February 2014 Cephalonia Earthquake (Greece): 

3D Deformation Field and Source Modeling from Multiple SAR Techniques, Seismol. Res. 

Lett., 86-1, 124-137. 

Boore, D., Stewart, J., Seyhan, E. and Atkinson, G., 2014. NGA – West2 Equations for Predicting PGA, 

PGV, and 5% Damped PSA for Shallow crustal Earthquakes, Earthquake Spectra, 30, 1057-

1085. 

Bouchon, M., 1979. Predictability of ground displacement and velocity near an earthquake fault: An 

example-The Parkfield earthquake of 1966, J. Geophys. Res., 84, 6149-6156. 

Geopsy software, www.geopsy.org. 

Hatzidimitriou, P., Papazachos, C., Kiratzi, A. and Theodulidis, N., 1993. Estimation of attenuation 

structure and local earthquake magnitude based on acceleration records in Greece, 

Tectonophysics, 217, 243-253. 

Lermo, J. and Chavez-Garcıa, F.J., 1994. Site effect evaluation at Mexico City: dominant period and 

relative amplification from strong motion and microtremor records, Soil Dyn. & Earthq. 

Eng., 13, 413-23. 

Louvari, E., Kiratzi, A. and Papazachos, B.C., 1999. The Cephalonia Transform Fault and its 

extension to western Lefkada Island (Greece), Tectonophysics, 308, 223-236. 

Mavroeidis, G. and Papageorgiou, A., 2003. A Mathematical Representation of Near- Fault Ground 

Motions, Bull. Seismol. Soc. Am., 93, 1099-1131. 

MATLAB and Statistics Toolbox Release v8.0.0, 2012. The MathWorks, Inc., Natick, 

Massachusetts United States. 

Nakamura, Y., 1989. A method for dynamic characteristics estimation of subsurface using microtre

mor on the ground surface, QR Railway Tech. Res. Inst., 30, 25-33. 

Rodriguez-Marek, A., 2000. Near fault seismic site response, PhD Thesis, Civil Engin., University 

of California, Berkeley, 451 pp. 



1462 

 

SESAME Project, 2004. Deliverable D23.12: Guidelines for the implementation of the H/V spectral 

ratio technique on ambient vibrations measurements, processing and interpretation, available 

from the web site- http://sesame-fp5.obs.ujf-grenoble.fr/Papers/HV_User_Guidelines.pdf. 

Theodoulidis, N. and Bard, P.-Y., 1995. Horizontal to vertical spectral ratio and geological 

conditions: an analysis of strong motion data from Greece and Taiwan (SMART-1), Soil Dyn. 

& Earthq. Eng., 14, 177-197. 

Theodoulidis, N., Karakostas, C., Lekidis, V., Makra, K., Margaris, B., Morfidis, K., Papaioannou, 

C., Rovithis, G., Salonikios, T. and Savvaidis, A., 2016. The Cephalonia, Greece, Jauary 26 

(M6.1) and February 3, 2014 (M6.0) earthquakes: Near fault ground motion and effects on 

soil & structures, Bull. Europ. Earthq. Eng., 14, 1-38. 

Scordilis, E.M., Karakaisis, G.F., Karakostas, B.G., Panagiotopoulos, D.G., Comninakis, P.E. and 

Papazachos, B.C., 1985. Evidence for transform faulting in the Ionian Sea. The Cephalonia 

island earthquake sequence of 1983, Pure Appl. Geophys, 123, 388-397. 

Somerville, P., 2003. Magnitude scaling of the near fault rupture directivity pulse, Physics Earth & 

Planet. Int., 137, 201-212. 

  



1463 
 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 1463-1472
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 1463-1472 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

SEISMIC HAZARD ASSESSMENT IN THE BROADER 
AEGEAN AREA USING TIME-INDEPENDENT SEISMICITY 

MODELS BASED ON SYNTHETIC EARTHQUAKE 
CATALOGS 

Vamvakaris D.A.1, Papazachos C.B.1, Papaioannou Ch.A.2, Scordilis E.M.1 

and Karakaisis G.F.1 
1Aristotle University of Thessaloniki, Geophysical Laboratory, 54124, Thessaloniki, Greece, 

dom@geo.auth.gr, kpapaza@geo.auth.gr. manolis@geo.auth.gr, karakais@geo.auth.gr 

2I.T.S.A.K. P.O. Box 53 Foinikas 55102 Thessaloniki - Greece, chpapai@itsak.gr 

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 
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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. 

 

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. 



1469 

 

 

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 



1471 

 

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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Abstract 

Based on the results of our studies for the tidal triggering effect on the seismicity of 

the Hellenic area, we consider the confidence level of earthquake occurrence - tidal 

period accordance p as an index of tectonic stress criticality for earthquake 

occurrence. In this paper, by the occasion of the recent catastrophic earthquake of 

Nepal, we investigate the variation of the index p for the South Himalaia Fault area. 

The preliminary results indicate positive correlation of the index p with seismicity, for 

all the tidal periods. We suggest that this compliance parameter p may be used as an 

additional element for the seismic risk assessment. 

Keywords: Earthtides, Seismicity, Hi(stogram)Cum(ulation) method. 

Περίληψη 

Βασισμένοι στα αποτελέσματα των μελετών μας επί της παλιρροϊκής συμβολής στην 

πρόκληση σεισμών στον Ελλαδικό χώρο, θεωρούμε το επίπεδο εμπιστοσύνης p της 

συσχέτισης κατανομής σεισμών παλιρροϊκών περιόδων σαν δείκτη οριακής κατάστασης 

τεκτονικής τάσης για την εκδήλωση σεισμού. Σε αυτή την εργασία, με την ευκαιρία του 

καταστροφικού σεισμού του Νεπάλ, διερευνούμε τη χρονική μεταβολή του δείκτη p για 

την περιοχή του Ρήγματος των Νοτίων Ιμαλαϊων. Τα πρώτα αποτελέσματα δείχνουν 

ισχυρή συσχέτιση αυτής της παραμέτρου συμφωνίας p και εκδήλωση σεισμικότητας, για 

όλες τις παλιρροϊκές περιόδους. Συμπεραίνομε λοιπόν ότι αυτή η παράμετρος 

συμφωνίας p μπορεί να χρησιμοποιηθεί σαν μια πρόσθετη παράμετρος στην εκτίμηση 

σεισμικού κινδύνου. 

Λέξεις κλειδιά: Γήινες παλίρροιες, σεισμικότητα, Μέθοδος Σωρευτικού Ιστογράμματος. 

1. Introduction 

Applying the Hi(stogram)Cum(ulation) method, which was introduced recently by Cadicheanu, van 

Ruymbecke and Zhu (2007), we analyze the series of the earthquakes occurred in the last 50 years 

in seismic active areas of Greece, i.e. the areas (a) of the Mygdonian Basin(Contadakis et al., 2007), 

(b) of the Ionian Islands (Contadakis et al., 2012), (c) of the Hellenic Arc (Vergos et al., 2012) and 

(d) Santorini (Contadakis et al., 2013; Contadakis et al., 2014). The result of the analysis for all the 

areas indicate that the monthly variation of the frequencies of earthquake occurrence is in accordance 

with the period of the tidal lunar monthly and semi-monthly (Mm and Mf) variations and the same 

happens with the corresponding daily variations of the frequencies of earthquake occurrence with 

the diurnal luni-solar (K1) and semidiurnal lunar (M2) tidal variations. In addition the confidence 

level for the identification of such period accordance between earthquakes occurrence frequency 
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and tidal periods varies with seismic activity, i.e. the higher confidence level corresponds to periods 

with stronger seismic activity. These results are in favor of a tidal triggering process on earthquakes 

when the stress in the focal area is near the critical level. Based on these results, we consider the 

confidence level of earthquake occurrence - tidal period accordance, p, as an index of tectonic stress 

criticality for earthquake occurrence and we call it” Earth tide-seismicity compliance parameter”. 

Then we check on posterior if the variation of the confidence level index, p, indicate the fault 

maturity in the case of the recent seismic activity at Fthiotida, and Evoikos Gulf, Greece. In this 

paper, by the occasion of the recent catastrophic earthquake of Nepal, we investigate the variation 

of the index p for the South Himalaia Fault area. 

 

Figure 1 - Map of epicenters of all known earthquakes which occurred within the broader 

seismogenic region of the April 25 strong (M=7.8) Nepal earthquake since 1964. The thick 

black line represents the front of the collision between Indian (south) and Eurasian (north) 

plates. 

2. Seismotectonic Information 

On April 25, 2015 a strong earthquake of magnitude M=7.8 occurred in Nepal with its epicenter 

located ~80 km to the NW of the city of Kathmandu. The earthquake was followed by numerous 

aftershocks while 17 days later, on May 12, another strong earthquake of magnitude M=7.3 occurred 

about 140 km to the ESE of the April earthquake (Figure 1). 

This seismic activity is connected with the continental collision which takes place between the 

Indian and Eurasian plates as a result of their convergence in a NNE direction at a rate of ~4.5cm/yr. 
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Due to this convergence, the Indian plate underthrusts Eurasia resulting in the uplift of Himalayas 

and producing large earthquakes in the boundary region of these plates, mainly generated on thrust 

seismic faults striking in an almost EW direction. 

The strongest known earthquake of the broader area occurred in 1934 with magnitude M=8.1 about 

270 km to the SE of the April 25 earthquake while in the same region occurred in 1988 the most 

recent strong event with M=6.8. 

In our analysis we use the earthquakes with M ≥ 4.0 which occurred in the time period 1964 to 31/

5/2015 in the broader area of Nepal, confined by the coordinates 26.5o ≤ φ ≤ 39.0o Ν, 84.0o≤ λ≤ 87.

0o. 

Our sources are the catalogues of: 

1) NCEDC (2015), Northern California Earthquake Data Center. UC Berkeley Seismological 

Laboratory Dataset. 

doi:10.7932/NCEDC, http://quake.geo.berkeley.edu/anss/catalog-search.html. 

2) ISC (2015), International Seismological Centre, On-line Bulletin, Thatcham, United 

Kingdom, http://www.isc.ac.uk. 

3. Method of Analysis 

In order to check the possible correlation between Earth tides and earthquake occurrence we check 

the time of occurrence of each earthquake in relation to the sinusoidal variation of Earth tides and 

investigate the possible correlation of the time distribution of the earthquake events with Earth tides 

variation. Since the periods of the Earth tides component are very well known and quite accurately 

predictable in the local coordination system we assign a unique phase angle within the period of 

variation of a particular tidal component, for which the effect of earthquake triggering is under 

investigation, with the simple relation: 

   0 0- -
= int 360

i i

i

d d

t t t t

T T


     
     

                                                           (1) 

where i = the phase angle of the time occurrence of the i earthquake in degrees, 

           ti = the time of occurrence of the i earthquake in Modified Julian Days (MJD), 

           to  = the epoch we have chosen in MJD, 

          Td = the period of the particular tidal component in Julian Days. 

We choose as epoch to, i.e. as reference date, the time of the upper culmination in Kathmandu of the 

new moon of January 7, 1989 which has MJD = 47533.8947453704. Thus the calculated phase angle 

for all the periods under study has 0 phase angle at the maximum of the corresponding tidal 

component (of course M2 and S2 has an upper culmination maximum every two cycles). As far as 

the monthly anomalistic moon concern the corresponding epoch to is January 14, 1989 which has 

MJD = 47541.28492. 

We separate the whole period in 12 bins of 30o and stack every event according to its phase angle 

in the proper bin. Thus we construct a Cumulative Histogram of earthquake events for the tidal 

period under study. 

A crucial point of this analysis is the use of a proper statistical test which will give us arguments to 

decide if such a result is correct or not i.e. will provide us a proper confidence level to our decision. 

To this purpose we use the well known Shuster’s test (Shuster, 1897, see also Tanaka et al., 2002, 

2006 and Cadicheanu et al., 2007). In Shuster’s test, each earthquake is represented by a unit length 

vector in the direction of the assigned phase angle ãí.  The vectorial sum D is defined as: 
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where N is the number of earthquakes. When αi is distributed randomly, the probability to be the 

length of a vectorial sum equal or larger than D is given by the equation: 

 NDp /exp 2   .                                                                             (3) 

Thus, p < 5% represents the significance level at which the null hypothesis that the earthquakes 

occurred randomly with respect to the tidal phase is rejected. This means that the smaller the p is 

the greater the confidence level of the results of the Cumulative Histograms is. 

4. Results 

In the present analysis we use the available earthquake catalogues which provide only the 

remarkable shocks i.e. earthquake with magnitudes greater than 4.0. Thus we consider the results of 

our analysis preliminary since the tidal triggering analysis demand the inclusion of any shock. 

Table 1 - The earthquake frequency-tidal period compliance parameter p for the respective 

decade. 

Decade ShocksNo Mmsyn Mman K1 O1 S2 M2 

1970-80 20 93.07 6.18 74.65 17.27 18.83 7.48 

1980-90 28 64.28 97.98 83.83 66.33 29.44 7.45 

1990-00 61 37.06 0.35 2.66 15.36 9.21 69.47 

2000-10 51 10.13 54.33 91.65 61.00 42.39 12.95 

2010-15 274 0,01 0.00 0.00 0.00 0.00 0.02 

Also the analysis will have very low time resolution since the time windows for the analysis should 

be large enough (ten years) in order to get statistically meaningful results. Nevertheless the results 

of our analysis justify our suggestions which were driven from our previous studies i.e. the 

confidence level of earthquake occurrence - tidal period accordance p depends on the seismicity or 

on the stress maturity of the fault for earthquake occurrence. 

In fact, from the development of the seismicity at the South Homalaia Fault in the last 50 years it 

appears that the 63% of the notable shocks occurred in the last 5 years (Table, column 1). This 

indicates that the last 5 years is a seismic active period at the South Himalaia Fault. On the other 

hand, the Figures 2 to 7, show the HistCum for all the shocks with M ≥ 4.0, occurred within the last 

five years at the South Himalaia Fault, for all the main tidal periods. 
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Figure 2 - South Himalaia Fault, 2010-15. HistCum for tidal anomalistic monthly period. 

 

Figure 3 - South Himalaia Fault, 2010-15.HistCum for tidal synodic monthly period. 
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Figure 4 - South Himalaia Fault, 2010-15. HistCum for daily lunisolar tidal period K1. 

 

Figure 5 - South Himalaia Fault, 2010-15. HistCum for daily luni-solar tidal period O1. 
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Figure 6 - South Himalaia Fault, 2010-15. HistCum for semidiurnal solar tidal period S2. 

 

Figure 7 - South Himalaia Fault, 2010-15. HistCum for semidiurnal lunar tidal period M2. 

It is seen that the monthly variation of the frequencies of earthquake occurrence are in perfect 

accordance with the period of the tidal lunar monthly variations (Synodic or Anomalistic) and the 

same happens with the corresponding daily variations of the frequencies of earthquake occurrence 

with the diurnal luni-solar (K1, O1 ) and semidiurnal solar or lunar (S2, M2) tidal variations. This 

is also is indicated from the last row of the Table. 
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Figure 8 - South Himalaia Fault. The variation of the decade shock frequency and the 

corresponding Compliance parameter p for the Lunar tidal anomalistic monthly period. 

 

Figure 9 - South Himalaia Fault. The variation of the decade shock frequency and the 

corresponding Compliance parameter p for the Lunar tidal synodic monthly period. 

 

Figure 10 - South Himalaia Fault. The variation of the decade shock frequency and the 

corresponding Compliance parameter p for the daily luni-solar tidal period K1. 
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Figure 11 - South Himalaia Fault. The variation of the decade shock frequency and the 

corresponding Compliance parameter p for the daily luni-solar tidal period O1. 

 

Figure 12 - South Himalaia Fault. The variation of the decade shock frequency and the 

corresponding Compliance parameter p for the semidiurnal solar tidal period S2. 

 

Figure 13 - South Himalaia Fault. The variation of the decade shock frequency and the 

corresponding Compliance parameter p for the semidiurnal lunar tidal period M2. 

Finally the variation of the confidence level for the identification of such period accordance between 

earthquakes occurrence frequency and tidal periods, the so called compliance index p, is shown in 

Figures 8 to 13 and are given in table for all the tidal periods. It is seen that the compliance parameter 
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p varies with seismic activity, i.e. the higher confidence level (smaller compliance parameter p) 

corresponds to periods with stronger seismic activity. These results are in favor of a tidal triggering 

process on earthquakes when the stress in the focal area is near the critical level. 

4. Conclusions 

The preliminary results of our investigation for the triggering effect, by the occasion of the recent c

atastrophic earthquake of Nepal, for South Himalaia Fault area indicate positive correlation of the i

ndex p with seismicity, for all the tidal periods. We suggest that this compliance parameter p may b

e used as an additional element for the seismic risk assessment. 
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Abstract 

Stress transfer due to the coseismic slip of strong earthquakes, along with fault 

population characteristics, constitutes one of the most determinative factors for 

evaluating the occurrence of future events. The stress Coulomb (ΔCFF) evolutionary 

model in Mygdonia basin (N.Greece) is based on the coseismic changes of strong 

earthquakes (M≥6.0) from 1677 until 1978 and the tectonic loading expressed with 

slip rates along major faults. In the view of stress transfer mechanisms, ΔCFF is also 

calculated onto fault planes, along with the segmented fault zone from Thessaloniki 

to Gerakarou and N.Apollonia (TG-NAp FZ). Normal fault segments bound the basin 

from the south and currently compose the most active neotectonic zone. The 

association of the spatial distribution of seismicity (2000-2014) with the stress 

enhanced areas is also investigated. Results demonstrate that the earthquake 

locations are strongly influenced by the stress transfer from past strong earthquakes 

and their focal properties. Since the stress build-up occurs fast, results are discussed 

in terms of hazard assessment by defining potential locations for future events. 

Keywords: Coulomb stress, onto fault stress, Mygdonia basin. 

Περίληψη 

Οι μηχανισμοί μεταφοράς τάσεων εξαιτίας των ισχυρών σεισμών, σε συνδυασμό με τα 

ιδιαίτερα χαρακτηριστικά των πληθυσμών ρηγμάτων επηρεάζουν τις διαδικασίες της 

σεισμογένεσης μελλοντικών σεισμών. To εξελικτικό πεδίο των τάσων Coulomb 

υπολογίστηκε για την περιοχή της Μυγδονίας λεκάνης (Β. Ελλάδα) λαμβάνοντας υπόψιν 

τις μεταβολές της τάσης λόγω των ισχυρών σεισμών (M≥6.0) από το 1677 μέχρι και το 

1978 αλλά και τη συσσωρευμένη παραμόρφωση η οποία εκφράζεται μέσω του ρυθμού 

ολίσθησης των ενεργών ρηγμάτων. To εξελικτικό πεδίο των τάσεων υπολογίστηκε και 

κατά μήκος της ενεργούς ρηξιγενούς ζώνης Θεσσαλονίκης-Γερακαρούς-Ν.Απολλωνίας 

(TG-ΝΑp FZ). Η ζώνη αυτή οριοθετεί τη λεκάνη από το Νότο και αποτελείται από 

διαδοχικά τεμάχη ρηγμάτων. Αναδεικνύεται η σχέση των περιοχών με θετικές 

μεταβολές Coulomb με την επικεντρική κατανομή των ισχυρών σεισμών αλλά και της 

μικροσεισμικότητας. Δεδομένου ότι στην περιοχή οι τάσεις ανακτώνται σημαντικά, 

ορίζονται οι πιθανές περιοχές για μελλοντικούς σεισμούς. 

Λέξεις κλειδιά: Εξελιξικτικό μοντέλο Coulomb, Μυγδονία λεκάνη. 
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1. Introduction 

The role of stress transfer in hazard assessment has been widely documented even for small 

magnitude earthquakes, since it combines the result generated from the long-term tectonic loading 

and the sudden redistribution of stresses due to earthquake coseismic dislocations (King, 1994; Toda 

et al., 1998). The association between strong and recent seismicity in terms of stress distribution in 

Mygdonia basin (N. Greece) and stress interaction among faults are the main objectives of this study. 

Mygdonia basin was selected because it comprises a well-defined fault population and precisely 

located recent seismicity (Gkarlaouni et al., 2014). The methodology incorporates coseismic stress 

changes on faults which are approximated with rupture models and fault slip rates derived from 

geodetic measurements. The evolutionary Coulomb stress field was calculated and shown both in 

three dimensions and across the planes of the dominant rupture zones, in order to measure the degree 

of interaction between adjacent faults. An additional objective was to define the way that stress is 

accumulated and distributed along faults depending on the variations of the fault plane solutions and 

its direct impact on faults interactive behavior. 

2. Study Area 

2.1. Seismotectonic Setting 

Mygdonia is frequently struck by devastating earthquakes although currently is in a seismic 

quiescence. The recent seismicity pattern is characterised by a small number of moderate events 

(4.0M5.8) localised along seismogenic zones. Strong earthquakes (M≥6.0) are documented since 

677AD (Papazachos and Papazachou, 2003) with their epicentres mostly distributed between the 

southern and the northern boundaries (Figure 1). It represents a rotated basin surrounded by 

mountainous blocks, being the most active region of N.Greece. The fault population comprises a 

synthesis of E-W, NW-SE and NE-SW rupture zones, an inherited fault network from the previous 

deformation episodes (Pavlides and Kilias, 1987; Chatzipetros and Pavlides, 1998; Tranos et al., 

2003 and references within, Zervopoulou and Pavlides, 2005). There is evidence that strong 

earthquakes are associated with the E-W normal faults which dominate, however, small NE-SW 

faults are also associated with the current seismic activity. 

 

Figure 1 - The seismotectonic properties of Mygdonia basin and its surrounding area. 
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2.2. Fault Segmentation and Slip Rates 

Continuous extension in the study area is controlled by the westward extrusion of the Aegean 

microplate, accommodated southern than the North Aegean Trough (NAT), the subduction and the 

rolling back of the Mediterranean slab. The study area, located northern than NAT, belongs to the 

back-arc region, characterized by extension in lower rate of the order of 1mm/yr as geodetic 

measurements reveal (Kotzev et al., 2006). After the occurrence of the strong 1978 earthquakes in 

Stivos, Martinod et al. (1997) measured an extension equal to 5.7mm/yr , at the southern margin of 

Mygdonia graben within 20 years, interpreted as a combined effect between post seismic relaxation 

and continuous aseismic extension. Tranos et al. (2003) proposed an even smaller slip rate equal to 

0.4mm/yr based on geological data. Evaluating the geodetic and geological measurements a slip of 

1mm/year was attributed to all the well defined regional faults (Figure 2). Estimation of the strain 

accumulation on the most important zones requires their classification into separate segments, 

according to the seismotectonic information on their properties. Details about the fault segments 

like, the fault length (L), the mean coordinates (λ and φ), the azimuth (ζ), the dip (δ), the horizontal 

(uSS) and along dip (uDS) components of the long-term slip rate of faults are provided for all 28 

distinct fault segments (S1-S28, Table 1).  

Table 1 - Fault segmentation and long term slip rates on major faults. 

S 
Fault 

Name 

L 

(km) 

Mean coordinates 
ζ 

(º) 

δ 

(º) 

Slip Rate 

(λ°Ε) (φ°Ν) 
uSS 

(m/y) 

uDS 

(m/y) 

S1 Lag1 8.8 22.94414 40.75666 310 45 0.0 0.001 

S2 Lag2 10.0 23.02936 40.69975 310 45 0.0 0.001 

S3 Lag3 11.6 23.14092 40.64348 300 45 0.0 0.001 

S4 PP 12.9 22.89163 40.73381 310 45 0.0 0.001 

S5 PAs 12.8 23.00976 40.65710 310 45 0.0 0.001 

S6 AsCh 11.3 23.13911 40.61727 278 46 0.0 0.001 

S7 Ger 14.6 23.28629 40.64321 278 46 0.0 0.001 

S8 NAp1 11.3 23.44274 40.64267 270 46 0.0 0.001 

S9 NAp2 14.0 23.58600 40.62324 260 46 0.0 0.001 

S10 Anth1 16.7 23.06817 40.48069 278 53 0.0 0.001 

S11 Anth2 19.5 22.85708 40.51393 278 53 0.0 0.001 

S12 Zagl 14.4 23.28954 40.56161 310 45 0.0 0.001 

S13 Ass1 18.5 23.10439 40.78157 130 53 0.0 0.001 

S14 Ass2 6.2 23.21406 40.70125 110 53 0.0 0.001 

S15 Str 17.8 23.92095 40.51890 90 53 0.0 0.001 

S16 Sch 20.0 23.25890 40.81749 90 53 0.0 0.001 

S17 Mv 9.7 23.47184 40.81371 90 53 0.0 0.001 

S18 Arn 9.0 23.67564 40.50984 230 45 0.0 0.001 

S19 Ier 16.0 23.76382 40.41040 130 45 0.0 0.001 

S20 Sig 6.8 23.74786 40.35178 130 45 0.0 0.001 

S21 Anth3 16.0 23.22012 40.43156 278 53 0.0 0.001 

S22 N 15.0 23.03187 40.59478 45 80 0.0 0.001 

S23 N 8.5 23.13387 40.59596 45 80 0.0 0.001 

S24 N 9.0 23.08580 40.62488 45 80 0.0 0.001 

S25 V1 11.3 23.47037 40.69835 90 45 0.0 0.001 

S26 V2 8.2 23.56338 40.68897 90 45 0.0 0.001 

S27 Ger 9.8 23.36250 40.51545 130 45 0.0 0.001 

S28 Str 16.0 23.71427  0.53817 110 53 0.0 0.001 
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Figure 2 - Fault segmentation of the study area: Lagina- Agios Vasileios (LAV, S1-S2), Pilea-

Peristera (PP, S3-S4), Asvestochori-Chortiatis (AsCh, S23). Gerakarou-Nea Apollonia (Ger, 

NAp1, NAp2, S7-S9) fault zone, comprised of three segments (S7-S9), Anthemountas - 

Skepasto fault (AnF, S10-S11-S21), Stratoni Fault (StF, S28-S15), Gomati-Ierissos (IF, S19-

S20). To the north, Sochos (SF, S16) and Mavrouda fault (MvF, S17), Arnea Fault (ArF, 

S18), Zagliveri fault (ZF, S12) and Geroplatanos fault (GF, S27) which show a 

geomorphological continuation of the LAV fault to the east. 

3. Methodology and Rupture Models 

3.1. Methodology 

The methodology used for the calculation of Coulomb stress changes is proposed by Deng and Sykes 

(1997) and is based on the elastic rebound theory, according to which, the stress released in an 

earthquake pre-exists before the event. For the estimation of interseismic strain on the major fault 

zones attributed to aseismic motions the so-called "virtual dislocation" model is adopted. This 

concept assumes that the accumulated stress can be determined by assuming that the fault slips 

backwards powered by the tectonic loading. The suggested model refers to a planar orthogonal fault 

surface, Σ, with finite dimensions, embedded in an elastic half space (Okada, 1992) whose 

displacement is given by Eq.1 (Steketee, 1958). Elastic stress, derives from strain, Sij, using Hooke’s 

law, for an isotropic medium. 

Equation 1 - The equation for the stress tensor 

ijkkijij ees 



2

21

2



  

where μ is the shear modulus, ν is the Poisson’s ratio and δij is the Kronecker delta. Earth is treated 

as an elastic structure, where postseismic deformation is negligible. Modulus and Poisson’s ratio are 

fixed as 33GPa and 0.25, respectively. The Coulomb fracture criterion examines the conditions 

under which failure occurs on brittle rocks (Scholz, 2002). According to this criterion, earthquakes 
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occur when Coulomb stress exceeds the strength of the rock. Changes in Coulomb failure function 

(ΔCFF) depend on the change in shear Δτ, and normal stress, Δσ, respectively calculated by Eq.2. 

Equation 2 - Change in Coulomb failure function (ΔCFF)  

  'CFF  

where, μ' is the apparent coefficient of friction. Parameter μ' incorporates the effect of pore fluids 

and fault zone material properties and is given by μ'=μ(1–Β). B is the Skempton’s coefficient, and 

varies between 0 and 1. The involvement of μ' into the change of pore pressure has been widely 

investigated and oftentimes is treated as a material constant or a time dependent parameter varying 

before and after an event. It has been shown that μ' low values are related to weak fault zones 

accompanied with well-developed gouge often saturated with fluids (Stein, 1999). Different μ' 
values have been tested not opposing dramatic modifications in the overall stress pattern. Finally μ' 
in this study is taken equal to 0.4. 

3.2. Rupture Models 

Fault sources associated with the strong earthquakes are geometrically approximated with 

rectangular sources embedded into the brittle crust. Fault length, width, strike, dip and rake are the 

main parameters describing the rupture zones and further used for stress calculation. These 

parameters are inferred from the interpretation of the available geological or seismological 

information and in the absence of these data, appropriate empirical relationships have been used 

(Papazachos et al., 2004). The average displacement and its components are based on the seismic 

moment and on observations upon the distribution of earthquake foci. Model source parameters are 

displayed in Table 2, where magnitudes with asterisks are estimated from historical macroseismic 

information (Papazachos and Papazachou, 2002). 

Table 2 - Model sources for strong earthquakes (M≥6.0) for the period 1677-2014. 

Time Epicenter 

Code MW 
Mo 

(1025) 

L 

(km) 

W 

(km) 

Fault Plane 

Solution 

Average 

displacement 
Ref 

Year (φ◦) (λ◦) 
ζ 

(◦) 

δ 

(◦) 

λ 

(◦) 

uSS 

(m) 

uDS 

(m) 

1677 40.50 23.00 AnF 6.2* 2.04 17 15 278 53 -93 -0.023 0.439 1, 2 

1759 40.60 22.80 AnF 6.3* 2.88 19 15 278 53 -93 -0.027 0.519 1, 2 

1902 40.80 23.04 SF 6.5* 8.13 25 15 90 53 -93 -0.037 0.719 1, 2 

1932 40.40 23.76 IerF 7.0* 32.4 25 15 93 53 -93 -0.102 1.957 1, 2 

1932 40.79 23.44 SF 6.2* 2.04 17 15 90 53 -93 -0.023 0.439 1, 2, 3 

1933 40.65 23.54 NAF 6.3* 2.88 19 16 278 46 -70 0.177 0.488 1, 2,3 

1978 40.73 23.25 TGF 6.5 5.20 21 16 278 46 -70 0.154 0.423 4 

1Papazachos and Papazachou (2002); 2Hanks and Kanamori (1979), 3Paradeisopoulou et al. 

(accepted); 4 Soufleris and Stewart (1981) 

4. Stress Field in Mygdonia 

4.1. Evolutionary Stress Field 

The evolutionary stress field results from the accumulation of the successive stress changes due to 

the co-seismic displacements described in Table 2, along with the constant impact on major faults, 

modelled in Table 1. Results are shown in successive figures (Figure 3).  Before the occurrence of 

the 1678 Vassilika event, ΔCFF changes are considered to be zero, in the broader area. Any 

information on earthquakes before 1678 is disregarded, since going back in time, the uncertainties 

in earthquake location and magnitude are increased. Moreover, no strong earthquakes are 
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documented for more than 10 centuries, before. Successive chronological intervals are considered, 

just before the occurrence of the consecutive strong event. In each case, the stress field is computed 

according to the fault plane solution of the following event (the responsible fault is depicted with 

white color). Dark blue regions correspond to negative changes in stress and infer a decreased 

likelihood of a fault rupture (stress shadows). Yellow to red regions represent positive ΔCFF and an 

increased likelihood of a fault rupture (bright zones). 

The initial stress changes are caused by the co-seismic slip of the 1677 event in AnF (Figure 3a). 

The stress pattern corresponds to a typical E-W normal fault, which imposes a stress enhancement 

to the east (central Chalkidiki) and the west (Thermaikos gulf). In particular, the along fault 

prolongation of AnF fault to the west is covered with a bright zone of positive stress changes (Figure 

3b), where 82 years after, the next strong earthquake of the same magnitude order occurs (1759 

Thessaloniki earthquake, Mw6.5). The co-seismic changes after the aforementioned events along 

with the tectonic loading, reinforce the prevalence of positive stresses to the central part of Mygdonia. 

According to historical information the following earthquake occurred near the western termination 

of the south dipping Soch. fault, in 1902 (Figure 3c). The stress field calculated for the south dipping 

normal Str. F, before the 1932 earthquake of Ierissos is presented in Figure 3d, where extensive 

bright zones are distributed over the central and the eastern parts of the study area. The 1902 event 

triggered the occurrence of the next two smaller earthquakes in 1932 (some months after Ierissos 

strong event) as well as in 1933, whose epicentral accuracy is on debate.  These events were strongly 

advanced because of stress transfer from the severe Ierissos earthquake, since they occurred within 

the eastern positive lobe of the stress changes pattern. The 1932 earthquake is probably attributed to 

the termination of Soch. fault and its coalescence with Mavrouda segment (Mav.F.) to the east. It is 

shown that before the occurrence of this event there is a bright zone restricted between the shadow 

zones caused by the 1932 Ierissos and previous earthquakes (Figure 3e). The stress field calculated 

for the northdipping normal fault responsible for the 1932 Sochos event  is shown in Figure 3f. 46 

years later the most recent recorded strong shock occurred in the central part of Mygdonia graben 

where extensive stress enhanced areas exist (Figure 3g). Finally the current distribution of stresses 

is calculated for a northdipping normal fault typical for Mygdonia area (Figure 2h). Stresses are 

significant in the central part of Mygdonia, while the area of Anth. fault and the western segment of 

Soch. fault remain in stress shadow, prohibiting earthquake triggering in these areas. 

4.2. Onto fault ΔCFF 

The second objective of the study is the quantification of the accumulated coseismic stress changes 

of the strong earthquakes onto plane of the major rupture zone of the Thessaloniki - Gerakarou - 

N.Apollonia fault zone (TG-Nap FZ). This study is motivated from the fact that faults interact 

through their stress field even if they are not mechanically connected. From west to east the fault 

planes are the PPF (S5), AchF (S6), St.F (S7), NAp1F (S8) and NAp2 (S9), which are considered 

rectangles embedded into the brittle crust. The interaction between the fault segments of the same 

rupture zone, even when earthquakes occur on adjacent faults of the same fault population, play an 

important role in fault mechanics. Therefore, the amount of stress enhancement by earthquake 

occurrence in parallel, antithetic or adjacent faults is approximated. The stress changes due to co-

seismic slip of the strong earthquakes (M≥6.0) are resolved onto the planes of the five fault segments. 

The accumulated stress changes are calculated according to the faulting type of the next strong 

earthquake in the data set and consequently the associated fault segment. Stress changes are 

calculated for the depth of 1.0-20km within the brittle crust and results are shown in the sub plots of 

Fig. 4. The cumulative effect of the two 1678 and 1759 events associated with east and west 

segments of AnF, are shown onto the five fault planes. The S7 and S8 segments are covered by high 

negative values of ΔCFF (1st row, Fig. 4). The occurrence of the 1902 event on the antithetic Soch.F 

imposes considerable stress disturbances, producing positive ΔCFF (stress enhancement) from 10 

to 20km in S7, which is the central part of the rupture zone (2nd row, Fig. 4). After the strong Ierissos 

shock there is a stress increase onto the eastern part of the fault zone S8 - S9 (3rd row, Fig. 4), whereas 

there is no change at the central and the western part. 
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Figure 3 - Evolutionary stress field in Mygdonia a) coseismic stress changes associated with 

the 1677 Vassilika event, b) stress changes before the 1759 Anthemountas earthquake, c) 

stress field before the 1902 Assiros event, d) stress Coulomb changes before the 1932 Ierissos 

earthquake, e) stress changes before the 1932 Sochos earthquake, f) stress field before 1933 

Volvi, g) stress field before the 1978 Stivos triplet, h) the current stress state, the epicentre of 

the strongest recent earthquake is shown (1995, Mw5.8). Coulomb stress changes are 

calculated for the fault plane solutions shown in each case and for 8km at depth. 
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Figure 4 - At the top, the hanging wall relief of TG-NAp rupture zone with view from the 

North. View from the North Successive snapshots of Coulomb stress evolution onto the 

segments of TG-NAp FZ (S5-S9), i) The 1st row shows the coseismic stress changes after the 

1677 and 1759 earthquakes along An.F, ii) the 2nd row presents the stress changes after 1902 

Assiros event. iii) the 3rd row shows the effect of 1932 Ierissos earthquake, iv) the 4th row 

shows the stress changes after the 1932 Sochos and 1933 Volvi earthquakes, v) finally in the 

5th row the stress field after the occurrence of the 1978 Stivos earthquake is calculated. 

After some months Volvi and Sochos earthquake events occur and they created a shadow zone along 

NApF and GerF enforcing positive stress changes at the fault tips (4th row, Fig. 4). Finally, S7 

became the causative source of the 1978 strong earthquake (5th row, Fig. 4) after which an extensive 

shadow zones is expanding along the entire rupture zone. An accumulation of increased stress values 

is mostly accommodated at the eastern end of the rupture zone. 
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4.3. Discussion - Conclusions  

The double objective of this work, is the exploitation of the historical seismicity and their impact on 

the stress field and the constant loading on faults obtained from geodetic data. Stress changes due to 

the coseismic slip of strong earthquakes that occurred in the study area from 1677 until now are 

considered. ΔCFF changes are shown in map views and onto plane of the  five major fault segments 

which comprise the southern boundary of Mygdonia basin. Recent seismicity in the time interval 

2000 until 2014 with relocated focal coordinates (Gkarlaouni et al., 2015) show that most of the 

earthquakes are concentrated in locations with increased stress values (Fig. 5) for a stress field 

oriented for a typical north dipping normal fault.. A strong association between bright zones and 

strong or minor earthquakes occurrence is a characteristic feature. Current stress enhanced areas 

with an increased likelihood for earthquake occurrence are identified at the western part of 

Mygdonia and central Chalkidiki. The onto fault stress changes along the north dipping rupture zone 

which bounds Mygdonia graben from the south, showed that exist considerable interrelations exist 

in adjacent faults. 

 

Figure 5 - The current stress state after the last 1978 earthquake along with the relocated 

seismicity for 2000 - 2014, for a typical north dipping fault (strike:278°, dip:45°, rake:78°) 
The epicentre in yellow represents the 1995 event, located in Arnea. 
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Abstract 

Damage scenarios are necessary tools for stakeholders, in order to prepare 

protection strategies and a total emergency post-earthquake plan. To this aim, four 

seismic hazard models were developed for the city of Kalamata, according to 

stochastic simulation of the ground motion, using site amplification functions derived 

from ambient noise HVSR measurements. The structural vulnerability of the city was 

assessed following an empirical macroseismic model, developed for the European 

urban environment (EMS-98). The impact of the vulnerability due to the seismic 

hazard potential is also investigated by means of synthetic response spectral ratios at 

108 sites of the city. The expected damage grade per building block, is calculated by 

combining vulnerability with the respective seismic intensities, derived for the four 

seismic sources. The importance of the followed methodology for implementing 

microzonation studies is emphasized, since the expected influence of the ground 

motion amplification due to local soil conditions has been approximated in detail. 

Moreover, new fragility curves for the main structural types in Kalamata are 

proposed for each seismic scenario. 

Keywords: Macroseismic vulnerability, microtremors, seismic risk models, damage 

grades, Deterministic Seismic Hazard Assessment. 

Περίληψη 

Ta σενάρια βλαβών είναι χρήσιμα και απαραίτητα εργαλεία στους φορείς λήψεις 

αποφάσεων, προκειμένου να προετοιμάσουν στρατηγικές προστασίας και συνολικό 

σχέδιο έκτακτης ανάγκης σε μετασεισμική κατάσταση. Για το σκοπό αυτό, 

αναπτύχθηκαν τέσσερα μοντέλα κινδύνου για την πόλη της Καλαμάτας, σύμφωνα με το 

μοντέλο της στοχαστικής προσομοίωσης της κίνησης του εδάφους, χρησιμοποιώντας 

συναρτήσεις εδαφικών ενισχύσεων, προερχόμενες από μετρήσεις μικροθορύβων 

HVSR. Η δομική τρωτότητα των κτιρίων της πόλης αξιολογήθηκε με εφαρμογή ενός 

μακροσεισμικού εμπειρικού μοντέλου που αναπτύχθηκε για τα ευρωπαϊκά αστικά 

περιβάλλοντα (EMS-98). Μελετάται επίσης, η επιρροή της τρωτότητας από το σεισμικό 

σενάριο μέσω συνθετικών φασμάτων απόκρισης σε 108 σημεία της πόλης. Οι 

αναμενόμενοι βαθμοί βλάβης ανά οικοδομικό τετράγωνο, υπολογίζονται μετά από 

συνδυασμό της τρωτότητας με τη σεισμική επικινδυνότητα, που εκτιμήθηκε για τις 4 

διαφορετικές σεισμικές πηγές. Τονίζεται η σημασία της ακολουθούμενης μεθοδολογίας 

για την εφαρμογή μικροζωνικών μελετών, δεδομένου ότι η αναμενόμενη επίδραση της 
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ενίσχυσης της εδαφικής κίνησης λόγω των τοπικών εδαφικών συνθηκών εκτιμάται με 

καλή προσέγγιση. Επιπλέον, νέες καμπύλες τρωτότητας και ευθραυστότητας 

προτείνονται για τις κύριες δομικές κατηγορίες, για κάθε σεισμικό σενάριο. 

Λέξεις κλειδιά: Μακροσεισμική τρωτότητα, μικροθόρυβος, σεισμικά σενάρια 

διακινδύνευσης, στάθμες βλάβης, Αιτιοκρατική Ανάλυση Σεισμικής Επικινδυνότητας. 

1. Introduction 

Damage assessment allocation and loss estimations are necessary tools to stakeholders in order to 

prioritize geographical and sectoral interventions and to prepare a total emergency plan in post-

earthquake situation as well as pre-earthquake pre-eventive interventions, especially in earthquake 

prone densely populated zones. In this regard, the accurate as possible seismic hazard and 

vulnerability assessment are, along with their socioeconomic consequences “sine qua non”. 

Nonetheless, numerous cases of strong earthquakes (e.g. Christchurch 2011, Cephalonia 2014, 

Nepal 2015) have manifested that the generic provisions provided by the effective national seismic 

codes are grossly misleading, with strong ground motion parameters and coseismic effects found far 

higher than predicted (Wyss and Rosset, 2013). Therefore, small scale seismic risk models are highly 

requested, incorporating the accurate impact of strong ground motion on the constructions of interest. 

Last few decades have witnessed a growing interest worldwide towards the development of risk 

scenarios, that are established after the combination of the vulnerability module of the exposed 

sample, with the hazard module, for particular earthquake scenarios. Seismic risk models can be 

principally important for emergency response planning but also they can be of use for risk mitigation 

through calibration of existing seismic regulations (Calvi et al., 2006). Greek urban areas, although 

many of them being densely populated, and most importantly facing high seismic hazard, have rarely 

been objects of such studies and even more rarely their results have been used for extensive pre- and 

post-earthquake planning and interventions. The current study, aims towards the development of 

realistic seismic risk scenarios for the city of Kalamata (S. Greece). 

The city of Kalamata is located ~50 km away from the southwestern Hellenic Arc and hence, the 

area is prone to intense seismic activity caused by the convergence between the Aegean-African 

plates. Strong earthquakes are reported in the historical (Papazachos and Papazachou, 2003) and 

instrumental (Makropoulos et al., 2012) catalogues. The most recent devastating earthquake took 

place on September 13th 1986, with Mw5.8, that caused several casualties and heavy damage to a 

large part of its building stock (OASP, 1987). Due to this catastrophic event, the largest part of the 

city was rebuilt following the provisions of a more rigorous code issued in 1985, hence the 

vulnerability of the city has been certainly enhanced. In this regard, the work herein is twofold: a) 

comparing the pre- and post-1986 buildings behavior under the 1986 crisis and b) producing an 

extreme damage scenario evaluated by the arrangements of the former. 

2. Applied Methodologies  

2.1 Vulnerability Assessment 

Seismic vulnerability is defined as the tendency of a structure to experience damage under a certain 

level of ground shaking. Vulnerability assessment is typically based on post-seismic damage 

observations (empirical vulnerability) and in a lesser degree on analytical studies of the exposed 

structures (Lagomarsino and Giovinazzi, 2006). In the current study, the vulnerability was assessed 

using an empirical Damage Probability Matrix approach (DPM), derived by EMS-98 macroseismic 

scale (Grünthal, 1998), as adapted and proposed by the RISK-UE team under the label “LM1” 

(Milutinovic and Trendafiloski, 2003). 

According to LM1, buildings characterized by a similar seismic behaviour are grouped together into 

certain vulnerability classes, following a probabilistic approach. In order to quantify the building 

stock classification, vulnerability indexes, within probability ranges, ranging between 0 and 1 have 
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been introduced. Modification scores are applied to them so as to account for specificities of each 

building, as suggested by Giovinazzi and Lagomarsino (2004). This method is suitable for 

vulnerability, damage and loss assessments in urban environments with adequate estimates on 

seismic intensity, and portfolios large enough so that any uncertainties associated with standardized 

indexes can be balanced out. 

The LM1 method defines semi-empirical vulnerability functions that correlate the seismic intensity 

I and the vulnerability index VI with the mean damage grade μD (Equation 1). Damage scenarios are, 

then, composed in terms of discrete damage probability distribution of the latter, for which the beta 

distribution is applied for all damage grades. Final damage grade is defined as the one that 

corresponds to the highest probability of occurrence. 

Equation 1 - Formula of mean damage grade relating vulnerability index with seismic 

intensity. 

𝜇𝐷 = 2.5[1 + 𝑡𝑎𝑛ℎ(𝐼 + 6.25𝑉𝐼 − 13.1)/2.3] 

The damage grade is a discrete variable characterized by 5 grades, plus the zero grade, defined as 

follows: D0-No damage-“green”, D1-Slight damages-“green”, D2-Moderate damages-“yellow”, 

D3-Substantial to heavy damages-“yellow”, D4-Very heavy damages-“red”, D5-Destruction-“red”. 

Damage scenarios are composed in terms of damage grades per block. 

2.2 Seismic Hazard assessment 

In this work Seismic Hazard is approached in a deterministic way, as suggested by Kassaras et al. 

(2015), aiming to resolve the nearest Maximum Credible Earthquake (MCE) motion at the 

municipality of Kalamata. The Deterministic Seismic Hazard Assessment (DSHA) is based on the 

constraints of the active tectonics in a region and the parameters that affect the seismic motion, i.e. 

the seismic source, the energy diminution and site effects. Seismic source is modeled by its focal 

mechanism and/or ideally, from the slip distribution across the fault plane. Diminution of seismic 

waves with epicentral distance is satisfactorily addressed by elastic-inelastic broad-scale relations 

derived experimentally with the use of a large amount of seismic records. Local conditions (site 

effects), that essentially impact the seismic wavefield, considerably vary from place to place. Hence 

small scale models are required for their optimal estimation and this matter is addressed herein. 

Site effects were assessed by applying the Horizontal to Vertical Spectral Ratio (HVSR or H/V) 

(Nakamura, 1989) making use of ambient noise recordings. The theory behind the method is based 

on the assumption that the H/V ratio corresponds to the transfer function of the soil column between 

the seismic basement and the surface. This technique is popular, as it is quite simple, swift, and 

economic. It is widely used in microzonation studies, providing accurate characterization models. 

In Greece, the HVSR technique has been frequently used, providing consistent results (Panou et al., 

2005; Kassaras et al., 2014, among others). 

To calculate site specific synthetic acceleration time series and the respective response spectra in 

Kalamata, the stochastic simulation approach was used. Stochastic simulation is useful, especially 

in regions where active tectonic features are well defined. It is particularly useful for simulating 

ground motions of most interest to engineers and is widely used to predict them for regions where 

recordings of strong earthquakes are not available. We used a stochastic finite-fault model, as 

proposed by Beresnev and Atkinson (1997), to simulate the near-source strong ground motion in the 

region of Kalamata. The method has been successfully implemented for the broader Aegean region 

by various researchers (Margaris and Boore, 1998; Roumelioti et al., 2004; Kassaras et al., 2015, 

among others). 
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3. Data and data analysis 

3.1 Building stock and vulnerability 

The current study used the deliverables of the research action (EPANTYK, 2009). The data concerns 

the information obtained during the Census of 2001 (Source: EL.STAT.), which includes critical 

information regarding buildings height, use, material, construction period. In addition, vector digital 

maps with contours of city blocks, buildings and road axes have been provided, permitting the 

creation of a digital database in GIS environment (ArcGIS, QGIS). Although the obtained spatial 

information regards a block scale level, vulnerability per building has been assessed, by attributing 

RISK-UE (EMS-98) methodology. The main structural typologies found in Kalamata are masonry 

(stone, clay/cement bricks) and reinforced concrete frames. 

Our database includes structural characterization for 7957 buildings. Their vast majority is of 

residential and commercial use and concerns RC frame buildings, constructed with moderate or high 

seismic provisions. The largest construction activity was concentrated in 1960-1970 when migration 

of citizens to the cities was high. Thereafter, Kalamata was reconstructed after the large earthquake 

of 1986, due to which 70% of the city's buildings suffered from moderate to very heavy damage. 

Therefore, the vulnerability of the new buildings is expected to be significantly enhanced given that 

they were built according to the 1985 additional provisions to the seismic code. 

3.2 Ambient noise site characterization 

On July 2015, our research group from the University of Athens (UoA) and the Institute of 

Geodynamics (GI-NOA) conducted a field survey in Kalamata with the purpose of collecting 

microtremor data. Ambient noise was recorded at 28 selected positions. A dataset of 80 

microtremors recordings (Theodulidis et al., 2004) was also considered and hence site effects were 

investigated for 108 positions in Kalamata. 

The ambient noise time series were corrected for baseline mean and trend and were tapered with a 

5% cosine function at both ends. Instrumental response correction was performed by considering 

the poles and zeroes configurations suggested by the manufacturer of the sensors and sensitivity 

values per component according to each instrument’s calibration sheet. HVSR curves were 

computed using the GEOPSY software (SESAME, 2005). Analysis was performed in the frequency 

range of engineering interest 0.5-20 Hz. The Fast Fourier Transform (FFT) was calculated for each 

component of the data and the spectra were smoothed using a logarithmic window. The procedure 

was applied to variant length windows of stationary signal after removing transients through 

STA/LTA anti-triggering. At each site the final HVSR curve results from the logarithmic averaging 

of HVSR curves for each temporal window and its standard deviation. In the current study the 

spectral ratios (HVSR) of microtremor measurements were validated by available geological or 

geotechnical data (OASP, 1996). 

3.3 Stochastic simulation of strong ground motion 

The EXSIM algorithm (Boore, 2003) was used to simulate the near-source strong ground motion in 

Kalamata. The rectangular fault plane was divided into small subfaults, where each subfault is 

considered to be a point source, which is characterized by an ω2 spectrum (Brune, 1970). The rupture 

starts at a given or a randomly set source and propagates across the whole surface of the fault. The 

shear wave acceleration spectrum of each subfault is expressed in terms of the source, path and site 

effects. Strong ground motion in Kalamata was simulated for four earthquakes scenarios: A) the 

Mw5.8 earthquake occurred on 13/9/1986 on Verga normal fault, B) a potential Mw6.2 earthquake 

on Verga fault, considered the nearest Maximum Credible Earthquake (MCE) for the Kalamata 

region, C) a potential Mw6.6 event on Kourtissa normal fault and D) a future Mw6.0 on Pidima 

normal fault (Figure 1). 
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The geometry of the fault and the rupture parameters used in the simulation procedure were 

considered after Lyon-Caen et al. (1988) and Wells and Coppersmith (1994). Acceleration time 

histories and the respective response spectra were produced for 108 positions in Kalamata 

municipality using the deduced ambient noise HVSR curves as the sites’ amplification functions. 

Panels A  in Figure 2 present the comparison between the spectral acceleration recordings of the 

1986 earthquake at the permanent stations kala and kal1 and the simulated ground motion at two 

neighboring sites, showing a good agreement for the spectral acceleration and the frequency content. 

The next step of the analysis was the calculation of ratios between the simulated synthetic spectral 

acceleration and the spectral acceleration estimated for bedrock conditions, which represent the 

ground motion amplification due to the soil conditions. For each scenario, the amplification ratio 

corresponding to the existing buildings theoretical fundamental period was extracted and it was 

following applied as a vulnerability index modification score (Figure 3). 

 

Figure 2 - Localisation of active faults for which strong ground motion was simulated 

(ASPIDA, 2015). The minimap on top right shows the position of Kalamata within the Greek 

territory. 

4. Seismic risk scenarios 

The synthetics calculated at 108 positions were combined using a natural neighborhood interpolation 

scheme to construct hazard maps presenting the distribution of the maximum absolute acceleration 

(PGA) and the seismic intensity (I), derived by the application of the empirical relation of Tselentis 

and Danciu (2008). Macroseismic intensities (MMI) observed during the earthquake of 1986 

(Leventakis et al., 1992) are consistent with the synthetic intensities for the same event (scenario A, 

Figure 4 Left). 
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Figure 2 - (A) Observed (L, T, V) and synthetic (Sim) response spectra (h=5%); (B) 

Synthetic spectrograms where the color scale represents ground acceleration ranging from 

red (low) to purple (high). 

The damage scenarios are then elaborated by: a) attribution of the interpolated synthetic intensity to 

each sampled building block, b) computation of the mean damage grade per building and the average 

mean damage grade per block, c) distribution of the probabilities of occurrence of the mean damage 

grade, d) definition of the most probable damage grade per block. Figure 4 Right and Figure 5 

illustrate the resulted damage distribution for scenarios A, B and D. Scenario D leads to more 

favorable results, whereas the extreme scenario B depicts the highest expected damages. By 

juxtaposition with the hazard map of Figure 4 Left, it is confirmed that the risk increment in the 

aforementioned areas is likely due to site conditions. 

 

Figure 3 - Example of response spectra regarding soil (red) and bedrock (black) conditions. 

The dashed vertical lines indicate the eigenvibration period of the main structural categories. 
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Figure 4 - Left: Hazard map showing the distribution of synthetic intensities determined for 

the scenario 1986 earthquake. Superimposed are the isoseismal map of the 1986 event 

(Leventakis et al., 1992) and the positions of microtremors measurements (solid circles and 

triangles). Right: Damage distribution for scenario A (1986 earthquake). 

 

Figure 5 - Damage characterization per building block. Left: Scenario B. Right: Scenario D. 

Damage is color coded as: light green-no damage, dark green-slight damage, yellow-

moderate damage, orange-heavy damage, red: very heavy damage, black: collapse). 

 
Figure 6 - Left: Vulnerability curves of main structural typologies; Right: Fragility curves 

for RC2 typology (right); both for the nearest MCE. 

An indispensable outcome of an extensive risk study is to develop vulnerability and fragility curves 

for each structural type. Vulnerability curves, illustrating the function between seismic intensity and 

the potential damage grade, can be of use for rapid and direct estimation of the expected damage 

grade of buildings of certain structural typology at any seismic intensity. Fragility curves, which 
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depict the probability of exceedance of each damage grade, with respect to the seismic intensity, are 

used to estimate loss models, in terms of financial and human consequences. Hereby, vulnerability 

and fragility functions were determined by combining detailed ground motion and structural 

characteristics (Figure 6) and hence they are suggested to be considered optimal assessment modules 

for the city of Kalamata.  

5. Discussion and conclusions 

The present work integrates seismic vulnerability and hazard assessment towards developing 

seismic risk models for the city of Kalamata at a building block scale. A massive dataset comprising 

structural, geological, geotechnical and seismological information was processed. Macroseismic 

vulnerability was estimated using the EMS-98 which has been proven to be suitable for the seismic 

characterization of European buildings. Seismic hazard was assessed by a deterministic approach, 

using the active tectonic setting, attenuation parameters resolved for Greek earthquakes and site 

specific amplification functions derived by dense ambient noise recordings applying the popular 

Nakamura technique. As far as the applied methodology is concerned, it is considered to be a 

probabilistic approach as soon as a set of uncertainties is introduced in its various stages regarding 

both the ground shaking and the macroseismic vulnerability input. 

7960 buildings were studied, mainly of residential and commercial use, many of them being built 

after the 1986 earthquake which destroyed a large portion of masonry buildings, hence substituted 

by new constructions obeying more modern seismic provisions. Four damage scenarios have been 

developed by stochastic simulation of the strong ground motion at numerous positions in Kalamata 

considering the known most hazardous faults for the target site. The overall damage distribution is 

summarized in Table 1, in comparison with the effects of the 1986 earthquake. 

Table 1 - The average damage grade estimates for each scenario regarding residential and 

commercial buildings in Kalamata. A-D: the four implemented scenarios (see text), MCE: 

Maximum Credible Earthquake. 

Case Fault/Mw 
μD (% of 7960 buildings) 

0 1 2 3 4 5 

13/9/1986 Verga/5.8 28 36 16 20 - 

A Verga/5.8 54.3 24.4 16.1 4.3 0.8 0.0 

B (MCE) Verga/6.2 27.7 27.0 17.7 17.0 8.1 2.6 

C Kourtissa/6.6 61.7 22.6 13.4 2.1 0.1 0.0 

D Pidima/6.0 67.9 26.7 4.9 0.5 0.0 0.0 

As it can be seen in Table 1, scenario A (simulation of the 1986 earthquake) certainly leads to a 

much lower damage with respect to the one caused by the real earthquake (OASP, 1996), simply 

because a large part of the town was rebuilt after the 1986 earthquake, in accordance to modern 

seismic codes and many of the most vulnerable structures have already been demolished or 

abandoned. On the contrary, the nearest MCE for Kalamata with Mw6.2 on the same fault leads to 

a higher level of damage. Scenarios C and D regarding Kourtissa and Pidima faults, respectively, 

lead to more favourable consequences. 

A novelty of the current work is the linkage of vulnerability/fragility with local site conditions by 

employing response spectra ratios (RSR) between the site and the underlain bedrock, which were 

further applied to each building in terms of modification scores, representing the soil-structure 

interaction effect. In this regard, new vulnerability and fragility curves were determined, properly 

adapted for Kalamata. As soon as these functions are proven site-sensitive it is suggested that they 

should be adapted to the site’s specific characteristics when studying seismic risk. 
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Our method is fast, cost effective and despite the unavoidable data uncertainties, it is proposed to be 

considered in the framework of a National roadmap towards predicting urban earthquake effects. 

Options for its further improvement are outlined as following: 

 Rearrangement of vulnerability indexes considering updated damage data. 

 Rearrangement of vulnerability and seismic hazard weighting input after sensitivity analysis. 

 Extension to loss assessment regarding casualties and socioeconomic consequences. 

 Registration of the buildings characteristics by experts. 

 Application of simplified mechanical methods for the vulnerability assessment (HAZUS, 1999; 

RISK-UE-LM2: Milutinovic and Triandafiloski, 2003) and/or further evaluations by analytical 

methods of buildings of high importance. 

 A major restriction towards the implementation of the approach in a National level is the lack 

of a database including geospatial data per area. Such data, definitely existing into old-

analogue and recent-digital archives are suggested to be centralized and disseminated to the 

scientific and professional community. 
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Abstract 

The evaluation of ambient seismic noise at the Hellenic Unified Seismic Network 

(HUSN) stations is investigated in this study. Ambient vibration recordings combined 

with the horizontal to vertical (H/V) spectral ratio technique helps in characterizing 

local site effects. This technique was applied at 17 sites ambient noise measurements. 

We selected a number of 1-hr waveform segments during day and night for summer 

and winter. For each site the H/V spectral ratio was calculated and the results were 

combined with geological and geophysical information. The goal was to show the 

network performance as far as the station quality and noise level at each site concerns 

in order to provide possible structural improvements, seismic station relocations or 

to detecting operational problems. 

Keywords: H/V ratio, noise, seismic stations. 

Περίληψη 

Η παρούσα εργασία ασχολείται με την εκτίμηση και αξιολόγηση του σεισμικού θορύβου 

στους σεισμολογικούς σταθμούς του Ελληνικού Eνοποιημένου Σεισμολογικού Δικτύου 

(Ε.Ε.Σ.Δ). Η τεχνική που χρησιμοποιήθηκε για τη μέθοδο εκτίμησης των τοπικών εδαφικών 

συνθηκών αφορά το φασματικό λόγο της οριζόντιας προς την κατακόρυφη συνιστώσα 

καταγραφών εδαφικού θορύβου (Horizontal-to-Vertical Spectral Ratio ή HVSR). Η 

μέθοδος αυτή εφαρμόσθηκε σε ένα δείγμα 17 σεισμολογικών σταθμών του ενιαίου 

σεισμολογικού δικτύου. Χρησιμοποιήθηκαν κυματομορφές διάρκειας μίας ώρας και οι 

οποίες αφορούσαν καταγραφές κατά τη διάρκεια της νύχτας, της ημέρας για το χειμώνα και 

για το καλοκαίρι. Για κάθε καταγραφή υπολογίσθηκε ο φάσματικός λόγος της οριζόντιας 

προς την κατακόρυφη συνιστώσα εδαφικού θορύβου και έγινε μία προσπάθεια εκτίμησης 

των αποτελεσμάτων σε συνδυασμό με γεωλογικές και γεωφυσικές πληροφορίες. Ο στόχος 

είναι να γίνει μια προσπάθεια επανεκτίμησης της σωστής λειτουργίας των σεισμολογικών 

σταθμών του δικτύου και με τον έλεγχο των επιπέδων θορύβου για κάθε σταθμό του 

δείγματός μας να παραχθούν πιθανές βελτιώσεις σε τυχόν λειτουργικά προβλήματα των 

σταθμών ή ακόμη και τοποθέτηση των σταθμών σε άλλη θέση. 

Λέξεις κλειδιά: σεισμολογικοί σταθμοί, φασματικός λόγος, εδαφικός θόρυβος. 
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1. Introduction 

An important precondition for the correct interpretation of seismic signals and the development of 

seismological research is the quality of seismic observations. Primarily this is achieved by the use 

of accurate and high quality instrumentation. In the last 15 years high performance seismological 

instruments have been developed and became available to the seismological community. Gradually, 

old short-period sensors have been replaced by new broadband ones, able to cover a very high range 

of frequencies. 

Secondly, the quality of the data is controlled by local conditions, installation quality and ambient 

noise influence. To assure a good station performance it is important to estimated local site effects 

for each existing station or during a new site selection. 

Complete modernisation of the Hellenic Unified Seismological Network (HUSN), has been 

accomplished in 2007. Modern digital equipment have been installed in all existing stations of the 

four national seismological networks (network codes: HL, HT, HP, HA), while more new stations 

have been installed, ameliorating the regional seismological coverage. Furthermore the real-time 

exchange of data between these networks, as well as with other networks from surrounding countries, 

has facilitated the every day event detection and analysis procedures. Today HUSN consists of 149 

seismological stations. Even though a large number of these stations behavior has been investigated, 

in this study we only present a sample of 17 stations (Fig. 1) for which the installation quality in 

relation with local geology (Table 1) and possible interactions with physical or human related noise 

sources has been thoroughly examined. 

 

Figure 1 - Seismological stations used in present study. 
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Table 1 - Seismological stations specifications. 

Station Latitude Longitude Elevation Digitizer Sensor Geology 

AGG 39.021 22.336 625 Trident CMG-3ESP/100 

Diabas-Dolerite  

MESOZOIC  

APE 37.073 25.523 608 PS6-SC STS-2/N 

Mica Schist 

PRE-PERMION 

ATH 37.974 23.718 93 DR24 STS-2 

Mica Schist-Limestone  

CENOMANIAN 

FNA 40.782 21.384 806 HRD24 CMG-3ESP/100 

Gneiss 

NEOGENE-QUATERNARY 

GVD 34.839 24.087 170 PS6-SC STS-2N 

Limestone 

JURASSIC- CRETACIOUS 

HORT 40.598 23.1 933 Trident CMG-3ESP/100 

Gneiss Schist 

NEO-PALEOZOIC- MESOZOIC  

IACM 35.306 25.071 45 PS6-SC STS-2 

Conglomerates 

PLEISTOCEN 

KARP 35.547 27.161 524 PS6-SC STS-2 

Flysch 

UPPER EOCENE 

KLV 38.044 22.15 758 PS6-SC STS-2 

Limestone 

UPPER CRETACEOUS 

LIT 40.103 22.489 558 Trident CMG-3ESP/100 

Crystalline limestone 

TRIASSIC 

OUR 40.333 23.979 117 Trident CMG-3ESP/100 

Granodiorite 

MESOZOIC 

PRK 39.246 26.265 130 EDR-209 STS-2 

Igneous Breccia 

PLEISTOCEN 

SIGR 39.211 25.855 90 Trident CMG-3ESP/100 

Volcanic Breccias  

NEOGENE 

SOH 40.821 23.356 670 Taurus Trillium 120P 

Διαmicaceous Gneiss 

PALEOZOIC 

THE 40.632 22.963 132 Trident CMG-3ESP/100 

Schistous Gneiss 

PALEOZOIC 

VLS 38.177 20.589 402 DR24 Trillium 120P 

Alluvium  

QUATERNARY 

ZKR 35.115 26.217 270 PS6-SC STS-2N 

Limestones-Δολομίτες  

CRETACEOUS 

2. Method and Data 

2.1. H/V method 

The spectral analysis of ambient noise using the H/V (Horizontal-to-vertical Spectral Ratio or HVSR) 

technique is examined in this paper. The method is a convenient way to reliably evaluate site effects; 

it is a low cost method and contributes to seismic risk mitigation in urban environments. Ambient 

noise is low amplitude soil vibrations generated by natural disturbances such as weather conditions 

(temperature, wind, rain etc.), transients (traffic, steps, cars, etc.), industrial noise, etc. 

The HVSR technique is well known as “Nakamura technique” and it was initially proposed from 

Nogoshi and Iragashi (1971) and Nakamura (1989). According to them the spectral ratio of 

horizontal to vertical component of ambient noise usually shows a peak, which indicates the 

fundamental frequency of the investigated site. The reliability of this method has been studied both 

numerically and experimentally. Several researchers (among which Field and Jacob, 1993; Lachet 

and Bard, 1994; Lermo and Chávez-García, 1994a) have theoretically supported the H/V spectral 

ratio technique through numerical simulations showing that synthetics obtained by randomly 

distributed near surface sources lead to H/V spectral ratios sharply peaked around the fundamental 

S-wave frequency, whenever the surface layers exhibit a sharp impedance contrast with the 
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underlying stiffer formations. A large number of observational studies have been performed to 

experimentally establish the credibility of the method (Ohta et al., 1978; Mucciarelli, 1998; 

Rodriguez and Midorikawa, 2002 among others). Recently, a European project the so-called 

SESAME (Site EffectS assessment techniques using AMbient Excitations) studies the site effects 

assessment techniques using ambient variations and investigates the experimental aspects that 

influence the stability of ambient noise measurements (Atakan et al., 2004; Duval et al., 2004). In 

Greece site effects assessment has been attempted analysing ambient noise measurements. Several 

tests and evaluation of noise recordings that were performed in selected sites in the downtown of 

the city Thessaloniki (Northern Greece) (Panou et al., 2005a, b) examine the ability and reliability 

of the H/V spectral ratio technique. 

It is highly recommended that prior to planning a measurement campaign on ambient vibrations, a 

local geological survey, especially on Quaternary deposits, should be performed. Interpretation of 

the H/V results will be greatly enhanced when combined with geological, geophysical and 

geotechnical information. 

In order to investigate the HUSN stability and performance and the seismological sites installation 

quality and noise level, 17 sites of ambient noise measurements were used in this study. The software 

used to analyze noise recordings was GEOPSY (GEOPhysical Signal database for noise arraY 

processing) (www.geopsy.org). The noise recordings are classified into two time categories 

(morning (12:00-13:00) and night (00:00-01:00) to study the diurnal variation and in order to 

examine the seasonal variation, samples from winter and summer have been used. All waveform 

samples for every seismological site are referred to the same hour and day. Using the module ‘H/V’ 

of the Geopsy software the following parameters were applied to our data: 

 Enable the anti-triggering process on raw signal. 

 The window length was defined to be greater than 50-60sec 

 The smoothing type: Kono and Ohmachi (b=40) 

 The frequency range from 0.50Hz to 10Hz. 

 The short term average (STA) and the long term average (LTA) set equal to 1.0s and 30.0s 

respectively. (STA/LTA:0.20-2.50) 

 Windows selection was either automatic or manual with a minimum number of 20 windows 

for the results to be acceptable. 

The average noise H/V spectral ratios of each category (time and season) as a function of frequency 

are given in figure 3. 

2.2. Data 

Digital seismic data from 3-component broadband seismometers at 100 sps have been used for the 

analysis. Technical specifications of seismological stations are shown in Table 1. A mixture of 

seismic sensor types were used in present study, including Streckheisen STS-2, 3ESP (100 s), 

3ESPC (60 s), Nanometrics Trillium 120P (120 s), all of them within wide frequency ranges from 

0.001 to 50-100Hz. 

Four distinct data sets (Table 2) have been used to investigate seasonal and diurnal variations and to 

verify stable station behaviour not depending on temporary problems. 

The frequency window used was of 0.5-10 Hz (Fig 2). The selection of this frequency range was 

based on the frequencies of seismic signals enregistrated and analyzed for regional events. As we 

can see on Figure 2, where 10 month (01/01/2015-31/10/2015) events are plot, the big majority of 

them are located within the frequencies from 0.2 to 10 Hz. 
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Table 2 - Data sets used in this study for seasonal and diurnal analysis. 

 
SUMMER 

01/07/2014 

WINTER 

01/01/2014 

NIGHT 

00:00-01:00 
S1 W1 

DAY 

12:00-13:00 GMT 
S2 W2 

 

Figure 2 - Frequency distribution for regional events (0-800 km of epicentral distance) as it 

results from the bulletin of year 2015. The window frequency of seismic signal is of 0.5-10Hz. 

3. Results 

In Fig.3, comparison of the averages H/V spectral ratio (± 1 standard deviation) for the 17 examined 

sites for diurnal and for seasonal analysis, is presented. It is apparent that in terms of stability almost 

all sites exhibit stable response during day/night and summer/winter, but the HORT station. For the 

latter the H/V spectral ratio appears a clear peak only during the summer time (day and night) around 

3Hz that is most probably due to industrial noise. 

The majority of the investigate sites (stations: AGG, ATH, FNA, HORT, KLV, PRK, SIGR, SOH, 

THE, VLS, ZKR) present a flat H/V spectral ratio with amplitude level less than 2, indication of 

“rock” site conditions. In fact, surface geology taken from the IGME geologic maps (1:50.000 

scales) supports such a site characterization both in terms of mechanical geologic properties and 

geologic age (Table 1). The station IACM shows a clear fundamental frequency fo≈0.8Hz, and a 

corresponding amplitude 8 for all examined time periods summer/winder as well as day/night. This 

station is installed on conglomerates of Pleistocene overlain older and harder geologic formations. 

Also it is located close to a water treatment facility (Evangelidis and Melis, 2012). The rest of the 

stations (APE, GVD, KARP, LIT, OUR) although they are installed to rock conditions from geologic 

point of view (maps 1:50.000) with geologic age older than Eocene (>40million years), they show 

amplified H/V spectral ratio with amplitude >2, for frequencies greater than about 4Hz. Such high 

frequency amplification may be due to a weathered layer overlain hard rock formation. However, it 

is difficult to conclude about the reason of such a high frequency amplification based only on surface 

geology (maps 1:50.00). In-situ geophysical/geotechnical prospecting could shed light on this issue. 

Finally, the GVD station appears a fundamental frequency at intermediate frequency range 
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(fo≈2.5Hz) although surface geology is described as limestone of Cretaceous and one would expect 

flat H/V spectral ratio curve. 

4. Discussion and Conclusions 

Seismological stations are usually installed on rock site conditions, of low noise, with high shear 

wave velocity (Vs>800m/sec) in order to avoid influence of site effects on recorded seismic ground 

motion. Magnitude estimation based on amplitude, duration or spectral analyses, should not involve 

site amplification since these parameters may be significantly affected by near surface geology 

effects. For this reason it is of high importance to check if the station site has the potential of 

amplifying ground motion and in which frequency range. The H/V spectral ratio method based on 

ambient noise is a fast, easy to perform and low cost method in order to investigate a seismograph 

station site for any possible site effect on seismic ground motion. 

The aforementioned H/V spectral ratio method applied to a subset of seventeen seismograph stations 

in Greece showed amplification higher than 2 in seven cases within the examined frequency range, 

0.5Hz≤f≤10Hz. This is the frequency range where the dominant frequency of the highest Wood-

Anderson amplitude appears (Fig. 2). It is well known that H/V spectral ratio amplitude may not 

reflect the real amplification as in standard spectral ratio (SSR) method but it its lower level 

amplification. 

In this paper magnitude estimation based on Wood-Anderson amplitude for the seven seismograph 

stations that showed H/V spectral ratio amplification greater than 2 must be carefully treated and re-

calculated by other methods as well in order to assure its reliability. Most probably, this approach 

could be performed to the rest of the Hellenic Unified Seismograph Network in order to detect all 

those stations suspicious of possible site amplification. In addition, using a larger data set of stations 

one could also compare statistically amplification of the H/V spectral ratio curves with the observed 

surface geology based on relevant maps 1:50.000 scale. 
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Figure 3 - Comparison of the averages H/V spectral ratio for the 17 sites for diurnal and for 

seasonal analysis (s1: summer-night (00:00-01:00), s2: summer-day (12:00-13:00), w1: 

winter-night (00:00-01:00), w2: winter-day (12:00-13:00). 
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Abstract 

In this study we estimate the spectral decay factor κ0 for the EUROSEISTEST array. 

Site conditions range from soft sediments to hard rock over 14 surface and 6 downhole 

accelerographs. First, we separate local and regional high-frequency attenuation and 

measure κ0. Second, we use the existing knowledge of the geological profile and 

material properties to correlate κ0 with different site characterisation parameters 

(Vs30, resonant frequency, depth-to-bedrock). Third, we use our results to improve 

our physical understanding of κ0. We propose a conceptual model comprising two 

new notions. On the one hand, we observe that κ0 stabilises for high Vs values; this 

may indicate the existence of regional values for hard rock κ0. If so, we propose that 

borehole measurements may be useful in determining them. On the other hand, we 

find that material damping may not suffice to account for the total measured 

attenuation. We propose that, apart from damping, additional site attenuation may be 

caused by scattering from small-scale profile variability. If this is so, then 

geotechnical damping measurements may not suffice to infer overall crustal 

attenuation under a site; but starting with a regional (borehole) value and adding 

damping, we might define a lower bound for site-specific κ0. 

Keywords: high frequencies, attenuation, downhole array, strong ground motion. 

Περίληψη 

Στην παρούσα μελέτη υπολογίζουμε την παράμετρο απόσβεσης στις υψηλές συχνότητες, 

κ0, για το δίκτυο EUROSEISTEST. Οι εδαφικές συνθήκες στους 14 επιφανειακούς και 

6 υπόγειους επιταχυνσιογράφους κυμαίνονται από μαλακές αποθέσεις έως σκληρό 

βράχο. Πρώτα διαχωρίζουμε την τοπική από την περιφερειακή απόσβεση και 

υπολογίζουμε το κ0. Έπειτα, χρησιμοποιούμε την υπάρχουσα γνώση του εδαφικού 

προφίλ και των δυναμικών εδαφικών ιδιοτήτων για να συσχετίσουμε το κ0 με διάφορες 

γεωτεχνικές παραμέτρους (Vs30, συχνότητα συντονισμού, βάθος έως το βραχώδες 

υπόβαθρο). Τέλος, χρησιμοποιούμε τα αποτελέσματά μας για να βελτιώσουμε τη φυσική 

κατανόηση του κ0. Προτείνουμε ένα μοντέλο που περιλαμβάνει δύο καινοτόμες ιδέες. 

Αφ’ ενός, παρατηρούμε πως οι τιμές του κ0 σταθεροποιούνται για υψηλές τιμές Vs, κάτι 

που πιθανώς σημαίνει πως οι τιμές κ0 συγκλίνουν ανά περιοχή για σκληρό βράχο. Σε 

αυτήν την περίπτωση, προτείνουμε τη χρήση δεδομένων από όργανα εντός γεωτρήσεων 

για τον υπολογισμό τους. Αφ’ ετέρου, παρατηρούμε πως η εδαφική απόσβεση δεν 

επαρκεί για να περιγράψει τη συνολική μετρηθείσα απόσβεση. Προτείνουμε την ύπαρξη 
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μιας επιπλέον πηγής απόσβεσης πέραν της εδαφικής: την απόσβεση διασποράς που 

οφείλεται στις μικρής κλίμακας ετερογένειες του εδαφικού προφίλ. Σε αυτήν την 

περίπτωση, οι γεωτεχνικές μετρήσεις της απόσβεσης των υλικών ενδέχεται να μην 

επαρκούν για την εκτίμηση της συνολικής τοπικής απόσβεσης. Ξεκινώντας όμως από 

μια εκτίμηση της απόσβεσης της περιοχής (από γεώτρηση), και προσθέτοντας την 

απόσβεση του υλικού, μπορεί κανείς να προσδιορίσει μία ελάχιστη τιμή για το κ0. 

Λέξεις κλειδιά: υψηλές συχνότητες, απόσβεση, κατακόρυφο δίκτυο, ισχυρή εδαφική 

κίνηση. 

1. Introduction 

At high frequencies, the acceleration spectral amplitude decreases rapidly; this has been modelled 

with the spectral decay factor κ (Anderson and Hough, 1984). Its site component, κ0, is used widely 

today in ground motion prediction and simulation, and numerous approaches have been proposed to 

compute it (Ktenidou et al., 2014). Above a given frequency, the amplitude of the Fourier 

acceleration spectrum (FAS) decays linearly if plotted in linear-logarighmic space. κ is then related 

to the slope of this line as follows: 

 𝜅𝑟 = −
𝜆
𝜋⁄                     (1) 

Measured κr values at a given station scale with distance. The zero-distance intercept of the κ trend 

with distance (denoted κ0) corresponds to the attenuation that S waves encounter when travelling 

vertically through the geological structure beneath the station. The distance dependence corresponds 

to the incremental attenuation due to predominantly horizontal S-wave propagation through the crust. 

As a first approximation, the distance dependence may be considered linear and denoted by κR, so 

that the overall κ can be written as follows, in units of time: 

 𝜅𝑟 = 𝜅0 + 𝜅𝑅 ∙ 𝑅      (𝑠)                   (2) 

We choose a site marked by complex surface geology, where records are available from a variety of 

geological conditions ranging from soft soil to hard rock, and where the geometry and dynamic 

properties of the formations are well known through extensive geotechnical and geological surveys. 

This will allow us to perform three tasks: 1. Estimate κ0 at stations of varying site conditions. 2. 

Correlate our κ0 estimates with parameters used in site characterisation (Vs30, depth to bedrock, 

resonant frequency). 3. Use results to better understand the physics of κ and κ0, particularly with 

respect to its relation with damping and its values for hard rock. 

2. Study area and data 

The area under study is the Mygdonia basin (Northern Greece), an elongated graben between lake 

Langada and lake Volvi bound by active normal faults. Over the past two decades, the area has 

undergone extensive studies in terms of geological structure and soil properties as well as seismic 

site response; see e.g. Manakou (2007) and references therein. A permanent accelerometric network 

named EUROSEISTEST (Pitilakis et al., 2013; http://euroseis.civil.auth.gr) has been installed 

around the basin centre, comprising 14 surface and 6 downhole receivers. The surface layout of the 

array has the shape of a cross, extending in two directions, perpendicular and parallel to the basin 

axis (Figure 1). The stations have been installed in different formations to sample ground motion in 

various geological conditions (Figure 2). They range from very soft, deep valley deposits (TST-000 

station at the valley centre) to weathered rock outcrop (PRO-000 and STE stations on the 

neighbouring hills) and very hard rock (PRO-033 and TST-196 downhole stations). 

We use a dataset of 84 earthquakes, recorded by the surface and downhole stations of the permanent 

network over 13 years. Their moment magnitudes range from 2 to 6.5, with distances out to 150 km. 

All events are crustal, with depths down to 15km (Figure 3). 
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Figure 1 – Layout of the EUROSEISTEST array – plan view (adapted from Manakou et al., 2010). 

 

Figure 2 – Layout of the EUROSEISTEST array - cross-section (adapted from Pitilakis et 

al., 1999). 

!
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Figure 3 – Moment magnitude and depth of events versus epicentral distance. 

3. Kappa estimation 

We apply the classical approach after the definition of Anderson and Hough (1984), now called the 

‘acceleration spectrum’ (AS). We measure κ on the acceleration spectrum of individual records at 

various distances from the site, and then extrapolate to zero-distance to derive the site κ0. We 

compute the Fourier amplitude spectrum for the S-window and pick frequencies f1 and f2 between 

which the spectral acceleration amplitude decreases linearly in lin-log space. We follow the steps 

proposed in Ktenidou et al. (2013), and for a more detailed description of the procedure the reader 

is referred to that work. 

Figure 4 shows the picking of f1 and f2 and the computation of κr for an earthquake recorded at all 

stations of the TST borehole. The results are shown with depth, starting from TST-000, the centre of 

the basin where Vs30=175 m/s, down to TST-196, the downhole bedrock station where Vs30>1500 

m/s (see Figure 1). As expected, the computed κr values differ greatly, with κr at depth being less than 

half the surface κr. We now have pairs of values for κr and distance for all records (Figure 5). κr values 

are correlated with the site conditions; data from station TST-000 (blue points) lie above data from 

TST-196 (red points); however, the scatter is large. There is also an increase of κr with epicentral 

distance after 15 km. We compute a common κR (see eq. 2) using data from all the stations together, 

and then estimate of κ0 separately for each individual station, given their different site conditions. The 

regression results are shown in Figure 5 for stations TST-000 and TST-196. 

Our regression yielded a value of κR~0.00048 s/km in the frequency range about 15-35 Hz. 

Assuming an average crustal shear wave velocity of β=3.5 km/s, this corresponds to a frequency-

independent regional Q of 590. This is a relatively low value, especially at such high frequencies. 

4. Correlation with site characterisation parameters 

In this section we make use of the extensive geological, geophysical, and geotechnical studies 

already conducted at EUROSEISTEST to correlate κ0 with the main parameters used in site 

characterisation and response. Often, when there is not enough data to measure κ0, empirical 

correlations are used to infer it. These are made primarily with Vs30, such as those introduced by 

Silva et al. (1998). In Figure 6 (top) we see a positive correlation with a coefficient of R2=47%. If 

we did not include downhole data, the correlation would decrease to R2=25%. Most existing 

correlations with Vs30 have even lower coefficients. Given the lack of hard rock surface stations, 

we propose that downhole data could provide valuable information for κ0 at higher Vs values. 

However, it is evident that there is a large scatter in κ0 values. We now look at the correlation of κ0 

with fres and Hbed (depth to bedrock, where by bedrock we mean formations G/G* of Figure 2), in 

Figure 6 (bottom). The correlation coefficients are again of the order of 40-50%. This indicates that 

κ0 is also correlated with the deeper structure to a similar degree as with Vs30. This is expected, 

since it is considered to relate to several hundreds of meters beneath a site. We then propose that 
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correlations with indices of deeper geology can be used to complement the classical correlations 

with Vs30. 

 

Figure 4 – a. Example of picking f1 and f2 and κr, AS measurement for an event recorded at 

all stations in the TST borehole. Noise spectrum plotted in grey, S-window in black, κ fit in 

red. b. The time histories of the records. c. The distribution of measured κr, AS values (±1 

standard error) with sensor depth. 
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Figure 5 – a. Individual κr, AS measurements with distance for TST000 (blue), TST-196 

(red), and all other stations (black). The lines show the regression results for TST-000 and 

TST-196, ±1 standard deviation. b. Individual κr, AS measurements out to 35 km, for all 

stations (black crosses), for TST-000 (blue diamonds), for TST-196 (red circles), and for 

PRO-033 (red crosses). 

 

 

Figure 6 – Top: Correlation of κ0, AS values with Vs30 (top), resonant frequency (bottom 

left) and depth to bedrock (bottom right). Dotted lines indicate limits between EC8 site 

classes A through D. Downhole values are shown as squares and surface values as circles. 
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Figure 7 – Left: Existing data and correlations from literature, all suggesting a downward 

tendency for hard rock. Right: The alternative asymptotic functional form based on data 

from Euroseistest (red) and Switzerland (blue), following the AS measurement method. 

5. A new conceptual model for κ0 

5.1. Regional asymptotic values of κ0 

As seen in Figure 7 (left), there are very little data available in literature for high Vs30, and the 

functional forms proposed are very poorly constrained above 1500 m/s. For very hard rock, the 

question arises: what is the minimum value of κ0? For the sites in our region, we have shown (Figure 

6) the downward trend we observed is mainly due to site classes B and C. If we focus on results on 

rock alone, our data show no significant decrease of κ0 beyond Vs30=550 m/s. So an alternative 

interpretation to the classic functional form would be that κ0 first decreases as the material hardens, 

but then reaches an asymptotic value for rock. This type of interpretation also draws from the 

observation in Figure 5b, in which the short-distance measurements of κr at TST-196 and PRO-033 

are indistinguishable, indicating common attenuation properties for the baserock material in the region. 

We illustrate this tendency for stabilization at EUROSEISTEST in Figure 7 (right, red). In the same 

figure (blue) we include results of Edwards et al. (2015) for Swiss rock sites, using the same κ 

approach in roughly the same frequency range (15-30 Hz). In that case too, κ0 seems to stabilise at 

high Vs30 (>1600 m/s). The asymptotic values are about 21ms for Volvi and 12ms for Switzerland. 

Given the consistency in measurement method and frequency range, we propose that the difference 

in the high-Vs30 asymptotic κ0 values might be a regional characteristic of the rock. Figure 8 shows 

a conceptual physical model describing this. At rock level, the asymptotic κ0 value is determined 

by the nature of the crust in the region (regional structure of the crust, e.g. Vs, Q, fracturation) and 

regional source characteristics (e.g., the upper frequency limit to the energy emitted by a source, 

etc.). As sedimentary layers are added to the rock base (i.e., as we move left on the Vs axis), κ0 

increases due to this additional ‘deeper site’ attenuation, probably due to intrinsic damping from the 

deeper layers. Finally, adding near-surface soil layers to the profile, the additional ‘shallow local’ 

attenuation leads to the final value of κ0 measured at the surface, including damping and scattering 

from the top layers. Moreover, the attenuation in the uppermost layers might be affected by non-

linear behaviour under high-level excitations. 

5.2. Scattering as a site attenuation mechanism 

In the field of exploration seismology, it is well known that wave propagation through fine layering 

can filter out high frequencies and may increase the apparent attenuation through short period 

multiples (O' Doherty and Anstey, 1971), an effect referred to as stratigraphic filtering. However, 

current discussions on the nature of κ0 do not explicitly include the contribution of scattering. We 

start from the definition of κ0 as travel time along the vertical propagation path in the last few km: 
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Figure 8 – Example illustration of the possible regionalization of κ0 and description of the 

suggested underlying model. We propose an asymptotic κ0 value for very high Vs, which will 

depend on the source and regional upper crust (dotted lines). The cartoon (Kramer, 1996) 

illustrates the contribution of source, path, deeper and shallower site components to κ0. 

  𝑡∗ = ∫
𝑑𝑟

𝑉𝑠(𝑧)𝑄(𝑧)
= ∑

𝐻𝑖

𝑉𝑠𝑖𝑄𝑖
= 𝜅0

𝑁
𝑖=1𝑝𝑎𝑡ℎ

                  (3) 

At EUROSEISTEST, we know the soil profile, the Vs and soil damping (i.e., shallow Q) values. 

We have both geotechnical (lab) and geophysical (site) measurements of the damping, which agree 

well, so that the uncertainty in the shallow Q is less than 50%. Based on the known profile we can 

examine the relation between damping and κ0 in our data. We focus on the borehole TST, and start 

with the measured downhole κ0 value at 196m (κ0DH). Then by adding the borehole-to-surface t*, 

we predict κ0 at the surface (κ0SUR). In Figure 9 we plot κ0DH=21ms at TST-196 as a starting 

point on the diagonal. Assuming that Q and Vs are constant and frequency-independent in each 

overlying layer, we add t* (from equation 31) for each station in between. We predict a mean 

κ0SUR=36ms at TST-000. The measured surface value is 61±11 s. So moving towards the surface, 

the starting point does not move along the diagonal (following the arrow), as it would if κ0 were 

accounted for entirely by t*. Instead, it moves to the right, since measured κ0 is larger than predicted. 

This discrepancy is Δκ0=25ms, which is significantly larger than the κ0 measurement uncertainty. 

It is also not due to Q measurement errors (see red shaded area). We propose the discrepancy is due 

to the additional effect of scattering. 
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Figure 9 – Predicted vs measured κ0 values for each station in the TST borehole (stations 

with more than 10 records). For the deepest downhole station the data points start on the 

diagonal. Nearing the surface, they move away from it, as measured κ0 becomes larger than 

predicted. The error bars show uncertainty in κ0 measurement. The light circles mark the 

final predicted κ0 at the surface. Δκ0 is measured between the measured and predicted 

surface κ0 values. The shaded red area represents the epistemic uncertainty in predicted κ0 

due to Q uncertainty, computed for a 50% shift in Q over the entire profile. 

 

Figure 10 –Transfer functions (left) at the surface (TST-000) with respect to the bedrock 

(TST-196) for 1D simulations performed on the profiles on the right: the 7-layer (blue) and 

the 20-layer profile (red). The increase in profile complexity leads to an increase in κ0, TF. 

At TST, the soil profile is very complex, due to numerous thin deposited near-surface layers. The 

borehole logging shows over 20 geological units, later simplified to produce the model of Figure 2. 

This important small-scale inhomogeneity of the profile may cause additional high-frequency 

attenuation through scattering through two mechanisms; multiple reflections of the upgoing waves; 

and the forward scattering of energy in the time history. This implies that the measured κ0SUR is 

the sum of intrinsic material attenuation and scattering, and that the former is accounted in the 

predicted κ0 while the latter may not be. We test our assumption by forward 1D modelling. We 
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compute the site response of the TST soil column for the 7-layer profile of Figure 2, and for the 20-

layer profile of Raptakis et al. (1998). We use the reflectivity method to compute the theoretical 1D 

transfer function between the surface and the bedrock. We measure κ on the transfer functions of 

the two models and find that by increasing the profile complexity, t* increases from 12ms to 20ms, 

i.e. by 8ms (Figure 10). So adding a few layers to the profile has led to additional attenuation with 

respect to damping, which we believe may be related to wave reflections and scattering. The actual 

profile could yield higher attenuation, if one considers more layers and more small-scale velocity 

inversions. We propose that the stratigraphic filtering effect, previously considered only in the 

exploration context, should also be taken into account in the context of seismic hazard. The 

possibility that κ0 comprises a scattering component, which is typically not discussed in hazard 

studies, should be. If our interpretation stands, it would entail that knowledge of ξ (or Q) for the 

surface layers may help compute a lower bound for κ0, which however may be higher if there is 

significant small-scale variability causing scattering in the profile. 
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Abstract 

We present a detailed study of various shear wave velocity, VS, profiles at TST site of 

Euroseistest test-site. We benefit from the availability of 62 VS models derived from 

seismic interferometry, stress–strain analysis and annealing simulation based on 

earthquake data, conventional seismic prospecting (surface wave inversion, crosshole 

and downhole tests), and seismic noise array measurements, that when grouped in 

five lead to corresponding averaged VS profiles. The estimate of VS models differs 

depending on the technique used. The observed disparity with respect to the average 

reference model, albeit small, becomes significant at certain depths and is associated 

with the existence of strong vertical discontinuities, introducing an uncertainty on the 

interface definition between the main formations. Results from site amplification 

study, based on these profiles, show an analogous uncertainty leading to a certain 

underestimation with respect to the reference model, which should be treated with 

caution when engineering applications are involved. 

Keywords: interferometry, stress-strain, seismic noise, prospecting. 

Περίληψη 

Παρουσιάζουμε μια λεπτομερή μελέτη πολλών VS προσομοιωμάτων στη θέση TST του 

πειραματικού πεδίου Euroseistest. Επωφελούμαστε από 62 διαθέσιμα προσομοιώματα 

που προέκυψαν στην ίδια θέση από μετρήσεις και μεθόδους όπως σεισμική 

συμβολομετρία, ανάλυση τάσεων-παραμορφώσεων και προσομοίωσης ανόπτησης σε 

σεισμικές καταγραφές, συμβατικές σεισμικές διασκοπήσεις (αντιστροφή επιφανειακών 

κυμάτων, crosshole and downhole), και σεισμικό θόρυβο σε δίκτυα. Όλα τα 

προσομοιώματα ομαδοποιήθηκαν σύμφωνα με τις τεχνικές ανάλυσης σε 5 μέσους 

όρους, Τα αποτελέσματα έδειξαν ότι διαφέρουν μεταξύ τους καθώς εξαρτώνται από τις 

υποθέσεις κάθε τεχνικής. Οι διαφοροποιήσεις τους σε σχέση με τον μέσο όρο τους, αν 

και μικρές, είναι σημαντικές στις κατακόρυφες ασυνέχειες που ορίζουν τους 

σχηματισμούς διαφορετικής δυστμησίας, εισάγοντας σχετική αβεβαιότητα. 

Αποτελέσματα της σεισμικής απόκρισης με βάση τα προσομοιώματα έδειξαν ανάλογη 

αβεβαιότητα με σημαντική υποεκτίμηση της ενίσχυσης, γεγονός που πρέπει να 

διαχειρίζεται με προσοχή στον αντισεισμικό σχεδιασμό των κατασκευών. 

Λέξεις κλειδιά: συμβολομετρία, τάσεις-παραμορφώσεις, σεισμικός θόρυβος, διασκοπήσεις. 



1526 

 

1. Introduction 

Shear wave velocity (VS) is deemed the most important parameter in earthquake engineering and 

engineering seismology studies. Its knowledge is useful for site effect estimations (e.g. Borcherdt, 

1970; Aki, 1988; Bard, 1994 and Chávez-García, 2011), seismic hazard assessment and Ground 

Motion Prediction Equations (e.g. Boore, 2004; Abrahamson et al., 2008 and Douglas et al., 2009), 

microzonation and other site specific studies in geotechnical engineering (i.e. liquefaction, soil-

foundation–structure interaction etc.). On the other hand, the exploration of Vs velocity is a rather 

non-straightforward task due to the nature of the demands of the anticipated study and its non-unique 

evaluation from different techniques (for details see also Raptakis, 2012, 2013 and Raptakis and 

Makra, 2015). Then, in such cases of different VS estimates available at a site, it is necessary to 

understand the differences and not simply compute an average. 

Currently, a set of non-invasive and invasive techniques were applied, in order to get at one site, 

TST, at the center of a rather shallow basin known as Mygdonian basin or EUROSEISTEST site 

(Jongmans et al., 1998; Raptakis et al., 2000, 2005; Manakou et al., 2010; Chávez-García et al., 

2014; Hannemann et al., 2014), the VS profile intended to satisfy different kinds of studies, with 

special emphasis, though, to site response evaluation. For the purpose of this study, 62 estimated VS 

profiles are analysed, their differences are reviewed, and averaged profiles are compared to each 

other. The result is a combined model of sediments VS until intact bedrock (VS ~ 3200 m/s) at depth 

of several hundreds of meters, used as a reference one. Hereafter, the averaged Vs profiles are used 

to evaluate their site response characteristics in a framework of preliminary study. 

2. VS profiles at TST site 

The site under study is situated in the centre of EUROSEISTEST (Mygdonian) basin. A huge 

amount of geotechnical and geophysical surveys has been deployed at this test site during the last 

22 years including seismic prospecting methods, microtremor measurements, and in-situ and 

laboratory geotechnical tests. The final outcome of this effort was initially a 2D soil model (Raptakis 

et al., 2000 and Raptakis et al., 2005) and recently a 3D structure (Manakou et al., 2010). Especially, 

at TST where a deep 3-component accelerometers down-hole array has been installed, all 

measurements and analyses are gathered in an effort to build the most precise and accurate possible 

soil model. This vertical array (www.dbseis.civil.auth.gr, Pitilakis et al., 2013) consists of 6 

accelerometers; at surface, 18.7, 40, 73.1, 136 and 196 m depths; the last located at sediments-

bedrock interface with common trigger, absolute time as well as orientation control of the horizontal 

components. The analyses of DH earthquake recordings result to shear wave velocity profiles of the 

sedimentary formations and are presented herein together with VS profiles from conventional 

seismic prospecting and array noise measurements. 

Seismic interferometry technique (CC). Recordings from 8 earthquakes at the vertical 

accelerometric array were used to determine VS velocity of soil layers (figure 1a) using seismic 

interferometry of ground motion (Raptakis and Makra, 2015). Raw data have been corrected for 

instrument response and baseline offset. The horizontal components of the recordings, of casual but 

known orientation, are rotated to derive the radial and transverse components of motion with respect 

to the basin shape. Both horizontal components of motion at each station are cross-correlated using 

the deepest station, at 196 m, as reference. The results, phase velocity derived from the pronounced 

very onset first S-wave arrival, are quite stable with small standard deviation (less than 8%) despite 

that data used come from earthquakes with different azimuths, epicentral distances and focal depths, 

parameters that may affect the vertical near surface propagation of body waves. The small scatter is 

related with the use of a single point-phase of the signals. The similarity of VS velocities between 

horizontal components does not suggest any significant anisotropy effect, thus an average of both 

components can be considered representative at the site, for this method. 

Stress–strain (τ–γ) analysis (SS). Six earthquake recordings at the vertical array used to define 
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the stiffness of sediments in an alternative way with stress–strain (τ–γ) analysis (Zeghal et al., 

1995; Elgamal et al., 2005). This is based on the first-order linear interpolation between 

accelerations at all available depths to estimate stresses and on the second-order interpolation 

between displacements to evaluate strains for the same depths. Then, the estimated shear stress and 

strain seismic histories are related with the soil shear stiffness (secant modulus) at each level and 

thus the VS velocity in cases of low peak ground acceleration recordings. Figure 2b shows the VS 

velocity distribution with depth for both horizontal components together with their mean value and 

± 1 std. In both components, VS values are very similar and quite stable for all soil formations with 

a small exception for the layers between 55.5 m and 104.5 m depths, with less than about 12% 

average standard deviation. At greater depths the scatter is quite large (20–35%) since it is related 

with the fact that stations are positioned at large intervals (of about 60 m). This does not allow 

computing coherent stress and strain histories, since a) up- and down-going body waves superposed 

with laterally propagated surface waves from “basin edge” diffractions (Raptakis et al., 2000; 

Chávez-García et al., 2000) and b) contamination of inverted P- and S-phases at the intermediate 

interfaces, biasing both the amplitude and frequency content of the first complete period of S-wave 

with direct consequence on the shape of stress-strain ellipses. Finally, mean VS models from both 

horizontal components are almost identical, suggesting a rather reliable estimation of an overall 

mean VS profile (Figure 2b), which is very similar to that of seismic interferometry. 

Adaptive Simulated Annealing Algorithm (ASA). Another way to analyse data from the vertical 

array at TST is to use algorithms based on simulated annealing (SA) such as general Monte Carlo 

approximation methods that allow optimizing problems when a desired global minimum is hidden 

among many local minima (see details in Chávez-García and Raptakis, 2008). Velocities VP and 

especially VS (at the topmost layers and for frequencies smaller than 5 Hz, in this case) are used in 

the inversion scheme and they are fixed when synthetic and empirical spectral ratios of 8 earthquakes 

match. Their good agreement for the radial and transverse components, leads to the VS profile of 

figure 2c. Observed disparities with the previous models, in both velocities and depths, are due to 

the fact that the thickness of soil layers taken into account in ASA method were a priori determined 

from the 2D soil model of Raptakis et al. (2000). 

 

(a)                                           (b)                                       (c) 

Figure 1 - Vs profiles from a) interferometry on radial (red lines) and transverse (blue lines) 

components with their mean value CC_R or CC_T (black lines) and their mean value ± 1 std 

(dashed lines) and overall mean Vs  ± 1 std profile (CC), b) same for stress-strain analysis 

(SS) and c) ASA. 
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Conventional seismic prospecting techniques (CONV). During the last 20 years, many different 

groups of reversed seismic profiles for seismic prospecting were deployed for short S-wave 

refraction tests including Love wave inversion analysis, and intermediate and long P-wave refraction 

tests for Rayleigh wave inversion. This sample of data presents a variety of VS profiles. All these 

surface measurements together with cross-hole (CH) and down-hole (DH) tests are performed in a 

limited area (of about 0.25 km2) around TST site and their analysis led to a total of 26 VS profiles 

(Figure 2). Details could be found in Raptakis and Makra (2015). Field measurements of different 

lengths, geophone spacings and offsets are performed in order to achieve good resolution VS profiles 

at depths from top to 10-50 m (Figure 2a), and to 140–190 m; i.e. from top to bedrock (Figure 2b). 

Having in hand all these results, an average 200 m VS model is built up taking into account the 

ability of each analyse to provide detailed layering with regard to their accurate penetration depth. 

In this manner, average VS model down to 16 m in depth is based on the results of shorter models 

(SA and SB), following with that of SC group for depths 50 m. For greater depths, the average Vs 

profile of deeper models is adopted to complete the overall average VS model. This combined model 

(Figure 2c) shows a successive increase of VS values with depth, from about 100 m/s to 1200 m/s, 

and considerable vertical VS changes at 2, 4, 10, 20, 40, 60, 140 and 180 m depths with a 

corresponding increase of the order of 40, 17, 24, 31, 25, 27, 15, and 26%. At all depths the std is 

less than 15% except specific horizons at 15-20 m, 50-60 m, 120-140 m, and 155-190 m depth of 

higher scatter (18-28%). Meanwhile, the problem to inspect depth and velocity of bedrock remains 

open. 

 

(a) (b) (c) 

Figure 2 - a) Near surface VS profiles (14 in total) grouped in 3 sets according to their 

maximum penetration depth. b) VS profiles (12 in total) from SWI and (c) Composite VS 

profile – CONV (mean values & mean ± 1std). 

Ambient noise array measurements (AMN). In addition to the above, array microtremor 

measurements (ANM) were obtained with various scaling of circular arrays in different seasons of 

the year (Kudo et al., 2002; Apostolidis, 2002) and analysed with Spatial Auto-Correlation 

coefficient (SPAC) technique (Aki, 1957; Okada, 1998). During the period of measurements, 4 

different data sets were acquired. Ambient noise recordings of two sets from different circular arrays 

- a small of 4 broadband instruments and a large of 7 ones - are analysed to obtain experimental 

dispersion curves and two different codes to invert them into the corresponding VS profiles (Figure 

3). The obtained Vs profiles, except one, arise down to 1575 m depth, where the Vs of 3200 m/s, 

that of the intact bedrock, was found. Five new analyses were added to two old published in 

Apostolidis (2002) and Kudo et al. (2002). All these VS models together show significant stability 

in their resolution depths until 165 m, with an average disparity less than 10%, except for the top 10 

m and between 110 and 120 m where the observed disparity is slightly larger than 20%. Scatter of 

similar order is also observed at all depths for the rest of the profile until bedrock with an exception 



1529 

 

close to 185 m (± 20 m) depth, where it gets the maximum value (~ 50%). At this depth a large 

impendence contrast between sediments and weathered bedrock is present and the observed scatter 

could be related with a possible inclination of the sediments–bedrock interface (Manakou et al., 

2010). An average VS profile (Figure 3) is finally adopted, having in mind that the large array 

configuration does not allow a detail VS distribution at the very surficial layers (< 10–20 m). VS 

variations with depth are larger than 20% at 10, 30, 165, 190, and 1575 m. 

 

                        (a)                  (b) 

Figure 3 - VS profiles (7 in total) from SPAC method, together with their mean ± 1 std, a) top 

to 200 m for sediments, b) from the top to 1600 m depth. 

3. Comparisons between VS profiles and associated uncertainties 

In this section, we compare mean VS profiles provided from a total of 62 different VS profiles 

gathered in five (5) groups (Figure 4). This comparison gives the opportunity to evaluate the 

differences between VS exploration methods. On the other hand, this comparison reveals the 

different sources of scatter discussed previously. These differences cannot be accounted for as a 

measure of goodness of one technique relative to the others, but rather as an index of the difference 

in the principals and assumptions of each method to explore the earth structure; for example the 

efficiency of methods to detect spatial in-homogeneity of soils (layering stiffness gradient, 

inclination, and degree of heterogeneity). 

The mean CC and SS models, which are based on the analysis of earthquake recordings, have a 

limitation regarding their efficiency to discern layers of different shear wave velocities with 

thickness smaller than those fixed at inter-station distances. This fact maybe has its impact on their 

reliability. Additionally, ASA profile is built based on primary estimations of the sublayers thickness 

at the site. Moreover, regarding conventional techniques, the inefficiency of the active source 

capacity to penetrate deep soil horizons in combination with the degree of the soil heterogeneity 

arises. Layering resolution of the surficial layers of the investigated profiles is related to the 

consistency of detected wavelengths with measurement configuration (total length, inter-stations 

and offset distances, source power, etc.). Finally, techniques based on the ambient noise recordings 

at wide spread arrays (SPAC, ReMi, f-k) fail to explore with high discreteness top soil layers due to 

inconsistency between small layer thickness and large detected wavelength. Another issue that 
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results from the application of the above techniques refers to the observed instability of the interface 

horizons, which is expressed with a significant scatter (> 20%) with respect to the averaged VS 

values (Figure 4b). This scatter mostly appears at deep vertical discontinuities (> 100 m), where 

very stiff formations with large impedance contrast do not allow the penetration of sufficient amount 

of source energy; frequently the latter is trapped within overlying layers. 

In general, it has been indicated that techniques, which are based on a single phase of the recording 

e.g. the very onset S-wave, provide models without significant scatter (interferometry analysis and 

SH-refraction, DH and CH tests). The scatter in both VS velocities and interface depths becomes 

significant, at least at large depths, when more sophisticated techniques were applied that make use 

time-windows of the recordings, for example an S-wave complete period (τ–γ ellipses), surface 

waves (dispersion curves) and transfer functions (ASA). Then, in cases where several techniques 

can be applied, the user has to select taking into account data in hand, specific aims of the study, and 

advantages and disadvantages of exploration tools between simplicity and robustness of the models 

and more sophisticated ones in which layer thickness is a free formed parameter. 

 

(a)    (b)    (c) 

Figure 4 - a) Reference VS profile at TST (black line) together with the mean VS profiles of 

each method, b) Standard deviation (%) of mean VS profiles of each method, c) Disparity 

(%) of mean VS profile of each method with respect to the reference one (right). 

To this end, a mean shear wave velocity profile with depth is proposed as reference (REF), in order 

to be used for the evaluation of the scatter. This reference profile includes all available information 

balanced in such way to take into consideration imperfections of the results. For example the overall 

mean VS velocities at the surface layer is of about 150 m/s, which is larger than the originally 

provided from the short, however more accurate with respect to the thickness of layers and 

wavelength relationship seismic profiles (VS ~ 95 m/s). In this case we decided to assign the lower 

value for layers within the first 10 m (groups SA and SB) because the higher velocity values are a 

result of low sensitivity methods. Another issue refers to the increase (of an order 10-20%) of the 

mean shear wave velocity at 10, 20, 40, 135, 165, 180, 190, and ~1575 m depths. However, no 

significant and unique VS contrast is observed, a fact that shows a very heterogeneous stratigraphy 

of soil mix formations that constrains quite well with the geotechnical description and the NSPT 

values as well as with VP velocities from long P-wave refraction seismic profiles (Raptakis et al., 

2000). 
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This reference profile presents an average quasi-constant scatter (10–20%), for all depths down 190 

m with respect to mean VS profile of each method (Figure 4c). An increase of scatter (> 15–20% 

max) is observed at depths close to intermediate interfaces that are associated with an identified 

increase of VS velocity at 10 and 20 m, 30 and 50 m, 60 and 80 m, and 165 and between 185 and 

195 m. Certainly, the fact that this scatter is higher around the interfaces, shows the relative 

uncertainty of their exact depth. On the other hand, these indications lead us to identify that the 

observed scatter has at least a remarkable physical or epistemic cause, related with alterations of 

geological formations. Both scatter and VS variation between models and layers, indicate the 

disparity between the techniques used to investigate the most important parameter in site response 

analyses. This overall disparity is 17% for CC, 12% for SS, 21% for ASA, 8% for CONV and 12% 

for ANM profile. Thus, a maximum of 20% disparity could be safely adopted as a realistic bound 

of the shear wave velocity (Stephenson et al., 2005). 

4. Preliminary site response analysis 

There is a variety of ways to compute site amplification for a given profile. Between them, two 

principal ways of computations exist; the traditional transfer function and that obtained with the 

Quarter WaveLength (QWL) approximation (see for details in Boore, 2003). Both of them provide 

amplification factors as a function of frequency. However, in this study, the QWL approach is 

applied because it is found to concentrate, compared to the others, the following advantages: i) its 

outcome has simple shape against the resonant amplification peaks and troughs shaped transfer 

functions (Figure 5), ii) the quantitative comparison of many different Vs profiles is easier, and iii) 

its application yields good estimates of high frequency amplification without the constraint of 

knowing the deep profile, and iv) it is based on the total travel time of the propagated S-wave 

required by seismic codes and smoothed slowness instead of the measured Vs in the field. 

Using QWL technique introduced by Joyner et al. (1981), site amplification A(f) is computed 

according to the formula A(f) = [(ρBVS,B)( ρS,AVE(f)VS,ave(f))
-1]0.5, where ρB and VS,B the density 

and the shear wave velocity of the reference layer of the VS profile (e.g. seismic impedance changes 

or bedrock). Therefore, for the comparison of site amplification for two or more models the 

appropriate equation is Ac_model(f) / Aref_model(f) = [VS,AVE,c_model(f)
-1/VS,AVE,ref_model(f)

-1]0.5 (where 

Ac_model(f) and Aref_model(f) are the amplifications calculated for the model [c_model] assumed to be 

compared with that considered as reference one [ref_model]. In this case, densities of both models 

assumed to be the same. In general, the advantages of this technique are sufficiently described in 

Brown et al. (2002). 

 

Figure 5 - Transfer functions for reference VS profile with respect to the mean VS profile of 

each method used. 

Results regarding transfer functions depicted in Figure 5 show that the shape and especially the 

fundamental resonant frequency for all the models is different ranging between 0.6 and 0.8 Hz. All 

transfer functions calculated using reflectivity method (Kennett, 1983), in the linear-elastic region 
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free from any attenuation. However, whether soil attenuation is to be considered then its impact 

would be for frequencies greater than the fundamental one. Results make clear the difficulty of 

accepting one of them as the representative for the site. Thus, we proceed with the more suitable 

QWL technique using SITE_AMP software, developed by Boore (2003). Figure 6a shows the 

amplification as a function of frequency for all five mean Vs profiles and the reference one. All Vs 

models independently of their final depth were extended with the Vs velocities provided from the 

AMN model until a depth reaching intact rock. For simplicity reasons, similarly to traditional 

transfer functions, attenuation or κ factor is not taken into account in the computations, and mass 

densities were adopted to be the same for all profiles. We observe that CONV, ASA and REF models 

give a continuously increasing of the amplification factor (between 2.5 and 4.5) up to 10 Hz. While, 

the rest models (CC, SS, and AMN) for frequencies larger than 3 Hz, amplification is quasi constant 

of a factor of 3. These frequencies refer to the contribution of the very surface layers in the 

amplification. In general, comparing amplification factors derived from both techniques are 

compatible, since those of QWL technique are the mean of those for the transfer functions (Figure 

5), at all frequencies of interest. 

On the other hand, most VS results that come from different techniques are generally compared 

either in a qualitative way or with statistical single values (average, standard deviation, variance, 

etc.) for all depths. While these approaches form a common practice in Geotechnical Earthquake 

Engineering and Engineering Seismology, the interest is recently concentrated to the QWL 

approximation. Then, knowing the discrepancies between VS models with respect to the reference 

one (REF), we are interested to quantitatively evaluate their differences in terms of site response. 

To achieve this, the computed amplification of the reference profile is used as the basis relative to 

which we express the differences in amplification (Figure 6b). Therefore, CC and SS, and AMN 

curves for frequencies greater than the fundamental one (0.65 Hz), underestimates (25%, 22% and 

17% respectively) site amplification with respect to the adopted REF model. The smallest 

differences in the amplification with respect to the reference model are observed for ASA and 

CONV profiles (3 and 5% respectively). These differences in amplification is quite analogous with 

the differences in the VS values measured in the uppermost layers expressed by the VS30 parameter, 

namely 21% for CC, 30% for SS, 21% for ANM and 11% for ASA, 5% for CONV. This disparity 

in the amplification of the order 20-25 % is sufficient enough to be cautious against which model 

could be used to represent soil conditions at the site. 

 
 

Figure 6 - Amplifications for each averaged VS (left) and relative amplification between 

averaged models with respect to the reference one (right). 

5. Conclusions 

We have benefited from the availability of 62 VS profiles at TST site of Euroseistest site derived 

from earthquake records, conventional seismic prospecting, and seismic noise array measurements. 

Five groups of models provided from 9 different invasive and non-invasive methods lead to averaged 

VS profiles. The estimate of VS profiles that we obtain differs depending on the technique used. 
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However, we cannot discern which one is correct and which is not. We believe that all profiles 

represent reliable models on the base of the hypotheses and standards of each technique. 

The observed scatter of models for each group of measurements is an indication of the uncertainty 

of the estimate. In general, less scatter is observed at models resulted from the analysis of a single 

phase (S-wave arrival). In contrast, this scatter becomes significant when the analysis concerns more 

than one specific phase, such as complete periods of S-wave or surface waves propagated in different 

modes. However, the techniques based on the S-wave picking have disadvantages (average between 

fixed receivers or small penetration depth) with respect to those with which a thorough analysis of 

surface wave results to as deep as possible profiles with layering thickness acting as a free parameter. 

Moreover, the average of the mean models with their standard deviation is computed. The 

percentage of standard deviation with respect to the average model albeit is less than 20% (for 

techniques based on a single phase of S-wave), this becomes significant at certain depths and is 

associated with the existence of strong vertical discontinuities, thus introducing an uncertainty on 

the interface definition between the main formations. 

Site amplification for all VS profiles was computed with two different techniques; the reflectivity 

method and the Quarter WaveLength approximation. The different models leads to different transfer 

functions at least for the shape and the fundamental frequency, as it was to expect. However, no 

direct comparison between attributes of the amplification can be done. The use of QWL technique 

aims to investigate the disparity between models in terms of site amplification. Mean VS models 

derived from the various techniques/methods used underestimates site amplification with respect to 

the reference model by 20-25 %. This disparity is analogous to the differences in the VS30 parameter 

for the mean VS profile of each method with respect to the reference one. 
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Abstract 

In the present paper, the earthquake occurrences in the area of Japan, are studied by 

a semi Markov model which is considered homogeneous in time. The data applied 

refer to earthquakes of large magnitude (Mw>6.0) during the period 1900-2012. We 

consider 9 seismic zones derived from the typical 11 zones for the area of Japan, due 

to the lack of data for 3 zones (9-th,10-th and 11-th). Also, we define 3 groups for the 

magnitudes, corresponding to 6-7,7.1-8 and  M> 8.0. Thus, we consider for our semi 

Markov model a finite state space, S={ ( , )jiZ R | i=1,...9, j=1,2,3}, where iZ  defines 

the i-th seismic zone and 
jR  states the j-th magnitude scale. We applied the data to 

describe the interval transition probabilities for the states and the model's limiting 

behaviour for which is sufficient an interval of time of seven years. The time unit of 

the model is considered to be one day. Some interesting results, concerning the 

interval transition probabilities and the limiting state vector, are derived. 

Keywords: semi-Markov model, earthquake occurrences, transition probabilities, 

limiting behaviour, Japan. 

Περίληψη 

Στην παρούσα εργασία, μελετάται η σεισμικότητα στην περιοχή της Ιαπωνίας με τη 

χρήση Ημιμαρκοβιανού μοντέλου για το οποίο υποθέτουμε ομογένεια ως προς τον 

χρόνο. Τα δεδομένα που χρησιμοποιήθηκαν, αφορούν μεγέθη ισχυρών σεισμών 

(Mw>6.0) για το χρονικό διάστημα 1900 - 2012. Ως χώρο καταστάσεων, θεωρήσαμε το 

καρτεσιανό γινόμενο των 11 ζωνών iZ  στις οποίες χωρίζεται η Ιαπωνία, επί τις 3 

τάξεις μεγέθους 1R , 2R , 3R  που αντιστοιχούν σε μεγέθη 6-7,7.1-8 and  M> 8.0 

αντίστοιχα. Λόγω του μικρού πλήθους δεδομένων στις ζώνες 9,10 και 11, έγινε 

σύμπτυξη σε μία ζώνη, την οποία συμβολίζουμε ως 9Z . Σύμφωνα με αυτήν τη 

μοντελοποίηση περιγράφονται οι πιθανότητες μετάβασης ανάμεσα στα ζεύγη ( , )jiZ R  

i=1,...9, j=1,2,3, οι πιθανότητες μετάβασης σε διάστημα, και οι οριακές πιθανότητες. 

Τέλος, σχολιάζονται κάποια ενδιαφέροντα αριθμητικά αποτελέσματα. Το μήκος του 

χρονικού διαστήματος που έχει υπολογιστεί, φτάνει το μέγιστο τα 7 χρόνια το οποίο 
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είναι αρκετό για να φτάσει το σύστημα στην οριακή του κατάσταση. Η χρονικη μονάδα 

στους υπολογισμούς ορίστηκε να είναι η μία μέρα. 

Λέξεις κλειδιά: ημιμαρκοβιανό μοντέλο, γένεση σεισμού, πιθανότητα μετάβασης, 

Ιαπωνία, οριακή συμπεριφορά. 

1. Introduction 

Stochastic modeling is often applied for the study of earthquake occurrences. In literature, results 

on Markov and semi Markov modeling for the earthquake occurrences are presented in Vere-Jones 

(1966) and Knopoff (1971) where a continuous-time and continuous-state Markov process is applied 

to describe aftershock sequences as well as sequences of main shocks followed by aftershocks, 

respectively. Also, Lomnitz-Adler (1983) used a simulation of a Markov model to achieve a 

simplified representation of the spatial distribution of earthquakes on adjacent faults. Tsapanos and 

Papadopoulou (1999) applied a discrete Markov model for earthquake occurrences in southern 

Alaska and Aleutian islands. A prognostic process through a Markov model is described for an 

earthquake of Mw=8.3 in South America by Tsapanos (2001). Seismic hazard evaluation in the Japan 

area using Markov chains was studied by Nava et al. (2005). Karagrigoriou et al. (2015) made an 

attempt to describe zoning data as data of a multi-state system through Markov model and examine 

earthquake occurrence by assessing intensity rates and transition probabilities in seismic zones of 

South America. Spatio-temporal complex Markov chain used by Cavers and Vasudevan (2015) in 

global earthquake sequences and analyze the statistics of the transition probabilities linked to 

earthquake zones. A hidden semi Markov model is applied to reveal some key features of the 

earthquake generation process by Votsi et al. (2014). 

In the present paper a semi Markov model is applied to data, referring to earthquake occurrences in 

the area of Japan through the time period 1900-2012. The data are of high magnitudes (Mw>6.0) in 

the 11 zones of the area of Japan which are shortened to 9 due to the lack of data for the zones 9, 10 

and 11. We define three groups for the magnitudes i.e. 1R :6-7R, 2R :7-8R and 3R :8R and over. 

Considering the above definitions we can define a double state space, S={ ( , )jiZ R | i=1,...9, 

j=1,2,3}, where iZ  defines the i-th seismic zone and  
jR  states the j-th magnitude scale. The time 

unit of the model is defined to be one day and the transition probabilities between the states are 

supposed to be homogeneous in time. The implementation of the previous referred data produced 

interesting numerical results for the interval transition probabilities and the limiting state 

probabilities. A time period of seven years is sufficient for the model to achieve its limiting 

behaviour. 

2. The data 

The earthquakes occurred in Japan and its vicinity area extracted from NEIC catalogue. The time 

span is 113 years, starting from 1900 to 2012. Only large earthquakes having magnitudes Mw >6.0 

are considered for the purpose of the present study. The earthquake magnitudes of the catalogue 

used are not provided in a unique scale. Local magnitudes, body wave magnitudes, etc. are listed. 

For this reason and because there is a need for a unique magnitude scale, we converted all 

magnitudes in moment magnitude scale Mw, using for this purpose the empirical relationships 

(Scordilis 2006) by considering data from the whole earth. So, our sample is constituted of 276 

events with magnitudes Mw >6.0. Only main shocks are processed and for this scope we used a 

method introduced by Musson et al. (2002). The data of the present study are restricted to the shallow 

(h<60 Km) events only (Shcherbakov et al., 2013). The whole examined area is divided to 9 zones 

(states) following the separation made by Musson et al. (2002). Some slight modifications were 

made to these zones for the scope of this study. Specifically, zones 9, 10 and 11 are considered as 

one, named zone 9 (Fig. 1). 
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3. Tectonic environment and seismicity of Japan 

The tectonic environment of Japan and its vicinity is depicted in Figure (2). Many great interplate 

earthquakes with Mw>8.0 have occurred and it is obvious that a strong coupling on the plate 

boundary exists (Kanamori, 1977). Ito et al. (1999, 2000) applied an inversion analysis of GPS in 

order to find the spatial distribution of the interplate coupling in northwest and southeast Japan. 

Great earthquakes have occurred repeatedly along the Nankai trough with recurrence time ranged 

between 90 and 150 years (Thatcher, 1984). 

 

Figure 1 - The seismic zones considered for Japan. Inland zones 9, 10 and 11 are modified as 

one single zone. 

The most characteristic shocks were the ones which occurred in Nankai during 1944 with Mw=7.8, 

while the other one generated in its vicinity in 1946 having a magnitude Mw=8.0. It is believed that 

these two events released accumulated stress in association with the subduction of the Philippine 

plate. A giant earthquake of magnitude Mw=9.0 occurred to Japan Trench on 11 of March 2011. 

Coulomb stress studied by Sato et al. (2012), defines that changes for normal fault aftershock near 

the Japan Trench, showed a strong association with the slip on the shallow portion of faults. 

Most of the large shallow earthquakes in Japan along the plate boundaries (inteplate seismicity) 

show in general low-angle thrust mechanisms resulting from the subduction process and all of them 

are generated on the land part of the trench (Ando, 1975). 

Matsuda (1981) divided Japan into 12 seismogenic sources based on seismotectonics and 

geomorphological criteria. The same author (Matsuda 1990) separated by fault the area into 11 

seismic zones, relying on seismic activity. Wesnousky (1984) integrated geological and 

seismological data to determine probabilistic seismic zoning in Japan. Papazachos et al. (1994) 

divided the broader area of Japan into seismogenic sources, somehow different from those of 
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Matsuda, for prediction purposes. A different approach for seismic zoning in Japan, is published by 

Karakaisis (2000) which is based on regional time predictable seismicity model. 

 

Figure 2 - The tectonic regime of Japan and its surrounding area (after eartjay.com). 

4. The semi Markov model 

A semi Markov model, is defined by the following basic parameters: the state space, the embedded

 Markov chain and  the sequence of matrices of the holding time distributions for every state. Thus,

 in our model we have the following: 

 The state space, is finite and discrete and is defined as S={ ( , )jiZ R | 𝑖=1,...9,  𝑗=1,2,3} 

where 𝑍9 is the union of zones 9,10 and 11.  

 The embedded Markov chain is defined by the matrix  𝑷 ∈ 𝑀27×27(ℝ), with elements the 

transition probabilities between the states i.e. 𝑷 = {𝑝𝑖𝑗} 𝑖, 𝑗 ∈ 𝑆  where 𝑝𝑖𝑗 are estimated by 

the relative frequencies  
𝑛𝑖𝑗

𝑛𝑖
, ∀𝑖, 𝑗 ∈ 𝑆, 𝑛𝑖𝑗 defines the frequency of earthquake occurrences 

to state 𝑗 given that the previous earthquake occurred in state 𝑖 and 𝑛𝑖 is the frequency of 

earthquake occurrences in state 𝑖. 
 The sequence of matrices of the holding time distributions is defined by {𝑯(𝑚)}𝑚=1

∞  where 

𝑯(𝑚) = {ℎ𝑖𝑗(m)}𝑚=1
∞  𝑖, 𝑗 ∈ 𝑆, and ℎ𝑖𝑗(m) =

𝑛𝑖𝑗(𝑚)

𝑛𝑖𝑗
, 𝑖, 𝑗 ∈ 𝑺. 𝑛𝑖𝑗(𝑚) defines the frequency 

of earthquake occurrences to state 𝑗 given that the previous earthquake occurred in state 𝑖 
with holding time equal to 𝑚 and 𝑛𝑖𝑗 defines the frequency of earthquake occurrences to 

state 𝑗 given that the previous earthquake occurred in state 𝑖. 

Remark: From the data, we get that the frequencies for the states (Z4, R3), (Z7, R3), (Z8, R3), (Z9, R3) 
are equal to zero so the corresponding elements of the matrices 𝐏,𝐇(m), 𝐐(m) are removed. Matrix 

𝐏 is given below: 
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Table 1 - Matrix 𝐏 of the transition probabilities for the states, S={ ( , )jiZ R | 𝒊=1,...9, 

 𝒋=1,2,3}. 

 

There are some transition probabilities equal to 1: (Z1,R3)--> (Z2,R1), (Z5,R3)--> (Z8,R2) and (Z6

,R3)--> (Z1,R2), and a remarkable transition probability 62,5%  for the transition: (Z7,R1)--> (Z5,

R1). (Probabilities equal to 1, are questionable, because these states occurred only one time each). 

Now let 𝑸(𝑛) ∈ 𝑀23𝑋23(ℝ) the matrix with elements the interval transition probabilities 𝑞𝑖𝑗(𝑛). 

Then 

𝑸(𝑛) = ( )W n
+ ∑ 𝑪(𝑚)𝑛
𝑚=1 ⋅ 𝑸(𝑛 − 𝑚) (Howard, (1971)) where 𝑪(𝑚) is the core matrix for 

the semi Markov model (𝑪(𝑛) ∋ 𝑐𝑖𝑗(𝑛) = 𝑝𝑖𝑗 ⋅ ℎ𝑖𝑗(𝑛) ,  𝑖, 𝑗 ∈ 𝑆 ,𝑛 ∈ {1,2, … } ) and ( )W   is a 

diagonal matrix with elements equal to the survival probabilities for the holding times. 

5. Application 

Concerning following results, we have to mention that were produced by code developed in 

R(Ver3.1.3). 

Indicatively, for n=2500, the matrix 𝑸(2500), is given in Table 2:  

Table 2 - Matrix 𝑸(𝟐𝟓𝟎𝟎) of the interval transition probabilities, S={ ( , )jiZ R | 𝒊=1,...9, 

 𝒋=1,2,3}. 

 

 

As we see, this matrix is almost stable, so the system has limiting behavior in about 2500 days (≈6.8 

years).  

 

 

 

 

As we can see, matrix 𝑸(2500) is stable, so the system achieves its limiting behavior in about 2500 

days (6.8 years). The next plot confirms the above: 
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Figure 3 - A plot for 𝒎𝝐{𝟏, 𝟐, … , 𝟐𝟓𝟎𝟎} of 𝒒𝒊𝒋(𝒎), ∀ 𝒊, 𝒋 ∈ 𝑺.  

If we arrange all the earthquake occurrences from 1900 until 2012 in ascending chronological 

order and if we define as 𝑋𝑖 the moving average of the holding times with order 11 then, 𝑋𝑖 =

𝐸( {𝜏𝑘 }
10

10

k i

k i

 

 
), 𝑖 ∈ {11,… ,265}  where 𝐸 is the mean operator. The plot of  𝑋𝑖  is given below: 

 

Figure 4 - Plot of 𝑿𝒊 = 𝑬( {𝜏𝑘}
10

10

k i

k i

 

 
). 

The boundary lines indicate the time interval where the mean holding time before the next 

earthquake is 48.3 days. Before and after the bounded area, the mean holding times are 215.16 and 

133 days correspondingly. The earthquakes in the above mentioned interval occurred from 

20/10/1954 until 01/06/1964. The frequencies of the zone occurrences are described below in Fig.5 

 

Figure 5 - Zone frequencies for the period 20/10/1954 until 01/06/1964. 
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In what follows (Fig. 6) the plot of the survival probabilities  iw n
∀𝑛𝜖{1,2, … ,2500} is given. 

 

Figure 6 - Plot of the survival probabilities. 

6. Conclusions 

In the present paper a homogeneous semi Markov model is applied to data, referring to earthquake 

occurrences in the area of Japan through the time period 1900-2012. In the model a double state 

space, S={ ( , )jiZ R | i=1,...9, j=1,2,3}, where iZ  defines the i-th seismic zone and 
jR  states the j-

th magnitude scale, is defined while the time unit of the model is one day. The maximum elements 

of 𝐏, are corresponding to the transitions: (Z1,R3)--> (Z2,R1), (Z5,R3)--> (Z8,R2), (Z6,R3)--> (Z1

,R2) and (Z7,R1)--> (Z5,R1). The first three transition probabilities are equal to 1 and the fourth on

e is equal to 0.625. The implementation of the previous referred data produced interesting numerical 

results for the interval transition probabilities and the limiting state probabilities which were 

achieved within seven years. Limiting state probabilities for every state, is given by the limiting 

vector π, where π=[0.061, 0.031, 0.081, 0.036, 0.087, 0.040, 0.025, 0.116, 0.018, 0.055, 0.026, 

0.149, 0.023, 0.031, 0.003, 0.018, 0.032, 0.116, 0.004, 0.011, 0.032, 0.000, 0.002, 0.003, 0.000, 

0.000, 0.000]. The limiting probabilities for the states were low, as it was expected due to the 

definition of the state space. The maximum limiting probability for earthquake occurrence of large 

magnitude i.e. over 7.0 is 0.22. An interesting remark resulted from calculating the moving average 

(Fig.4), is the indication of a time interval, in which earthquake occurrences are about 3 times more 

often than the rest. The mean holding time before the next earthquake, from 20/10/1954 until 

01/06/1964, is 48.3 days, compared to the mean holding time from all data which is 148 days. 
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Abstract 

The contribution of GPS networks in monitoring seismic events is important because 

they can provide a direct geometrical information on the Earth's crust using satellite 

observations In this study position displacements of permanent GPS stations are 

determined due to intense seismic events in the North Aegean area after the strong 

earthquake on May 24, 2014. The horizontal coseismic displacements for the 

Samothrace Island were estimated at 9.4 cm and for Lemnos Island at 5.2 cm 

respectively. A study period of seven days was enough to show that the deformation 

evolved into two days. 

Keywords: North Aegean, earthquake monitoring, coseismic displacements. 

Περίληψη 

Η συμβολή των δικτύων GPS στην παρακολούθηση σεισμικών φαινομένων είναι 

σημαντική καθώς παρέχει άμεση γεωμετρική πληροφορία στο γήινο φλοιό 

χρησιμοποιώντας δορυφορικές παρατηρήσεις. Στη παρούσα μελέτη εξετάζονται οι 

μετακινήσεις στη θέση των μόνιμων σταθμών GPS, που προέρχονται από έντονα 

σεισμικά φαινόμενα στη περιοχή του Β. Αιγαίου μετά τον έντονο σεισμό στις 24 Μαΐου 

του 2014. Οι μετακινήσεις στο οριζόντιο επίπεδο μετά το σεισμό για το νησί της 

Σαμοθράκης εκτιμήθηκαν σε 9.4 cm και για το νησί της Λήμνου σε 5.2 cm αντιστοίχως. 

Διάστημα μελέτης επτά ημερών ήταν ικανό για να φανεί ότι η παραμόρφωση εξελίχθηκε 

σταδιακά σε διάστημα δύο ημερών. 

Λέξεις κλειδιά: Βόρειο Αιγαίο, παρακολούθηση σεισμών, μετασεισμικές μετακινήσεις. 

1. Introduction 

On May 24, 2014 at 09:25 UTC a strong earthquake (EQ) of Mw6.8 occurred with epicentre between 

Samothrace and Limnos islands and a focal depth of 14 km. This research focused on the estimation 

of crustal earth displacements at the northeast Aegean Sea using GPS observations for a few days 

period, before and after the seismic event. The contribution of GNSS permanent networks is very 

important because these networks can provide continuous and accurate satellite observations, giving 

the opportunity to monitor the sites location and their temporal variation as well. Except the ability 

to accurately detect tiny ground movements they can offer near-real time evidence of slow slip 

activity that seismometers do not necessarily capture. The used GNSS network of 21 permanent 

mailto:cpik@topo.auth.gr
mailto:pavlides@geo.auth.gr
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stations, where 9 of them belongs to the IGS (International GNSS Service) network, 3 to the EPN 

(Euref Permanent Network), 6 to the SmartNet Greece (http://www.metricanet.gr), 2 to the NOA-

Net (Ganas et al., 2011) and 1 of them to the HEPOS network (http://www.hepos.gr/). The GNSS 

network with the focal mechanism of Samothrace EQ are illustrated in Figure 1. 

 

Figure 1 - The GNSS network of permanent stations and the focal mechanism of the 

Samothrace earthquake on May 24, 2014. 

The focal mechanism is a product from the Global Centroid Moment Tensor (GCMT) project based 

on the methodology given by Dziewonski et al. (1981). 

2. Process of GPS data 

The satellite geodetic methods such as GPS are valuable for the analysis and estimations of 

displacements due to earthquake events. In order to study the influence of May 24, 2014 EQ on site 

displacements a time period of seven days was selected, from May 20, 2014 to May 26, 2014. 

Specifically data for four days before and three days after the event were processed. Data analysis 

was based on 30-sec daily GPS observations and elevation cut-off angle 10°. The process was held 
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on the current reference frame ITRF2008 (Altamimi et al., 2011) using the scientific package 

GAMIT/GLOBK (Herring et al., 2010). Firstly the phase code data were processed in order to 

estimate the 3-D relative positions of ground stations. IGS final orbits were used and atmospheric 

zenith delays estimated every two hours interval by means of the VMF1 mapping function (Boehm 

et al., 2006) based on numerical weather models. Phase ambiguity resolution is very important for 

high precision geodetic applications. In the present work the resolved ambiguities were at the level 

of 92% for the narrow lane linear combination, a good enough percentage for our study (e.g., Fotiou 

and Pikridas, 2012). The reference frame for the daily solutions was defined by fixing seven IGS 

sites (GRAZ, BUCU, SOFI, ORID, MATE, NOT1, NICO) selected far from the EQ epicentre 

remaining unaffected by the seismic event. In the remaining stations of the surrounding study area 

we investigated the effect of EQ on the daily site coordinates. 

3. Results 

The results analysis is basically focused on daily time series coordinate estimations and on the total 

displacement from the first up to the last day of GPS data process. 

3.1.  Time series daily displacements 

The position time series is a very useful tool to monitor the daily variation of site coordinates. A 

strong EQ have an effect on the time series analysis causing some discontinuities as offsets, which 

may lead to an unrealistic estimation of geodetic velocities (Bitharis et al., 2015). More generally 

(Tregoning et al., 2013) showed that large EQs can induce linear velocity errors of up to 0.4 mm/yr 

at sites over 1000 km from the earthquake locations. In Figure 2, daily displacements expressed in 

the topocentric (North, East, Up) system are presented for 018B (Samothrace Island) and LEMN 

(Lemnos Island) stations, which are the two nearest to the EQ epicentre. At these stations the 

displacements are more intense compared with the other surrounding stations. In addition the station 

ALEX at Alexandroupolis, in a longer distance from the epicentre, has also a notable but smaller 

displacement than the two nearest stations. 

The estimated displacements from the GNSS time series analysis for Samothrace and Lemnos sites 

show a reverse motion as expected from the nature and location of the causative fault (Sboras et al., 

2015). Moreover the vertical offset is smoother than the horizontal one as happens in a strike-slip 

fault. The deformation evolved in two days as it is illustrated in Figure 2, where with respect to the 

North and East components the daily coordinate variations are evident. Concerning the vertical 

component (Up) is not shown any remarkable variation.  

A more clear view is presented in Figure 3 where the differences of the 2-D position between 

successive days have been accounted for the above three most affected sites. In more detail the 

horizontal position difference for station 018B at Samothrace Island is 4.76 cm between the day of 

seismic event and the previous day. As far the stations at Lemnos and Alexandroupolis the 

displacements are determined to 2.74 cm and 1.29 cm respectively.  

It is remarkable in Figure 3 that the direction and the magnitude of the displacements are almost 

equal for the two pairs of successive days, i.e. between (May 24-23, May 25-24), where the 

phenomenon has evolved. According to the results the last time span of May 25 to May 26 any 

additional deformation is not noticed as the relative position difference is smaller than 0.2 cm. A 

data analysis of a longer time span would give a better insight of post seismic relaxation. 
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Figure 2 - Time-series position for 018B (left) and LEMN (right) stations from May 20 to 

May 26, 2014 with respect to the (North, East, Up) topocentric system. 

 

Figure 3 - Daily 2-D displacements for the three nearest to the EQ epicentre GNSS stations. 

3.2. Total seismic displacements 

In order to estimate the 2-D displacement field due the strong Samothrace EQ, we have taken the 

position difference between the first and the last day (May 20 to May 26) including some days before 
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and after the seismic event. As it is shown in Figure 4 and Table 1, the direction of 018B station 

displacement is ENE (East-Northeast) while its displacement is 9.4 cm. For the LEMN station the 

direction of its displacement is SSW (South - Southwest) with a magnitude of 5.2 cm. As far the 

Alex station the corresponding direction is NNE approaching that of 018B (Samothrace) with a 

magnitude of 2.2 cm. The determined directions of the displacement vectors are compatible to the 

focal mechanism given by Dziewonski et al. (1981), Sboras et al. (2015). 

The tectonic setting of the affected areas consists of the eastern segment of the North Aegean Trough 

(NAT), which is the extension of the northern splay of the North Anatolian Fault (NAF) in the 

Aegean. It forms an elongated dextral transtensional basin which is frequently associated with 

moderate to large earthquakes (see Chatzipetros et al., 2013 and Sboras et al., subm., and references 

therein). Among others, the seismic history of the broader area that can be directly or indirectly 

associated to NAT includes strong events such as the ones of 1905 (M 7.3), 1912 (M 7.4), 1982 (M 

6.6) and 1983 (M 6.8), although several older large earthquakes are reported in written sources (June 

1, 1366; November 12, 1456; 1471; August 12, 1564; April 12, 1572; June 28, 1585; December 5, 

1776; July 23, 1719; February 3, 1779; August 6, 1860). The epicentres and exact seismotectonic 

parameters of those events is however uncertain and in many cases problematic (Papazachos and 

Papazachou, 1997, 2003; Ambraseys, 2009; Guidoboni and Comastri, 2005). 

 

Figure 4 - Total horizontal seismic displacements in the area of North Aegean Sea for the 

period of May 20 to May 26, 2014. 
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Table 1 - Total displacements for 13 GNSS stations due to the Samothrace Earthquake of May 24, 2014: (δN, δE, δU), 2-D and 3-D vectors. 

Site Location Approximate Position 

(dec. deg) 

Horizontal & Vertical Displacement 

(mm) 

Vector Norm 

(mm) 

Azimuth 

(dec. deg) 

Long. Lat. δN δE δU  2-D 3-D 

AUT1 Thessaloniki, GR 23.00 40.57 -0.1 3.0 -9.8 3.0 10.2 99.909 

STRA Chalkidiki, GR 23.79 40.52 -3.4 3.4 6.0 4.8 7.7 135.000 

TUC2 Chania, GR 24.07 35.53 0.8 0.5 1.8 0.9 2.0 32.005 

KAVA Kavala, GR 24.39 40.93 1.1 5.2 -10.4 5.3 11.7 78.056 

LEMN Lemnos, GR 25.18 39.90 -47.8 -20.1 -6.6 51.8 52.3 202.807 

KOMO Komotini, GR 25.41 41.12 3.1 8.2 8.9 8.8 12.5 69.291 

018B Samothace, GR 25.52 40.47 35 87.1 15.3 93.9 95.1 68.108 

ALEX Alexandroupolis, GR 25.85 40.85 18.4 12.0 -2.0 22.0 22.1 33.111 

CHIO Chios, GR 26.13 38.37 -0.9 -0.3 -3.2 0.9 3.3 198.435 

PRKV Lesvos, GR 26.27 39.25 0.2 -2.3 0.9 2.3 2.5 274.970 

ORES Orestiada, GR 26.55 41.41 4.7 2.2 1.6 5.2 5.4 25.084 

ISTA Istanbul, TR 29.02 41.10 -1.6 0.7 0.7 1.8 1.9 156.371 

TUBI Gebze, TR 29.45 40.79 -0.6 0.6 0.0 0.8 0.8 135.000 
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4. Conclusions 

Displacement estimations have been estimated at the North Aegean Sea due to a strong earthquake 

occurred on May 24, 2014 between Samothrace and Limnos islands. Continuous GPS data from 21 

permanent GNSS stations have been rigorously analysed and processed for a period of a week giving 

a daily time series position variation. The seismic effect caused some significant discontinuities on 

the 2-D position of the three nearest surrounding stations varying from 2.2 to 9.4 cm within a 

distance of about 70 km and being compatible in orientation with existed focal mechanisms. It is 

interesting to note that the deformation of the affected earth's crust evolved into two days, from May 

23 to May 25. Position discontinuities from strong seismic events have to be taken into account for 

a realistic geodetic velocity field estimation, featured this way the permanent GNSS networks as 

valuable tools for accurate position and displacement estimation. 
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Abstract 

The ground motions in the Kalochori region (well known for its subsidence history 
during the 2nd half of 20th century) were investigated by NOA using a mobile GNSS 
(GPS) network, comprising 18 stations. The network was measured four (4) times 
during the period October 2013 - April 2015 under the framework of the research 
project INDES-MUSA. Our GPS measurements were processed with GAMIT software 
and show vertical (ITRF 2008) motions ranging from -2 cm to +2 cm (i.e. just above 
the margins of measurement error) with the exception of the Kalochori dam where an 
uplift of 2-5 cm was observed. We also found no evidence for local (non-tectonic) 
motions and/or interseismic strain. 
Keywords: subsidence, GPS, multipath, groundwater, IDW, INDES-MUSA. 

Περίληψη 

Οι εδαφικές κινήσεις στην περιοχή του Καλοχωρίου μετρήθηκαν από το Γεωδυναμικό 
Ινστιτούτο του ΕΑΑ με χρήση τοπικού δικτύου GNSS. Το δίκτυο ιδρύθηκε τον Οκτώβριο 
του 2013 στο πλαίσιο του έργου INDES-MUSA και μετρήθηκε τέσσερις (4) φορές 
μεταξύ Οκτωβρίου 2013 - Απρίλιου του 2015.Τα σημεία του δικτύου είναι 18 και 
αποτελούν μπουλόνια σε δρόμους, πλατείες καθώς και καρφιά σε βάθρα της ΓΥΣ. Τα 
αποτελέσματα (στο σύστημα αναφοράς ITRF 2008) που προέκυψαν από επεξεργασία 
με το λογισμικό GAMIT δείχνουν κατακόρυφες μετατοπίσεις της τάξεως των σύν-πλήν 
2 εκατοστών, εκτός από την περίμετρο του φράγματος του Καλοχωρίου το οποίο 
ανυψώθηκε από 2-5 εκατοστά. Οι οριζόντιες μετακινήσεις δεν δείχνουν κάποια 
συσχέτιση με τεκτονικές κινήσεις της ευρύτερης περιοχής. 
Λέξεις κλειδιά: εδαφικές υποχωρήσεις, GPS, ανάλυση θορύβου, IDW, INDES-MUSA. 

1. Introduction 

The area under study, the broader area of Kalochori, is located at the eastern part of Thessaloniki 
plain. Major part of this plain was formed in the last 5000 years as the prograding delta of four 
Macedonian rivers (Gallikos, Axios, Loudias and Aliakmon). At least till the 1920's when Kalochori 
village was established by Greek refugees from Asia Minor and Eastern Thrace, the broader area 
was covered by swamps, lagoons, small lakes and river floodplains, but following the construction 
of extensive water discharge channels, coastal barriers and artificial levees, it was subsequently 
occupied by an industrial centre and a small town (in the 1960’s and 1970’s). The rapid development 
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led to an increasing need for water, provided by productive wells. Furthermore overexploitation of 

the aquifers of the lower river Gallikos (including Kalochori region) was enhanced by water over-

pumping conducted by the Water Supply Organisation of Thessaloniki to meet the increasing needs 

of Thessaloniki, since these were the main providers (at that time) of drinking water. The effects of 

subsidence in the Kalochori region were first noticed in the early 1960’s. Since then, the 

morphological and environmental setting of the region has greatly changed. In particular, 

comparison of maps and aerial photos covering a  period of up to 40 years and of more recent 

geodetic data revealed that in the Kalochori area a cumulative subsidence of several metres had 

occurred between 1955–1980, with annual rates of the order of up to 10 cm locally (Stiros, 2001; 

Doukas et al., 2004). The land subsidence, which locally exceeded 3 m, caused a marine invasion, 

which was firstly noticed in 1965 and few years later, in 1969, during a period of intensive rainfall 

the sea reached the southernmost houses of the village. 

The land subsidence in the Kalochori region has been studied during the last 25 years by many 

researchers, who have supplied an extensive set of geological, geotechnical and geodetic data. Stiros 

(2001) stated that until the 1980`s, the maximum subsidence regions (subsidence >3m) were 

coinciding with the areas containing the pumping wells of the Water Supply Organisation of 

Thessaloniki and with the south-western section of the industrial area containing the most water-

consuming industries. According to Badelas et al. (1996) the subsidence rate in Kalochori region 

ranged from -3 to -13 cm/yr. The outcome of this study was based on land-based geodetic 

measurements conducted from September 1992 to July 1995. In addition, Doukas et al. (2004) 

estimated that the subsidence rate varied from -2.8 to -5 cm/yr by measuring a leveling network 

consisting of 37 stations, for a period of ten years, 1992 - 2002. Although the majority of the 

researchers assign the subsidence mainly to reservoir compaction (Andronopoulos et al., 1990, 

1991; Hatzinakos et al., 1990; Rozos and Hatzinakos, 1993; Loupasakis and Rozos, 2009) other 

interpretations have also been proposed. According to Stiros (2001) possible additional causes of 

the ground subsidence are: (1) the consolidation of near-surface sediments; (2) the oxidation of peat 

soils in the vadose zone; (3) the synsedimentatary deformation of the delta; (4) the subsurface 

instability of the delta-front mud caused by the consolidation of relatively deep layers. Doukakis 

(2005) reported that the rapid sea invasion, as well as the land subsidence, is amplified by coastal 

erosion and by a sea-level rise caused by climate changes. Psimoulis et al. (2007) attributed the 

subsidence to a large-scale natural effect on which smaller-scale anthropogenic effects, such as 

compaction caused by water pumping, are superimposed. In contrast, Dimopoulos (2005) claimed 

that the subsidence in the Kalochori region is caused by the consolidation of the loose silty-clay 

deposits and by a flowing sand phenomenon taking place close to the coastline. 

2. GNSS network 

The geodetic network in the broader area of Kalochori consists of eighteen (18) points. It was 

established by the National Observatory of Athens during October 2013 (see map in Figure 1) 

following the implementation timetable of the project INDES-MUSA (Rovithis et al., 2014). The main 

aim of the establishment of the network was to monitor the subsidence of Kalochori area and its 

connection (interaction) with the neighbouring active faults of central Macedonia incl. the Mygdonia 

basin (i.e. Pavlides and Kilias, 1987). Strict criteria were set while selecting the location of the stations 

in order to ensure stable installations, unobstructed horizon view and avoidance of the multipath effect. 

All the geodetic benchmarks were manufactured on artificial surfaces. We expect the benchmarks to 

be stable and that the possible movements we observe are due to deformation. 

The Kalochori Network has been measured already four times (2013, 2014a, 2014b and 2015; 

observation days are 304, 101, 308 and 093 respectively) and static, GNSS observations were 

recorded in RINEX format. 
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Figure 1 - Google 2014 image of Kalochori showing non-permanent GNSS stations (cyan tripods). 

 

Figure 2 - Field photographs during occupation of GNSS stations in Kalochori, left is station KA02 

(urban, against DORAL factory) and on the right is station KA07 (lagoon). See Fig. 1 for location map.  
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Although Global Navigation Satellite System (GNSS), includes GPS, GLONASS and upcoming 

Galileo satellites in this paper we present results from GPS observations only. The geodetic 

equipment used is LEICA GS08PLUS (three instruments). The sessions of measurements were 

about 4-5 hrs per point, each session. The first day of each measurement campaign only six (6) of 

the geodetic points were occupied, followed by another six (6) during the second day and finally six 

(6) during the third and final day. The observation sampling interval was 15-s in all campaigns. To 

measure the network we used tripods and height hooks (Figure 2) following this procedure: 1) 

Position tripod over benchmark 2) Attach tribrach to tripod 3) Use tribrach bull's eye level to level 

tripod. 4) Move tripod legs to center optical plumb on monument and to level tribrach bull's eye 

level. 5) Make sure tripod legs are tightly secured and weighted down in windy days 6) Measure 

vertical antenna height using height hook 7) Attach antenna mount to antenna and plug coaxial 

antenna cable into antenna. All field metadata were recorded on campaign forms. In Figure 1 the 

distribution of the GNSS network is presented. 

3. GPS data quality analysis 

GNSS data quality analysis includes information about the receiver clock slips, receiver cycle slips, 

multipath, receiver SNR, and other useful parameters and tracking statistics. We analysed our data 

for the most important quality indices, however, for convenience of the reader we only present our 

analysis on multipath effects. Multipath interference occurs when the mobile station receives 

reflected signals in addition to the direct LOS (line of sight) GNSS signal. These interference signals 

are generally reflected from the ground, buildings or trees. Multipath remains a dominant source of 

ranging error in GNSS and as such it has to be estimated in our data. For this purpose all campaign 

data were analysed by use of TEQC software, distributed by UNAVCO (Estey and Meertens, 1999). 

The multipath graphs are shown in Figure 3 for all four campaigns. Only three (3) out of eighteen 

(18) stations exhibit multipath in L1 frequency > 0.2 m and in L2 > 0.25 m, respectively. Usually, 

L2 multipath estimate (MP2) is much higher than the (MP1) estimate; this is confirmed here, except 

for stations KA03 and KA07 during campaign 2. Worst station in terms of multipath is KA16 (min 

0.17 m - max is 0.47 m; Fig. 4) with second worst station KA02 (min 0.15 m - max is 0.32 m; Fig. 

2 left), both urban stations. Best station with less multipath is KA20 (min 0.02 m - max is 0.04 m; 

Fig. 4), a lagoon station. The average values for the autumn campaigns is MP1A 0.10 m, MP2A 0.12 

m and MP1C 0.10 MP2C 0.11m, respectively. The average values for the spring campaigns is MP1B 

0.09 m MP2B 0.11m and MP1D 0.09 m MP2D 0.12 m, respectively. 

4. Data processing and surface displacements of GNSS stations 

Towards the realisation of the “campaign” method of GPS observation, the NOA team obtained four 

(4) sets of 3-D coordinates measured at the same station but at different times. When these sets are 

compared successively, changes in three-dimensional coordinate can be used to calculate the surface 

displacements among campaigns of which the component of interest is the vertical one (see Table 1 

for results). 

During all campaigns, a minimum of 4 hours of recording was achieved at all benchmarks, with 15-

s sampling period and elevation cut-off angle of 10°. The campaign data were analyzed via the 

GAMIT/GLOBK software package (Version 10.4; Herring et al., 2010) following a rigorous 

approach as described in Chousiantis et al. (2015). GAMIT uses double-differenced phase 

measurements (ionosphere-free linear combinations of the L1 and L2) to generate weighted least-

squares solutions for each daily session. We used International GNSS Service (IGS) final products 

(orbits, clocks and earth orientation parameters), absolute transmitter/receiver calibration 

corrections and differential code bias values published by Centre for Orbit Determination in Europe 

(CODE) Analysis Centre. 

The effect of solid-earth tides, polar motion and oceanic loading was taken into account according 

to the IERS/IGS standard 2003 model (McCarthy and Petit, 2004). 
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Figure 3 - Data quality graphs showing multipath per mobile GNSS station in L1 frequency 

(top), multipath in L2 frequency (bottom). 

We applied the ocean-loading model FES2004 and used IGS absolute elevation and azimuth 

dependent tables for modelling the effective phase centre of the receiver and satellites antennas. The 

accepted percentage of resolved ambiguities was set to 70%. An automatic cleaning algorithm was 

applied to post-fit residuals in order to repair cycle slips and to remove outliers. For each session, 

we obtained two solutions based on phase ambiguity resolution, one bias-free and one bias-fixed, 

along with the associated variance-covariance matrices. Next, we combined our loosely constrained 

bias-fixed solutions of our local network with analysed global and regional solutions provided by 

SOPAC (http://sopac.ucsd.edu) into single day unconstrained solutions. Finally, we obtained 

benchmark coordinates in a common reference frame by considering the daily loosely constrained 

estimates and their associated variance-covariance matrices as quasi-observations and passing them 

to GLOBK which employs the Kalman filtering approach. The reference frame during the formation 

of these combined network solutions was again loosely defined until the last processing step, where 

we realized a common reference frame applying generalized constraints (Dong et al., 1998; 2002) 

and aligning each individual daily solution to the 2008 realization of the International Terrestrial 

Reference Frame. This was done by minimizing, in the least-square sense, the departure from the 

values determined by IERS of 18 IGS stations which were also incorporated in the GAMIT 
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processing part in order to serve as ties with the ITRF2008 (Altamimi et al., 2012) (Figure 4). Four 

additional, continuously recording GPS stations throughout Greece (NOA1, AUT1, DUTH, KLOK), 

the first three of them part of the EUREF Permanent Network (EPN; http://www.epncb.oma.be/; 

KLOK is part of NOANET, Ganas et al., 2011), were also incorporated in the processing scheme 

thus gaining in efficiency and validation. 

.  

Figure 4 - Distribution of IGS stations (orange dots) used in GPS data processing. 

Table 1 - Absolute vertical displacements of the mobile GNSS stations as differences of 

ellipsoidal heights from each campaign to its next. Values are in metres. 

Station 1st Period 2nd Period 3rd Period 4th Period 2nd - 1st (m) 3rd - 2nd (m) 4th - 3rd (m) 4th - 1st (m) 

KA02 20131031 20140411 20141104 20150403 -0.0070 -0.0037 0.0050 -0.0057 

KA03 20131031 20140411 20141104 20150403 -0.0266 0.0079 -0.0073 -0.0259 

KA04 20131031 20140411 20141104 20150403 0.0177 0.0003 -0.0034 0.0146 

KA05 20131031 20140411 20141104 20150403 -0.0376 0.0270 0.0222 0.0117 

KA06 20131031 20140411 20141104 20150403 0.0035 0.0046 0.0119 0.0200 

KA07 20131101 20140412 20141105 20150404 0.0213 -0.0235 0.0302 0.0280 

KA08 20131101 20140412 20141105 20150404 0.0079 -0.0030 -0.0068 -0.0020 

KA10 20131101 20140412 20141105 20150404 -0.0230 0.0124 0.0145 0.0039 

KA11 20131101 20140412 20141105 20150404 0.0189 0.0106 0.0178 0.0473 

KA12 20131101 20140412 20141105 20150404 -0.0177 0.0040 0.0116 -0.0021 

KA13 20131102 201404-13 20141106 20150405 -0.0120 -0.0001 0.0019 -0.0102 

KA14 20131031 20140411 20141104 20150403 -0.0018 -0.0190 0.0254 0.0046 

KA15 20131102 201404-13 20141106 20150405 0.0023 0.0138 -0.0139 0.0022 

KA16 20131102 201404-13 20141106 20150405 -0.0575 0.0280 0.0049 -0.0246 

KA17 20131102 201404-13 20141106 20150405 0.0207 -0.0018 0.0071 0.0260 

KA18 20131102 201404-13 20141106 20150405 -0.0023 0.0242 -0.0076 0.0142 

KA19 20131101 20140412 20141105 20150404 -0.0124 0.0100 0.0172 0.0149 

KA20 201311-02 201404-13 20141106 20150405 -0.0222 0.0254 0.0044 0.0076 

 



1559 

 

The largest difference in the vertical component (campaign 4-1) is obtained at benchmarks KA03, 

KA07, KA11, KA16 and KA17, with values exceeding 2 cm of motion (Table 1). KA11 shows the 

largest motion (uplift) of 4.7 cm. KA03 shows the largest subsidence of 2.7 cm. The displacement 

graphs for the latter stations are plotted in Figure 5 (KA11 is located on the central section of the 

dam while KA03 is located on the main road of Kalochori, 28 Octovriou Str.). Due to the closeness 

of KA03 mean to the margins of error we reprocessed the data with the GIPSY v6.4 software 

(https://gipsy-oasis.jpl.nasa.gov/) in PPP mode using ionosphere free linear combination. We were 

able to confirm our GAMIT subsidence trend, in fact subsidence was found as low 4 cm (see Fig. 

5). Table 1 data were inserted into ArcGIS and the difference (in m) between campaigns 1 and 4 (4-

1) is presented in the map of Figure 6 by use of Inverse distance weighted (IDW) interpolation 

(Shepard, 1968). For comparison with campaign data we also present time series from two, co-

located permanent GNSS stations in Kalochori, namely KAL1 and KAL2 (Figure 7). KAL1 is 

located near KAL04 (Fig. 1) while KAL2 near KAL05. These stations are equipped with LEICA 

geodetic equipment and were installed during 2013. They provided 30-s daily observations for 

almost 1.5 years, a period not enough for complete evaluation of their signals. Nevertheless, their 

vertical component data also show a rather stable behaviour (Fig. 7) as of June 2015. This 

preliminary result agrees with campaign data in the main urban area of Kalochori (Fig. 6), i.e. it 

indicates motions in the range -1 to +2 cm. 

 

Figure 5 - Displacement (ITRF2008) vs time graphs for stations, KA11 (left) and KA03 

(right). Thin gray lines show motion trends. Note the difference in Y-scale in the two plots. 
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Figure 6 - Vertical displacement map for the Kalochori region, during 2013-2015. Colours 

from red to blue show subsidence to uplift, respectively. Scale is in m. 

 

Figure 7 - Position Time series (3-components) of permanent GNSS stations in Kalochori, 

obtained by GAMIT/GLOBK software. 
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5. Conclusions 

Our GPS measurements (Table 1, Fig. 6, Fig. 7) during the period 2013-2015, in the greater region 

of Kalochori, show vertical motions ranging from -2 cm to +2 cm (i.e. just above the margins of 

measurement error) with the exception of the dam south perimeter where an uplift of 2-5 cm was 

observed (Figure 6). We also found no evidence for local (non-tectonic) motions and/or interseismic 

strain. 
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Abstract 

The Precise Point Positioning (PPP) analysis method adapted for monitoring 

coordinate displacements from GNSS permanent stations data. One week period data 

were analyzed covering the Samothrace strong earthquake event of 6.8M. The sample 

data were processed with Bernese v5.2 PPP engine and with the online web platform 

of JPL which uses the GIPSY/OASIS v6.3 software package. Also, for validation 

purposes the output results were compared with those derived by network analysis by 

means of the GAMIT processing software of MIT. Our experiments proved the ability 

to measure dynamic seismic related coordinate variations at sub-centimeter level 

using the PPP algorithm. But this is efficient when strong earthquakes occurs and for 

stations close to epicenter. 

Keywords: GNSS data, precise point positioning, earthquake, site displacements. 

Περίληψη 

Στην παρούσα μελέτη η μέθοδος του ακριβούς απόλυτου προσδιορισμού θέσης (PPP) 

εφαρμόζεται σε δεδομένα μόνιμων σταθμών GNSS. Σκοπός είναι η μελέτη της 

χρησιμότητας της μεθόδου για την εκτίμηση μετακινήσεων μέσω της μεταβολής των 

συντεταγμένων των σταθμών που προκαλούνται ύστερα από έντονα σεισμικά 

φαινόμενα. Στην συγκεκριμένη εφαρμογή αναλύεται ένα χρονικό διάστημα 

δεδομένων GNSS μίας εβδομάδας μέσα στο οποίο συνέβη ο ισχυρός σεισμός της 

Σαμοθράκης (Μάιος 2014).Τα δεδομένα επεξεργάζονται εκ των υστέρων με τη χρήση 

λογισμικών ερευνητικού χαρακτήρα όπως είναι τα προγράμματα Bernese v5.2 και 

GIPSY/OASIS v6.3. Τα εξαγόμενα αποτελέσματα συγκρίνονται με τα αντίστοιχα που 

προκύπτουν με την εφαρμογή  του σχετικού προσδιορισμού θέσης και με χρήση του 

λογισμικού GAMIT. Η ανάλυση των αποτελεσμάτων δείχνει ότι οι σεισμικές 

μετατοπίσεις θέσης μπορούν εκτιμηθούν με πολύ καλή ακρίβεια εάν ικανοποιούνται 

κάποια κριτήρια όπως είναι η διάρκεια των παρατηρήσεων GNSS, η απόσταση του 

σταθμού από το επίκεντρο αλλά και η ένταση του σεισμού. 

Λέξεις κλειδιά: Επεξεργασία δεδομένων μόνιμων σταθμών GNSS, εκτίμηση 

μετακινήσεων, ισχυρός σεισμός. 

1. Introduction 

In recent years GNSS (Global Navigation Satellite Systems) have attracted increased attention and 

numerous applications in seismic events and in general in hazard monitoring. Data analysis, 

especially on high rates like 1 sec, proved the ability to detect seismic waves related to strong 

earthquakes. Compared with conventional geodetic techniques, GNSS techniques generally increase 

mailto:afotiou@topo.auth.gr
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survey accuracy, productivity, and monitoring capability. Consequently, dense GNSS monitoring 

networks have been established in many countries and also on seismically active regions like Greece.  

For this reason, precise GNSS data analysis and especially in real time mode is crucial for monitoring 

purposes. The well-known method of relative positioning is the predominantly used for high 

accuracy results. But this method has time computational limitations due to differencing 

simultaneous data from tens or hundreds of ground stations. Alternatively, precise point positioning 

(PPP) method can provide displacements with respect to a global reference frame (defined by 

satellite orbits and clocks) using data from only one GNSS receiver. PPP is more flexible because it 

is a typical absolute positioning method using un-differenced dual-frequency pseudo-range and 

carrier-phase observations along with precise satellite orbit and clock information to determine the 

position of a stand-alone GNSS station (e.g., Zumberge et al., 1997; Kouba et al., 2001). Another 

advantage of PPP is that since the GNSS orbit and clock products are global, the PPP solutions are 

global as well. The PPP algorithm has been included into several scientific GNSS processing 

softwares like Bernese and GIPSY/OASIS. PPP could offer a good opportunity to conduct accurate 

displacements during and after seismic events. In this study the implementation of PPP using the 

Bernese software v5.2 and the processing platform provided through the Jet Propulsion Laboratory 

(JPL) web page was tested. This platform uses the GIPSY software v6.3 and can directly estimate 

receiver position. Daily data from ten GNSS stations of SmartNet (www.metricanet.gr), Hepos 

(www.hepos.gr) and Hermes (Fotiou et al., 2010) permanent Networks were used for a one week 

period. As a consequence, the potential and limits of the PPP method are tested on a strong 

earthquake which occurred, within the testing period, between the islands Lemnos and Samothrace 

at the northern region of Greece. The derived results were also compared with those estimated from 

network solution processing using GAMIT software of MIT for further validation (Herring et al., 

2010). In general, PPP process provides slightly less accurate than relative positioning results. But 

it can register the seismic displacements when a strong earthquake shock occurs and this scenario 

can be operational in (near) real time mode. 

2. Estimation of Samothrace earthquake related displacements 

2.1 The seismic event 

A strong earthquake struck off the coast of northern Greece on Saturday 24th May, at 09:25 (UTC) 

and was felt as far away as neighboring Turkey and Bulgaria with no reports of serious casualties or 

destruction. The quake occurred about 77 km (48 miles) south-southwest of Alexandroupolis, 

between the islands of Lemnos and Samothrace, at a depth of 12 km (7 miles) (Sboras et al., 2015). 

The magnitude varies from MW6.2 (AUTh) up to MW6.9, as suggested by the majority of institutes. 

Figure 1 displays the main shock and aftershocks occurred within the day (24th May) as provided 

by relevant webpage of the Department of Geophysics of AUTh (http://geophysics.geo.auth.gr). 

2.2 The applied PPP method for seismic displacements estimation 

Precise Point Positioning (PPP) is a relatively new high precision method of positioning providing 

few centimetres-level error. PPP processes dual-frequency pseudorange and carrier-phase 

measurements from a single (user) receiver, using detailed physical models and precise GNSS orbit 

and clock products calculated beforehand. PPP can be applied at post-processing level and also in 

real-time provided that real-time input orbit and clock data are available.The accurate performance 

of the PPP is considered to be an excellent starting point for starting the analysis of the PPP technique 

for various geodetic applications, such as the detection and localization of seismic ground motion. 
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Figure 1 - Earthquake activity in 24 May 2014 between islands Lemnos and Samothrace NE 

of Greece. 

It’s positioning accuracy depending on the number and geometry of visible GPS satellites, and the 

quality of observations. For a data files spanning 24 hours the positioning accuracy can be less than 

5 cm (Fotiou and Pikridas, 2012). This is performed in the present study because daily station data 

were processed for a period of seven days starting from 20 until 26 of May 2014. It is worth to be 

mentioned that most of the permanent stations records at a 30 sec rate GPS and Glonass data which 

is an advantage for the impact of Satellite geometry in the process. In this study two processing PPP 

scenarios were implemented. First, the Bernese v5.2 GNSS software was used. Referring to the basic 

information for data processing parameters, the dedicated BPE process control file (pcf) for 

estimating station coordinates was selected (Dach et al., 2015). This includes that the GNSS data 

were analyzed with a satellite elevation cut-off angle of 10 degrees, final precise orbit information 

was used from IGS directory (available after 12 days) which refers to the IGb08 reference frame 

and the new IGS_08.atx model with absolute antenna calibration values was applied. For the 

tropospheric refraction, the Saastamoinen model (Saastamoinen, 1972) with VMF mapping function 

was used (Boehm et al., 2006). In addition, the Differential Code Biases (DCB) file for all satellites 

was retrieved from the AIUB Data Center of the University of Bern. Therefore, the every 5 min 

position series were derived for all stations. At the second scenario we reprocessed the GNSS data 

only for the day of Earthquake (24th May) by means of the automatic PPP technique provided 

through the Jet Propulsion Laboratory (JPL) web page (http://apps.gdGPS.net/). This platform uses 

the GIPSY software v. 6.3 and can directly estimate receiver position along with other parameters 

by introducing IGS precise satellite orbit and satellite clock information (Zumberge et al., 1997). 

http://apps.gdgps.net/
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All of the derived stations cartesian coordinates were transformed to topocentric according to North-

South and East-West direction. Figure 2 shows the geographical distribution of the analyzed 

permanent stations (red bullets) and the epicentre of the main shock (red star). Closest to epicentre 

is 018B GNSS station which located on the island of Samothrace and only 16 Km away. 

 

Figure 2 - The analyzed permanent GNSS stations in the period of the Samothrace 

earthquake. 

In order to evaluate the overall precision of PPP and consequently the site displacements, the daily 

solutions and not the epoch kinematic of every 5 minutes, were compared with those derived from 

network adjustment using the GAMIT software (Sboras et al., 2015; Bitharis et al., 2016). 

Coordinate comparisons of 018B station (epicentre) are illustrated in figures 3a and 3b for North, 

East and Up component respectively. These figures show the differences of each daily solution for 

both processes (PPP and GAMIT) from the first day solution and for the test period. The final results 

from GAMIT analysis show 3.5 cm and 8.7 cm for the N-S and E-W direction respectively. As it is 

clearly shown PPP solutions registered the earthquake motions on the same components. But the 

displacement magnitude is less accurate for only few millimetres. We would like to note again that 

these PPP results are too accurate because we processed daily data. 
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Figure 3a – North and East displacements of daily PPP and GAMIT solutions for station 

018B. 

 

Figure 3b – Up displacements from daily PPP and GAMIT solutions for station 018B. 

Subsequently comparisons between Bernese and the global platform of automated PPP using 

GIPSY-OASIS for 018B station were performed. Those refer to each position estimations (every 5 

min) for the day of earthquake (24th of May). Figure 4 shows the position variation for all 

components (N, E, Up) from the start epoch solution of the used software packages. The green 

vertical line indicates the occurrence of earthquake in GPS time. Some large differences epoch 

solutions that occur (for the case of Bernese) are due to the step of ambiguities estimation. This 

unstable behaviour could be larger for real time PPP use as the sparse global reference network 

employed cannot provide accurate delays for fast ambiguity estimation. In addition, if the stations 

records in higher observation rate than the 30 sec (e.g. 1 sec.) we could be able to get more detailed 

signature of seismic duration. 

One more test performed in this study was the determination of the post seismic drift-displacement 

according to the distance from the epicentre of the permanent station. Therefore, the time series of 

the nearest three stations 018B, LEMN and ALEX located at 16, 60 and 70 km away respectively 

were examined. Figure 5 illustrates the “kinematic” PPP positions variations of every 5 minutes for 

the three stations on North, East and Up component. It is clear that, for 018B station the significant 

seismic drift is well estimated. For the station at Lemnos island the sensitivity is remain but the 

variation is growing. 
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Figure 4 – Horizontal and vertical position displacements of epicentre GPS station in the day 

of seismic event. 

More specific, the variation on North component was from -2 to -7.6 cm. The “true” value was equal 

to 4.7 cm (derived from GAMIT). As it concerns the ALEX station (located at the city of 

Alexandroupolis) the displacement sensitivity is even less and with bigger uncertainty. “True” 

estimation was equal to 1.8 cm and 1.2 cm for North and East respectively. Therefore, the displacement 

can’t easily be distinguished from the positional accuracy. As it concerns the real time operation mode, 

the results could be quite different due to corrections and mainly due to position variation during the 

shock and as consequence the capability in ambiguity estimation step. In this case, an adaptive position 

filter maybe needed especially for GNSS stations on longer distances from the epicentre. 

 

Figure 5 – Time series of PPP position displacements of three nearest permanent GNSS 

stations to the earthquake epicentre for the test period. 



1569 

 

3. Conclusions 

The paper aims to assess the feasibility of PPP method for monitoring catastrophic events, such as 

earthquakes. Having quick information about the ground movement during the earthquake in the 

vicinity of the fault is vital in order to foresee the consequences and generate timely alerts if 

necessary. The estimated displacements were compared with those derived by network solution 

process and found that PPP, using daily data files, can register the strong earthquake shock with an 

accuracy of several millimetres. At pseudo kinematic operation mode, PPP outputs are less accurate 

especially for permanent stations away from the earthquake epicentre. 

In general, PPP can help the early detection of seismic events, and thus contribute to the mitigation 

of the potential subsequent disaster consequences. 
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Abstract 

The assessment and interpretation of the geodetic results regarding the detection of 

possible spatial displacements and the deformation parameters have to be combined 

with a realistic geophysical model for the area. Usually, this study is carried out by 

fitting the geodetic data to a polynomial function, which is considered sufficient to 

describe adequately the deformation pattern. In terms of the computational steps 

needed, this polynomial fitting can be accomplished simultaneously by the analysis 

of the geodetic observations in a dynamic adjustment or non simultaneously in a 

sequential approach. The main goal of this article is to give a short description of the 

related methods and to present rigorous processing strategies for the analysis of 

GNSS observations from continuously permanent stations in order to create a modern 

and improved geodetic velocity field for Greece. Emphasis is given on the reference 

frame definition problem. 

Keywords: Deformation measurements, frame definition problem, GNSS neworks, 

Greek velocity field. 

1. Introduction 

Various geodetic methods for the extraction of displacements and deformation parameters are 

recognized as useful techniques in many geophysical studies. Within the last fifty years a great 

number of geodetic applications have been presented in the literature. They are based on repeated 

observations from geodetic networks properly established in areas under investigation and the 

analysis of the results between different epochs by means of appropriate models. All these methods 

can be divided into three major categories according to the determination of: global scale 

movements, regional movements and local deformations due to seismic or volcanic activity. 

Local networks that cover relatively small areas include triangulation-trilateration in 2-d, geometric 

leveling and GNSS networks. Furthermore, it is possible to process simultaneously in 3-d the previous 

types of networks and moreover to have a common analysis of geodetic and photogrammetric 

measurements or even a common analysis of geometrical geodetic measurements with measurements 

related to the gravitational field. These networks can monitor the deformations of the earth's crust due 

to seismic activity, landslides, movements of road and mine slopes, etc. Networks established for the 

volcano’s activity monitoring in order to predict its eruption, belong also in this class. Combining 

measurements of GNSS systems, which record the geometric changes in the volcano area, with 

measurements of the gravity field, which record the geometric changes and signals of the movements 

and accumulations of magma beneath the volcano, provide important information about a possible 

upcoming eruption a few dozen years before it happens. 

Regional networks that cover a part of a country or even a continent consist mainly of permanent 

GNSS stations with the aim to monitor the movements of plates in a continental scale and establish 

mailto:cpik@topo.auth.gr
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national datum reference frames for geodetic activities in every country. The velocities determined 

by geodetic methods reflect the relative motions of tectonic plates - sections of earth’ s crust bounded 

by faults - that extend to depths within the limits of the upper crust at least. These movements, where 

the first order effects of an earthquake deformation cycle has been removed, are smooth and usually 

described as rigid rotations of tectonic plates on the earth’s surface. 

Global networks for monitoring the earth and its changes in time include GNSS, SLR (Satellite Laser 

Ranging), LLR (Lunar Laser Ranging) and VLBI (Very Long Baseline Interferometry) stations. The 

object of such networks is the creation of a global conventional geocentric reference frame 

characterized by high precision and homogeneity in space and time and the continuous 

determination of GNSS satellite orbits. Since the location of global stations are changing in time due 

to geophysical and tectonic processes and these changes are perceived by means of modern 

observations, the parameter of time must be considered in the analysis of the observations. Along 

with the coordinates of geodetic stations in a reference epoch, their changes over time are also 

resulted, e. g. the velocity of their movements. Ignoring these positional variations serious errors are 

introduced both in the satellite orbits and subsequently in any position on the earth’s surface but also 

in the assessment of deformation parameters and the velocity of the tectonic plates movement 

regardless of the type of a network. 

The reference frame definition problem, known also as the datum problem or the zero order design 

problem, has received considerable attention since the pioneering work of Meissl (1965) and his 

famous “inner error theory”. Meissl’s method has been popularized by Blaha (1971) and Pope (1973) 

who developed a powerful method of evaluating the pseudoinverse matrix introducing the so called 

“solution space”. The relation of various solutions to Meissl’s inner constraints has been established 

by Baarda (1973) with the introduction of the so called S-transformation. Subsequently all methods 

have been described in full length by Grafarend and Schaffrin (1974), Pelzer (1974), van Mierlo 

(1980), Koch (1982), Teunissen (1985). This problem dominated the geodetic literature in the 70s 

although it remains still opportune in GNSS applications and in the assessment of geodetic data for the 

detection of displacements and the estimation of deformation parameters. 

The assessment and interpretation of the geodetic results for the detection of possible spatial 

displacements and the deformation parameters have to be combined with a realistic geophysical model 

for the area under consideration. Usually, fitting geodetic data to a polynomial function is considered 

sufficient to describe the deformation pattern what it is mainly described in the present paper. In terms 

of the computational strategy needed, polynomial fitting can be accomplished by one of the following 

(Rossikopoulos, 2003; Dermanis, 2009): (i) simultaneously analysis of geodetic observations in a 

dynamic adjustment model, (ii) non simultaneously in a sequential approach of the dynamic 

adjustment, (iii) by a simple comparison of the results between any two epochs. 

The main intention of the present paper is a short description of the methods used mainly in the analysis of 

satellite observations for studying the kinetic behavior of tectonic plates in Greece giving emphasis on the 

reference system definition problem, perhaps the most important problem as it concerns the estimability of 

unknown parameters. For example, a false choice of constraints in order to define the reference system could 

lead to a wrong picture of the movements of tectonic plates in a region. Depending on the kind and nature 

of the used geodetic data, e.g. original observations or derived coordinates from a network adjustment, the 

corresponding mathematical model may suffer from some specific problems, such as the inconsistency of 

the reference system or the existence of non-positive covariance matrices. 

2. The reference system definition problem 

The extended equations of observations are used in a dynamic treatment of temporal networks where 

the deformation of the network is considered and the measurements of all epochs take part in a 

simultaneously data process. Classical observations (angles, distances, height differences) or modern 

satellite observations (GNSS, VLBI, SLR, etc) can be analyzed. The linear observation equations for 

m epochs are written in matrix form as 
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b A xo B u v   (1) 

where xo is the vector of coordinate corrections for the reference epoch, u the vector of differences 

(displacement vector), A and B coefficient matrices and v the vector of observational errors. 

The deformation networks can be treated as independent and be solved with the help of minimum 

constraints that define the reference system of coordinates without affecting the geometric characteristics 

of the network as defined by the observations. The inner constraints 

0xE   ,  0uE    (2) 

are considered the best choice in view of the connection of a time varying network, i.e. transforming 

the different network epoch solutions  in a common reference system, at least for local networks, as 

it is the Volvi network (Fotiou et al., 2003), where the local deformations must be separated from 

the broader movements of tectonic plates. Representing as u the vector of the temporal changes of 

the coordinates of network stations, each component is given by 

)()( txtxxxu iiiii    

)()( tytyyyv iiiii    

)()( tztzzzw iiiii   (3) 

The inner constraints 0uE   determine the center of the reference system keeping fixed the gravity 

center of the network, by defining as zero the sum of temporal coordinate variations  
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The constraints for the network orientation are defined by the conditions that no rotation has 

happened around the axes through the gravity center of the network 
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They occur as a solution to discrete versus time-depended networks by applying the reset criterion 

of the relative angular momentum, known as Tisserand criterion in continuous networks. The scale 

of network in case it can’t be determined by the observations, is introduced through the constraint 
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keeping constant the mean square length of the network over time. 

According to the above, the matrices E  and E  have the analytical form 

 ]...[ 21 NEEEE   (7) 

where each sub-matrix iE  corresponding to the point iP , is given by 
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Consequently in a time dependent geodetic network a “common” reference system for all epochs is 

needed. The definition of the reference system in each epoch is based on analogous to the Meissl 

constraints, which are introduced for the coordinate differences in time. This procedure that has been 

proposed by Pelzer (1971) for geodetic applications of deformation measurements, is a discrete 

approximation to the definition of the reference system under time-continues data (Dermanis, 2002). 

In the case of separate adjustments per epoch the constraints are incorporated as inner constraints on 

the unknown corrections of approximate coordinates, using common approximate coordinates for 

all epochs. 

The inner constraints in a simultaneous adjustment of observations of all epochs are the corresponding 

process of the optimal fitting of the coordinates of any epoch to the corresponding coordinates at the 

reference epoch, applying the well known 2-d or 3-d similarity transformation. Applying the similarity 

transformation between coordinates at different epochs the effects of different reference system 

definitions in the separate adjustments of observations are eliminated. Other effect are also reduced such 

as the systematic errors of GNSS data that affect the positions of the network stations as scale errors and 

rotational errors around the axes of the observation reference system. Furthermore a comprehensive, 

stable, for the wide area of the network, movement of the crust is reduced, usually described as a rigid 

transformation. While in the case of plane, rigid motion of a plate is represented by two translations and 

a rotation, studying larger areas, where the analysis should be carried out on the surface of the ellipsoid, 

the equivalent rigid motion is a rotation around a fixed pole with constant angular velocity. The 

corresponding parameters of the rigid motion are either the three cartesian components of the rotation 

vector, commonly referred to as "Euler vector", or its spherical components. Of course, a three-

dimensional "rigid body" transformation may be applied instead of the Euler's pole technique as it is an 

equivalent solution. When initial information related to how the crust deforms is available, there are 

various ways to modify or extend the optimization criterion according to what was presented above, such 

as the generalization of inner constraints 

.minuWuT  (9) 

with "weight matrix" W determined according to the available information. The solution is given by 

means of the minimum constraints 

0uWEuH    (10) 

If all points of the network are involved in the inner constraints, the weight matrix W is the identity 

matrix (W = I). In the case of partial inner constraints, where only some points are selected for the 

reference system definition, for example points that are considered to be immovable, then the elements 

of the diagonal of W that correspond to these points are 1 while  all other elements are 0. Generally 

matrix W introduces any information relevant to the parameters x. By an appropriate choice of this matrix 

the various options, for solving the problem of the reference system definition in temporal networks, can 

be generalized and put in a common framework (Rossikopoulos, 2016), such as those given by Prescott 

(1981), Darby (1985), Segall and Matthews (1988) or by the various movement models such as those 

given by Solomon and Sleep (1974), Minster and Jordan (1978). For example, a choice for the reference 

system definition problem is to minimize the "movement" in a particular direction, through minimal 

constraints. This “outer coordinate solution” was given by Prescott (1981) in a specific application where 

the relative movement, and therefore the direction to minimize the temporal differences of the 

coordinates, should be parallel to the direction of the fault. Darby (1982) generalized the outer coordinate 
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solution noting that the preferred direction can be different at different stations and in the “model 

coordinate solution” of Segall and Matthews (1988) the displacement residuals are made as small as 

possible for a subset of stations only, a case of partial inner constraints. 

3. The analytical approach in the estimation of deformations 

Displacements may be treated as independent deterministic unknown parameters where their relation 

to an underlying function is ignored. This approach has the advantage that it is free from any doubtful 

assumptions about the structure of the underlying function and in addition the results of the 

simultaneous adjustment of observations are equivalent to those of separate adjustment per epoch. 

On the other hand, the contrast between the discrete nature of the information, provided by the 

geodetic measurements, and the continuous information required to describe the deformation, makes 

clear that an appropriate approach to the analysis of geodetic data, related to the analysis of crustal 

motion, should not be limited to the classic techniques of adjustment of observations and parameter 

estimation but it has to somehow incorporate a solution to the problem of indirect interpolation. 

Applying interpolation techniques is not only a mathematical necessity for the estimation of 

deformation in the observation points but also for the expansion of the information at any point in 

the tectonically active area, a topic of obvious importance in geophysics. The dependence of 

displacements on underlying functions can be taken into account in different ways. One of these 

usually used is to introduce a more or less empirical model for the function, which involves unknown 

parameters to be estimated from the adjustment of the observations. Typical choices of an empirical 

model are linear combinations of known base functions with unknown coefficients. Based on the 

analytical functions 

aFu   (11) 

which are used to smooth-out the differential motions and to represent the deformation model, the 

observation equations are written as 

vaFBxAb  o  (12) 

where a are unknown parameters and F the matrix with elements depending on the used base 

functions. For the system definition problem in the network adjustment, the minimal constraints are 

introduced in a sequential form. Firstly the datum for the reference epoch is defined by applying the 

inner constrains 

0xE o
    (13) 

and afterwards the datum for any other epoch is defined by convenient minimal constraints. 

Although we use the extended model (12), we must minimize the norm  

.minuuT  (14) 

of the displacements, instead of T mina a that would lead to the inner constraints 0aE 
~

. This solution 

(14) corresponds to the best fitting of the coordinates of the various epochs to a reference epoch. The minimal 

constraints, which correspond to the optimum criterion (14) and satisfy the condition 

.min aRaaFFa TTT    (15) 

have the form 

0aH 
~

 (16) 

where FEREH   
~~   (17) 

with E
~

 the inner constraints 0aE 
~

 matrix 

1)(  
~

 FFFEE T  (18) 

and E  is the inner constraints matrix 0uE   for the network of  N points at epoch t . The 

deformation model (11) can be a space model, a time model or a space-time model. In the first case, 

where the displacements are considered as dependent on space only, we have for a point Pi 

axFu )( ii   (19) 
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with the unknown parameters a common for all points at the same epoch. The observations equations 

for all ( m ) epochs are 

oooo vxAb   

                 



 

 vaFAxAb  o  

                 



 

mmmmomm vaFAxAb   (20)      

Useful tools for creating analytic polynomial-type models of the form of the above relations result 

from the implementation methods of the theory of elasticity, as the deformation of the earth is 

associated with the classical case of continuous media mechanics. The deformation parameters in 

simultaneous adjustment of network observations of different epochs are usually treated as 

deterministic parameters, where the deformation of the entire network area or large part of it is 

considered homogeneous or it is treated combined with analytical interpolation methods. The datum 

for the reference epoch is defined by applying the inner constrains 

0xE o
    (21) 

and the datum for any other epoch is defined by the minimal constraints 

0aH 
~

 (22) 

where  



N

i

ii

1

~~
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  (23) 

with   FFR T   and   1)(
~

  FFFEE T  (24) 

where ]...[ 21 NEEEE    is the inner constraints matrix 0xE 
  for the network at epoch 

t .  

Based on the above, the selection of matrix R  depends on the choice of the minimum constraints. 

These constraints are selected on the basis to minimize the uncertainty of the elements of the vector 

u , due to the different definition of the reference system of the network in each epoch. This 

uncertainty is minimized for each epoch of measurements through the condition .min  uuT , 

which corresponds to the best fitting of the coordinates at the various epochs to the reference epoch. 

In equations (20) the deformation process was seen as a change from an initial to a final state of the 

continuous media without considering the time elapsed between the epochs. However, in many cases it 

is important to know the rate at which these changes occur, especially when we have a continuous data 

stream and the deformation is smooth in time. Examples of such applications were given by Morgan 

(1973), Bibby (1975, 1982) and Welsch (1986). In case the displacements are considered dependent 

on time only, the deformation model has the simple form 

 ii tt aFu ),(      (25) 

If the movements are linear in time, we have the simple “velocity model” 

 uu  t

 (26) 

where u  is the velocities vector and ottt    (or 1  ttt ) the time difference. The first 

application of this velocity model was presented by Morgan (1973). Examples were given in Papo and 

Perelmuter (1983), Welsch (1986) and for vertical networks Vanicek et al. (1979), Mälzer et al. (1979). 

The observation equations for the m epochs are written as 

oooo vxAb   
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mmmomm vaFAxAb   (27)    

where the unknown parameters a are common for all epochs at the same point. When discontinuities 

occur between epochs ot  and t , the solution becomes significantly complicated. Movements are 

divided into long period, considered normal and occurre between the epochs of discontinuities (e.g. 

epoch of a seismic event), and episodic occurring during the earthquakes activity. In such cases, the 

approaches can be grouped as follows: 

- The simultaneous adjustment must be applied only for epochs between two "temporal 

discontinuities". 

- The causes of the temporal discontinuities can be included in the analytical models. In this way 

we have analytical functions describing the long period movements between discontinuities and 

also functions for the episodic movements derived from the cause of discontinuity. 

With reference to the epoch of measurements we should note that: 

- The reference epoch is not necessarily a measuring epoch.  

- There is no need for observations to refer to a “network measurement epoch" as every 

measurement is related to its own epoch. 

The datum definition constraints are written as 

0xE o
 , 0aH 

~
 (28) 

where E  is the inner constraints matrix for the reference epoch and H
~

 selected in order to minimize 

the norm 

.min
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given by 
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For the velocity model uu  t  equation (28) becomes 

0uEaH 












 




m

t
1

~


   or  0uE   (31) 

If the displacements are considered to be dependent on space and time, the analytical deformation 

model takes the form 

axFu ),,( ttii   (32) 

where the unknown parameters a are common for all epochs and all points and the observations 

equations for the m epochs have the same form as in (27). Examples are given in Bibby (1982), Snay 

et al. (1983, strain rate model) and Welsch (1986). The simultaneous adjustment of the observations 

of many epochs was presented by Whitten (1967), where movements are approached by functions 

of space and time of the above form. Subsequently relevant papers were given by Snay and Gergen 

(1978), Snay et al. (1983), Chrzanowski et al. (1986), Welsch (1986) and regarding the 

determination of the vertical movements by Holdahl (1978, 1980), Vanicek (1975), Vanicek et al. 

(1979), Holdahl and Hardy (1979) and Mälzer et al. (1979). 

As in the previous case of dependent movements in time, the following should be noted: 

- The reference epoch is not necessarily a measuring epoch.  

- There is no need for observations to refer to a "network measurement epoch" as every 

measurement is related to its own epoch. 

The minimal constrains which satisfy the condition uuT  for all epochs are written 
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where iE  is the sub- matrix of E  corresponding to point Pi  and 
i

F the sub-matrix of F . 

4. The sequential solution 

The simplification of the algorithms implementing the above simultaneous adjustment of temporal 

observations lead to separate adjustment of observations, where specific algorithms are applied 

giving the same results as those of a simultaneous adjustment. These algorithms can be applied 

according to the type of available data. For example when the coordinates of the network stations 

and their covariance matrix are given for each epoch, they are considered as new (synthetic) 

observations. Generally, the analysis follows the steps: 

a. Separate or single adjustment per epoch: This step includes the adjustment of the observations 

at each epoch, the statistical analysis and the final estimation of the coordinate set and its full 

covariance matrix at each epoch. 

b. Best fitting of the coordinates at the various epochs to a reference epoch: The elimination of the 

difference between the coordinates at two distinct epochs, which is due to their different datum 

definition, is obtained by the optimal fitting of the coordinates of any epoch to the corresponding 

coordinates at the reference epoch, applying the well known 2-d or 3-d similarity transformation. 

c. Adjustment with a deformation model: The coordinates at the reference epoch and the 

transformed ones as described in the second step are adjusted taking into account a deformation 

model. The mathematical model for all epochs is written in matrix form 

111 vaFxx  o  

   

 vaFxx  o  

    

mmom vaFxx   (35)    

or   vaFxx  o   and   .min
1

 


m
TT


 vWvvWv  (36) 

where ox  is the vector of coordinates for the reference epoch and with the term aF  to describes 

the displacement vector u. The displacements can be considered as dependent in time or in space 

and time. For the time span of the analysis period (all epochs), the corresponding covariance matrices 

Q derived from the transformations, are semi-positive definite. In this case, any choice of the 

generalized inverse matrix QW  as weight matrix, and therefore the pseudo inverse matrix

QW , leads to the best unbiased estimations for parameters u . 

The method is illustrated by Rossikopoulos et al. (1998), where GPS measurements are used associated to 

a 9-point geodetic network connecting the Greek and Italian coasts in the Ionian and Adriatic Sea. Other 

techniques for implementing the method of least squares for the adjustment of time-depended networks are 

presented in the literature, such as the Kalman filters, where the equation aFu   is the dynamic system 

that connects the epochs of measurements (Floyd at al. 2010), or other partitioned algorithms for the 

simultaneously adjustment of the temporal observations in a sequential mode (Rossikopoulos, 2016). 

5. From discrete to continuous information 

The fact that the analysis of the measurements provides only a discrete character, as a result of the 

discrete nature of the network stations, can be considered a disadvantage to the study of deformations 

using geodetic methods. In contrast the geophysical significant quantities have a continuous nature, 
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because they are dependent on what is happening in a very small area around each point of the under 

studying area. For the extension of the information derived from the analysis of network 

measurements at each point in the area, it is necessary to apply interpolation methods in order to 

provide continuous information from discrete geodetic results. Of course, these disadvantages tend 

to disappear today, as the technology of three-dimensional scanners develops rapidly, both in 

terrestrial and space applications giving continuous information. 

 

Figure 1 - Horizontal velocities relative to ITRF2008 (Bitharis et al. 2015). 

Therefore the estimation of movements or the velocities or the geophysical parameters that can be derived 

from these, at any point in the area covered by the control network, after the connection of its temporal 

forms, interpolation methods are applied, where the area is divided into equal tectonic deformation 

regions and an analytical function for each region, generally in polynomial form, is fitted at temporal 

variations of the coordinates. A related method of analytical interpolation is that of piece-wise 

polynomials or splines with smoothness conditions imposed at the boundaries of their domains. Spline 

interpolation has been used by Bitharis et al. (2015), using bi-cubic splines for the interpolation of 

velocities of 155 GNSS permanent stations in Greece (Fig. 1), at the nodes of an appropriately selected 

grid. The continuous Greek geodetic velocity model relative to ITRF2008 is shown in figure 2. 

The station coordinates and velocities depicted in figure 1, were estimated by a Kalman filtering 

sequential approach. The connection of the temporal forms of the network was made through their 

integration into the global reference system ITRF2008, which was conducted by means of the 7-

parameter similarity transformation for each epoch, using only IGS stations of the European part of 

the studied Greek Continuous Satellite Network (GCSNet), excluding the Greek stations.  

In addition to the "analytical approach" of movements, developed in this paper as a part of adjustment 

algorithms, another way is to express the known limitations of the unknown functions of the 

movements through a covariance function, which describes the statistical behavior of its values, by the 

method of least squares collocation. 
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Figure 2 - Continuous Greek geodetic velocity model relative to ITRF2008 (Bitharis et al. 2015). 

The least squares collocation is a generalized estimation method developed approximately in the 70s in 

order to analyze data of the gravitational field of the earth. Shortly after the method was applied to other 

scientific problems, for the analysis of observations related to quantities that depend on an unknown 

function. Collocation was first applied to the analysis of geodetic data for the calculation of strain 

parameters at the nodes of a grid in the area of Volvi in Greece (Dermanis et al., 1981) using the temporal 

variations of the network stations and in the area of Friuli in Italy (Bencicni et al., 1982). Applications to 

the estimation of the vertical movements were given by Hein and Kistermann (1981), Kanngieser (1983) 

and El-Fiky et al. (1997). Papers on horizontal and vertical movements (El-Fiky and Kato, 1999; Wu et 

al., 2006; Kahle et all., 1995; Chatzinikos et al., 2013), were followed. 

Besides the analytical interpolation methods and least squares collocation, other methods that could be 

applied to generalize any quantity resulting from the temporal variations of network stations are given 

in the literature, such as pure numerical method of moving average or the method of finite elements, 

which is the most popular in geodetic literature due to its simplicity in how it is applied. 
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Abstract  

A strong earthquake (Mw 6.9) on 24 May 2014 ruptured the North Aegean Trough 

(NAT) in Greece, west of the North Anatolian Fault Zone (NAFZ). In order to provide 

unbiased constrains of the rupture process and fault geometry of the earthquake, 

seismological and geodetic data were analyzed independently. 

First, based on teleseismic long-period P- and SH- waveforms a point-source solution 

yielded dominantly right-lateral strike-slip faulting mechanism. Furthermore, finite 

fault inversion of broad-band data revealed the slip history of the earthquake. 

Second, GPS slip vectors derived from 11 permanent GPS stations uniformly distributed 

around the meizoseismal area of the earthquake indicated significant horizontal co-

seismic slip. Inversion of GPS-derived displacements on the basis of Okada model and 

using the new TOPological INVersion (TOPINV) algorithm permitted to model a 

vertical strike slip fault, consistent with that derived from seismological data. 

Obtained results are consistent with the NAT structure and constrain well the fault 

geometry and the dynamics of the 2014 earthquake. The latter seems to fill a gap in 

seismicity along the NAT in the last 50 years, but seems not to have a direct 

relationship with the sequence of recent faulting farther east, along the NAFZ. 

Keywords: focal mechanism, active tectonics, surface deformation, Samothraki, 

Gökçeada (Imvros). 

1. Introduction 

On 24 May 2014, a strong and shallow earthquake (Mw 6.9, focal depth: 11km), occurred in the 

North Aegean Sea, between the islands of Samothraki, Gökceada (Imvros) and Limnos (Figure 1). 

The 2014 earthquake is the largest event in the last 50 years recorded along the North Aegean Trough 

(NAT; Taymaz et al., 1991), which is hosted in this area. The NAT is a 300km-long system of 

marine basins, up to 1000m deep, representing the western extension of the North Anatolian Fault 

Zone (NAFZ; Figure 1; Le Pichon et al., 1987; Taymaz et al., 1991; Karabulut et al., 2003; Reilinger 

et al., 2010 and Müller et al., 2013). Tectonics along the NAT are active, as historical and recent 

seismicity reveal (Papazachos and Papazachou, 1997 and Taymaz and Yolsal-Çevikbilen, 2015). 

The analysis of recent seismic sequences indicates strike-slip faulting (Taymaz and Yolsal-

Çevikbilen, 2015), while geodetic data indicate that the NAT corresponds to a major strike-slip fault 
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with an average slip rate of the order of 20mm/yr (Reilinger et al., 2010). Although earthquakes 

with magnitude M > 6.5 are supposed to produce major damage in a broader region (Papazachos 

and Papazachou, 1997), the 2014 earthquake produced low accelerations even in the near-field 

(maximum peak 0.11g; ITSAK, 2014; KOERI, 2014), and therefore only minor damage was 

observed. However, it led to some term of panic in the Çanakkale and İstanbul areas, since a possible 

forthcoming earthquake is expected in the west of the 1999 Kocaeli-İzmit rupture, as a continuation 

of the westward migrating large earthquakes along the NAFZ since 1939 (Ergintav et al., 2009). 

 

Figure 1 – The ΝΑΤ (noticeable by bathymetry) at the continuation of NAFZ and the 

epicenter of the 2014 earthquake (red star). Green stars 2-5 indicate main events (numbered 

based on time occurrence) in the seismic sequence from 24 May to 5 September 2014 and 

yellow circles denote smaller events forming the five clusters (events were relocated by 

Evangelidis, 2014, for longitude<23.7 events were derived from the relocated catalogue of 

NOA, 2014). GPS-derived displacements (black arrows) are also shown with 3-σ error 

ellipses. 

The distribution of the aftershocks after the main event (Evangelidis, 2014; NOA, 2014) revealed 

five clusters of aftershocks (Figure 1) which correlate with the NAT and seem to cover its major 

part. The only exception is “cluster 4” which appears somewhat distant from the NAT. One 

characteristic of the seismic sequence is the considerable spread of the zone of aftershocks, 

extending up to 180km (or even 250km if cluster “4” is included in the seismic sequence). Strong 

motion recordings suggest that the main shock consisted of two distinct events, separated by a time 

interval of about ~10s (ITSAK, 2014), while a further study of strong motion data by Evangelidis 

(2014) concluded that the seismic sequence consisted of two distinct events separated by a 13s 

interval; the first one correlates with the epicentre, while the second one is characterized by super-

shear rupture. 

This article is based on the independent inversion and joint interpretation of teleseismic waveforms 

and of GPS co-seismic slip vectors permitting to model in detail the rupture geometry and dynamics 

of the 2014 earthquake. Because the seismological networks in the wider study area are rather 

limited, this study is useful to understand the active tectonics along NAT and its possible relationship 

with faulting along the NAFZ, characterized by a westwards propagation of earthquakes since 1939. 
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2. Inversion of Seismological Data 

2.1. Seismic waveform inversion for source parameters 

The point-source inversion is performed to obtain source parameters of the NAT earthquake (strike, 

dip, rake angles, focal depth, seismic moment and source time functions) using teleseismic (30°  

 90°) long-period P- and SH- waveforms and first motion polarities of P-waves which are provided 

by the Federation of Digital Seismograph Networks (FDSN) and the Global Digital Seismograph 

Network (GDSN). We used MT5 (Moment Tensor 5) body-waveform inversion algorithm (Zwick 

et al., 1994). In the inversion, we used a half-space source velocity model, a simplified crustal model, 

consisting of P-wave velocity (Vp) = 6.8 km/s, S-wave velocity (Vs) = 3.9 km/s and density (ρ) = 

2.9 g/cm3. Based on bathymetry data, we defined a water layer with a velocity of Vp = 1.5 km/s and 

varying thicknesses (~ 0.5-1 km). The medium below the receivers are assumed to be homogeneous 

half-spaces. 

 

Figure 2 - The radiation patterns and synthetic waveform fits for the minimum misfit 

solution determined by using the inversion of teleseismic long-period 24 P- and 13 SH- 

waveforms of the May 24, 2014 Samothraki-Gökçeada earthquake. Solid and dashed lines 

are observed and synthetic waveforms, respectively. 

A set of acceptable point-source parameters of the 2014 earthquake was obtained (strike: 75°, dip: 

85°, rake: -178°, depth: 11 km and M0: 1.55x1019 Nm; see Figure 2). Our best-fitting waveform 

point-source solution yielded dominantly right-lateral strike-slip faulting mechanism, which is 

consistent with the morphology of the NAT and the NAFZ and preliminary focal mechanisms 

(KOERI, 2014; NOA, 2014). Focal depth is shallow (h: 11km) and the source duration is relatively 

long (~30s) in comparison to earthquakes of similar size. The slip vector at the hypocenter plunges 

at 2° towards 75°. Furthermore, we estimated the uncertainties of strike, dip, rake, and depth by 

investigating one parameter at a time. Fixing each parameter at a series of values on either side of 

the value, yielded by the minimum misfit solution and allowing the other parameters to be estimated 

by the inversion routine, we obtained that the error bounds for strike, dip and rake angles and the 

focal depth are within the range of ± 5°, and ± 2 km, respectively. 

2.2. Finite-fault slip modelling 

Teleseismic broad-band P-waveforms were windowed for 60s, starting 10s before the origin time. 

After band-pass filtering between 0.01 Hz and 0.8 Hz, velocity seismograms were converted into 

ground displacement with a sampling rate of 0.2s. The earthquake source model is constructed using 

a standard waveform inversion scheme given by Hartzell and Heaton (1983). The basic assumption 

is that faulting occurs on a single fault plane, and slip angle remains unchanged during the whole 

rupture process. Further details of finite-fault slip inversion can be found at relevant studies (Yagi 

and Kikuchi, 2000 and Fielding et al., 2013). The fault plane was fixed to the best fitting point-

source solution. The rupture front velocity (Vr) was set as 3.2 km/s. The rake angle was fixed at -
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178° as obtained from the point source solution. The source-time (slip-rate) function of each sub-

fault was expanded in a series of overlapping triangles of source time functions each with a rise time 

of 1.25 s. Several trials were made with different number of cells, cell-sizes, epicentre location, 

number of triangles function and number of seismic stations in order to find the optimum solution. 

The latter corresponded to a fault plane of 25x10 sub-faults with dimensions of 2.5x2.5km2 which 

were expanded in a series of 15 triangle functions. The best finite-fault slip distribution obtained is 

shown in Figure 3 and the observed and synthetic waveforms in Figure 4. 

 

Figure 3 - Focal mechanism, finite-fault slip distribution, and total moment rate function of 

the 2014 NAT earthquake in time. Slip model was derived on NP1 and a star indicates 

location of the hypocentre. 

The results indicate that the initial fragment of the slip occurred in close vicinity to the hypocentre 

(~100-150 cm). Our preferred finite-fault model has areas of strong slip (~150 cm) in the centre and 

in the northeast segments, deeper than the hypocentre. However, the maximum displacement (~ 260 

cm) observed at east edge of the plane may be an artefact as it was not evident in all trials (Figure 

3). The slip model shows that rupture propagated along mainly the strike direction of the fault from 

SW to NE with a slip-vector of 75o. The waveform fits matches well at all azimuths, and indicative 

of late moment release seen beyond ~13 s reaching maximum level of displacement which is 

exceptionally consistent with reported results of strong motion by Evangelidis (2014). We found 

that the total moment of the finite-fault model is 2.97x1019 Nm; i.e. Mw 6.9. The fault length and 

width of the fault plane were determined as 62.5km and 25km, respectively with an average slip of 

63cm. 
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Figure 4 - Comparison of the observed (solid black line) and synthetic (dashed red line) 

broadband P waveforms. 

3. Inversion of Geodetic Data 

3.1. Data and analysis 

We used data from 11 permanent GPS stations around the earthquake area for the period between 

2014.05.10 and 2014.06.07; consisting of two intervals of 14 days before and after the day of the 

earthquake. These stations belong to the HEllenic POsitioning System (HEPOS), except for two 

stations (CANA and IPSA) which belong to the Turkish National Fundamental GPS Network 

(TUTGA). The locations of the GPS stations are shown in Figure 1. The distribution is nearly 

uniform around the epicentral area and it covers both near and far field stations. The datasets used 

are daily records with 30s sampling interval. Each station was analysed independently using Precise 

Point Positioning (PPP; Zumberge et al., 1997) and the GrafNav software ver. 8.40 to compute mean 

daily geographic coordinates for each station, and then mean pre- and post-seismic coordinates and 

their uncertainties. Horizontal displacements for all the stations are shown in Figure 1. In contrast 

to horizontal displacements, no statistically significant and consistent vertical displacements were 

found, including stations 089A and 018B in close proximity to the epicentral area. This result was 

confirmed by processing the same dataset using a baseline adjustment technique. 

3.2. Inversion methodology for GPS data-the TOPINV algorithm 

The geophysical problem is described by the Okada (1985) equations which express GPS 

measurements of m surface displacement as functions of n=9 unknown variables describing the 

geometry and slip of a single rectangular fault with uniform slip in an elastic half-space (x: fault 
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centre, depth of the upper tip, length, width, dip, strike, rake and slip). These equations lead to a 

redundant system of m highly-non-linear equations with n unknowns of the form (1) 

( )f +x l u  (1) 

with u  unknown errors assumed random with standard deviation σ .  

Using the new TOPological INVersion (TOPINV) algorithm a priori independent conditions (mostly 

seismological and geological) have to be defined; i.e. the possible ranges of the variables x. 

Discretization of each of the n variables leads to a hyper-grid G in the Rn space. Introducing a scale 

factor k>0, observation equations (1) yield into a system of inequalities 

( )f k x l σ  (2) 

Then, for a selected value of k all grid-points in G are tested using a Boolean logic whether they 

satisfy inequalities (2) and successful points are identified, defining sets S. After repeated trials for 

different values of k, an optimal k* is obtained. The latter leads to a set S* of grid-points that have a 

certain distribution (closed space) and the optimal solution and its variance-covariance matrix are 

estimated as the first and second statistical moments of this set. Apparently, the solution depends on 

the geophysical model selected, the observations and their uncertainties, as well a priori conditions 

of the hyper-grid G. The algorithm does not focus on point solutions or local minima, or on solutions 

at the vicinity of specific points. The main limitation of this algorithm is the large number of grid-

points, which for common computers should be up to the order of 1010 to avoid excessive computing 

load. To overpass this problem, a coarser grid is first used leading to one or more coarser solutions. 

Then we adopted nested grids, with finer spacing leading to more accurate solutions. The details of 

this algorithm are described in more detail in Saltogianni and Stiros (2012, 2015) and Saltogianni et 

al. (2014). 

3.3. Results 

At a first step, a Grid G1 in a discretized R9 space covering all possible values of the unknown 

variables defining the seismic fault was defined on the basis of the available seismological data. The 

centre of the fault was allowed to be anywhere in a wide 2-D rectangular (Figure 5) around the 

epicentre. The strike, dip and rake angles of the fault were also allowed to cover a range of 60-90o, 

75-90o, 170-190o, respectively. The upper tip of the fault was allowed to range from the surface 

(d=0) to d=15km, and because of the selected width range (10-40km) its lower limit was allowed to 

reach the depth of 55km. The length of the fault was allowed to cover any possibility for a fault of 

this magnitude, i.e. between 30-70km. Given that the maximum slip recorded at station 018B at a 

distance of ~20km away from the epicentre was about 10cm, a range between 20-90cm was assumed 

for the slip (Wells and Coppersmith, 1994). For each variable an appropriate spacing was selected 

so that the total number of gridpoints of Grid G1 does not exceed the limit of 1010. A flat weight of 

0.6mm was adopted for observations in Easting and 0.8mm for Northing, based on the estimated 

standard deviations of the displacements. 

All the above were used as inputs in the inequalities (2) and computations started using a first value 

of k=1, but no solution for this value was available. So the computations were repeated for gradually 

increased values, until the value k1=12, which corresponds to a cluster of points S1 consisting of 

~100 gridpoints in total. The overall process was then repeated for a nested Grid G2 containing S1 

but with a finer spacing, until a solution was obtained for k*=10.5. This solution corresponds to a 

cluster of ~60 points. At a final step we computed the centre of gravity of this cluster and the 

uncertainty of each of the values of the 9 variables defining the fault. This solution was accepted as 

final (optimal) because the uncertainties of the fault variables are small and the misfit between GPS 

observations and predictions of displacements is nearly optimal 
2


 = 5.37. The obtained results 

(Figure 5) correspond to an essentially vertical strike-slip fault, ~ 60km long, cutting from the seabed 

to the depth of ~20km, with a strike of ~80o, correlating with the NAT and with a mean slip of 

~70cm and seismic moment of 2.4 x1019Nm. 
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.  

Figure 5 – GPS-derived and modelled displacements (black and red arrows, respectively). 

The projection of the modelled fault is indicated by a red line. Aftershock clusters and main 

events (yellow stars) in each cluster are also shown (see Figure 1). A rectangular denotes the 

search area of the centre of the fault. 

4. Discussion and Conclusions 

4.1. Comparison and assessment of the models 

The geometry and dynamics of the 2014 NAT earthquake have been analysed on the basis of 

independent inversion of two different datasets, seismological and geodetic. Fitting is very good for 

both the seismological and the geodetic data, while the corresponding fault-models of a vertical 

strike-slip fault are fully consistent to each other and with preliminary focal mechanisms and with 

local tectonics.  

The overall conclusion of the analysis of the two datasets, is that the 2014 earthquake was associated 

with a nearly pure right-lateral strike-slip fault of about ~60km long, reaching from the seabed to a 

depth of ~20km with an average slip of ~70cm. The computed seismic moment is 2.4-3.0 x1019Nm, 

corresponding to an earthquake of magnitude 6.9. 

The reason that differences are observed in the two models (dip, strike) could be because the geodetic 

model describes an average fault fitting observations of surface deformation, while point source 

solutions are rather indicative of instantaneous rupture effects.  
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Figure 6 – Location and focal mechanisms of the largest earthquakes in NAT area the last 50 

years (Taymaz et al., 1991; Taymaz and Yolsal-Çevikbilen, 2015). Yellow arrows indicate 

slip-vectors of earthquakes. The 24 May 2014 earthquake sequence seems to fill a gap in 

seismicity in the NAT between 1965 and 2014. 

4.2. Seismotectonic implications 

In the context of the previous analysis, three points need to be discussed.  

First, evidence from accelerograms indicates a main shock comprising two sub-events (ITSAK, 

2014), as well as the analysis of strong motion data of Evangelidis (2014) indicates a complex fault 

pattern, comprising two faults, associated with the two distinct clusters of aftershocks 1 and 2 

(Figure 1), with the second fault associated with supershear rupture. Although, the single fault 

pattern obtained from geodetic data (Figure 5) describes well the data, further analysis assuming a 

two-fault pattern is in progress and will be presented elsewhere. 

Second, the 2014 earthquake was of a magnitude usually producing extensive damage in the region, 

but its damaging effects were actually very limited. Such an earthquake in the past would have 

passed practically unnoticed. Given that historical earthquakes in the region were recorded in ancient 

texts in a few main cultural centres (Athos Monasteries at the SE edge of the Chalkidiki Peninsula, 

Thessaloniki and Istanbul), it is quite possible that many strong historical earthquakes which 

produced moderate strong motion were ignored and not included in the historical seismicity 

catalogues (Papazachos and Papazachou, 1997); a result supported by recent independent evidence 

concerning the tectonics of the Strymon Fault (Mouslopoulou et al., 2014). 

Third, a major problem is the relationship of the 2014 earthquake to other earthquakes in the NAT, 

as well as in the NAFZ. Figure 6 summarizes the focal mechanisms of the largest earthquakes in the 

North Aegean in the last 50 years. Interestingly, in the Aegean Sea, at the west continuation of the 

NAFZ, the sequence of faults and earthquakes seems not to be characterized by a gradual 

progression in one direction. In the central and eastern Aegean, and NW Turkey, distributed right-

lateral strike-slip is more prevalent on faults trending NE to E-NE and with slip vectors directed to 

NE (Taymaz et al., 1991). Fault plane solutions in the NAT show mainly strike-slip faulting, 

consistent with right-lateral slip on NE-SW striking faults. The-strike slip faulting that enters the 

central Aegean from the east (the 1912 NAFZ fault, Aksoy et al., 2010) appears to end abruptly in 

the SW against the NW coasts of continental Greece (Figures 1, 6), marked by Quaternary coastal 

uplifts (Stiros et al., 1994). Hence from the examination of Figure 6 showing major earthquakes 

along the NAT, it is evident that no oriented progress of seismic faulting, coupled with that observed 
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along the NAFZ in the last 50 years exists. On the contrary, the 2014 earthquake seems to have filled 

a gap in seismic faulting since 1965 in the NAT, west of the 1912 fault. 
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Abstract 

In this study we use Landsat 8 OLI satellite imagery in order to identify and map 

alteration zones in Limnos island (N. Aegean, Greece). Pre-processing included sea 

and vegetation masking. In order to enhance spatial resolution, data fusion to 15m is 

performed. A lineament map is extracted from the panchromatic image that gives the 

general tectonic view of the island. The detection and mapping of alteration minerals 

is performed using specific band ratios and consequent composite images. The colour 

composite using bands 10, 11, 7 (RGB) show the spectral signature and general 

distribution of silica. Band ratios 6/7, 4/2, 6/5, reveal alteration zones containing iron 

oxides, clay alteration and ferrous minerals correspondingly. The aforementioned 

analysis has shown that hydrothermally alteration areas in Limnos are located in the 

west part of the island and at the Fakos Peninsula, Sardes, Roussopouli and Paradeisi 

hill. These areas are compared and validated with the reported field work. We 

conclude that hydrothermal alteration zones can indeed be detected and mapped 

using medium resolution satellite multispectral data. However, for the identification 

and mapping of specific types of rocks and minerals, a sensor with high spectral 

resolution is required. 

Keywords: Satellite data, Landsat 8 OLI, Miocene Volcanism. 

Περίληψη 

Στην παρούσα εργασία αναλύθηκαν τα δεδομένα του θεματικού χαρτογράφου Landsat 

8, με σκοπό την διάκριση και αναγνώριση ζωνών υδροθερμικής εξαλλοίωσης στην 

ευρύτερη περιοχή της νήσου Λήμνου. Η προ-επεξεργασία των δορυφορικών δεδομένων 

αφορούσε την δημιουργία μάσκας της βλάστησης και της θάλασσας. Για να βελτιωθεί η 

χωρική διακριτική ικανότητα στα 15 m έγινε συγχώνευση δεδομένων. Ένας χάρτης 

γραμμώσεων παρήχθη από την πανγχρωματική εικόνα προσδίδοντας τη γενική 

τεκτονική άποψη του νησιού. Η ανίχνευση και η χαρτογράφηση των εξαλλοιωμένων 

πετρωμάτων πραγματοποιήθηκε χρησιμοποιώντας λόγους καναλιών και ακολούθως 

σύνθετων ψευδέγχρωμων εικόνων. Η ψευδέγχρωμη εικόνa 10, 11, 7 (RGB) δείχνει την 

φασματική υπογραφή και την κατανομή των πυριτικών ορυκτών. Οι λόγοι καναλιών 6/7, 

4/2, 6/5, αποκαλύπτουν ζώνες εξαλλοίωσης που περιέχουν οξείδια του σιδήρου, 

αργιλική εξαλλοίωση, και σιδρούχα (Fe 2+) ορυκτά. Η ανάλυση έδειξε ότι οι 

υδροθερμικά εξαλλοιωμένες περιοχές στη νήσο Λήμνο τοποθετούνται στα δυτικά της 

Λήμνου, στη χερσόνησο του Φακού, στις Σάρδες, στο Ρουσσοπούλι και περιμετρικά στο 

mailto:parchar@hua.gr
mailto:sykioti@noa.gr
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λόφο Παραδείσι. Αυτές οι περιοχές συγκρίθηκαν και τεκμηριώθηκαν με εργασίες πεδίου 

που πραγματοποιήθηκαν από προηγούμενους ερευνητές. Συνοψίζοντας, οι 

υδροθερμικές ζώνες εξαλλοίωσης μπορούν να εντοπιστούν και να χαρτογραφηθούν 

χρησιμοποιώντας μέτριας ανάλυσης δορυφορικά πολυφασματικά δεδομένα. Ωστόσο, για 

την αναγνώριση και χαρτογράφηση συγκεκριμένων τύπων ορυκτών και πετρωμάτων, 

απαιτείται ένας αισθητήρας υψηλής φασματικής ανάλυσης. 

Λέξεις κλειδιά: Δορυφορικά δεδομένα, Landsat 8 OLI, Μειοκαινική ηφαιστειότητα. 

1. Introduction 

The goal of the present paper is to detect the hydrothermal alteration zones in Limnos Island, N. Aegean, 

through the application of Landsat 8 OLI band ratios. The key elements in mineral exploration are to 

gain understanding of geologic area through lithological mapping and to assist in defining target areas 

of potential mineral interest. Remote sensing can assist and provide valuable information in bedrock 

mapping, detection, identification and estimating affluence of specific minerals at a specific scale 

(Ahmed and Beiranvand Pour, 2014; Sabins, 1999; Parcharidis et al., 1998; Hunt, 1977). In Limnos 

Island, field geological studies have referred the detection of hydrothermal alteration zones in several 

sites like Sardes, Roussopouli and Fakos peninsula (Papoulis et al., 2014; Fornadel, 2010; Papoulis et 

al., 2009; Skarpelis and Voudouris, 1998). Positive results can be obtained using band rationing and 

false colour using these ratios. Limnos island is located at the North Aegean sea in Greece. The island 

occupies 476 Κm2 with a coastal line of 260 Km.To sum up the hydrothermal alteration zones can 

indeed be detected and mapped using medium resolution satellite multispectral data but it is not 

possible to identify and map specific types of rocks and minerals. 

2. Geologic Settings 

 

Figure 1 - Digitized geologic map of Limnos island (after IGME scale 1:50000). 
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2.1  Stratigraphy 

Limnos is an island of Greece in the northern part of the Aegean Sea. The principal town of the island 

and seat of the municipality is Myrina. The island is mostly flat (hence its more than 30 sand beaches), 

but the west, and especially the northwest part, is rough and mountainous. The main gulfs are 

Moundros and Pournia, but the rock weathering creates many coves. The areas with high frequency, a 

dense hydrographical system and big slope use to be faults with direction NW-SE, NE-SW. Generally, 

at the center and east of the island the rocks are permeable (Quaternary) so the hydrographical system 

is poor. On the other hand, at the rest of the island the hydrographical system is dense (volcano rocks). 

2.2 Geology 

The geology of Limnos Island is characterized by a sedimentary background which is a basin-fill 

succession. Hydrothermal alteration in the island is linked to early Miocene volcanism that occurred 

in the broader north-eastern Aegean Sea and Western Turkey. The remnants of large stratovolcanoes 

are present in specific areas in the islands of Lesvos, Limnos and Samothraki and in western Turkey. 

The sedimentary rocks are flysch and molasse. They were deposited in NE-SW trending 

postorogenic basin that formed as a result of normal faulting and extension during postorogenic 

collapse of the Rhodope-Sakarya zone and were slightly folded prior to igneous activity. The 

Tertiary sedimentary basement rocks can be delineated into two discrete units, the Upper Unit and 

the Lower Unit. The Upper Eocene to lower Oligocene Lower Unit covers the majority of the island 

and is composed of siliclastic continental slope deposits including conglomerates, sandstones, 

mudstones, claystones and turbidites. The lower Oligocene Upper Unit has been deposited in a 

shallower environment than the Lower Unit. Lower in its section, the Upper Unit is composed of 

marine and brackish fluviodeltaic sediments including interbedded claystones and sandstones, 

sandstones and sandy limestones. Towards the top of its exposure, the Upper Unit is composed of 

terrestrial fluvial sediments including conglomerates and sandstones. The volcanic centers are 

located in the western and southwestern portions of the island where volcanic rocks overlie the 

sedimentary basement. The presence of the volcanic centers is delineated by domes and lava flows 

that are accompanied by lesser agglomerate. The sedimentary basement is exposed at the surface in 

the east and northeast of the island, distal to the volcanic centers.  The volcanic rocks are divided 

into three units: Katakolon, Romanou and Myrina. These rocks are early Miocene (21-18 Ma) and 

demonstrate a calc-alkaline to shoshonitic affinity. The lower-most Katakolon unit consists of NW-

SE trending K-rich andesitic to dacitic lavas. In places, it is interbedded with or is crosscut by 

andesitic lava flows monomineralic breccias, sills and E-W trending dikes. Andesite and dacite in 

the Katakolon unit yielded a K-Ar age of 20-21 Ma. The Katakolon unit is overlain by the Romanou 

unit that is composed of K-rich dacites and latites. At its base, the Romanou unit is dominated by 

ligh- colored lithic and pumice-rich pyroclastic flows that are up to 160m thick. To the west and 

upsection, the pyroclastic flows of the Romanou unit are intercalated with volcanic breccias, 

banakitic lavas, airfall tuffs and terrigenous sediments. Ignimbrites and andesites from the Romanou 

unit yielded K-Ar ages of 19.8 Ma. The uppermost Myrina unit, overlies Romanou unit and is 

composed of K-rich dacite with lesser amounts of andesite and trachyte, which are associates with 

monomineralic breccias, lava lows, and lahars. Lavas, dackites and andesites of the Myrina unit 

yielded K-Ar ages of 19.3 to 18.2 Ma. Both volcanic and sedimentary basements of Limnos Island 

are overlain by a Pliocene to recent alluvial sedimentary unit that is composed of conglomerates, 

calc-arenites and sandstones. Faults and joints cut-cross both sedimentary and igneous rocks. The 

axes trend E-W and WSW-ENE to the WSW. Folding does not affect the Miocene volcanic rocks. 

Limnos Island is located in the area of Aegean Sea that is characterized by a moderate positive heat 

flow anomaly. This anomaly, in conjunction with active hot springs found on the island, indicate 

that a steepened thermal gradient has persisted even after the end of observable igneous activity on 

the island (Skarpelis and Voudouris, 1998; Fornadel, 2010). The presence of hot springs on the 

island implies that brittle structures on the island play a role in conducting fluids (Fornadel, 2010). 

https://en.wikipedia.org/wiki/Greece
https://en.wikipedia.org/wiki/Aegean_Sea
https://en.wikipedia.org/wiki/Myrina,_Greece
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2.3 Metal bearing 

The area of Fakos peninsula is dominated by two large hills, the western Tourlida Hill and the 

Petrospitos Hill both of which are 300 m in elevation. Their prominence is controlled by subvolcanic 

intrusions that were emplaced into the sedimentary host rocks. The sedimentary basement on Fakos 

peninsula is composed largely of medium-grained quartz - rich sandstones that were subjected to, and 

cemented by a hydrothermal silicification event. Finely disseminated sulfides are pervasive in these 

sandstones. The extrusive rocks on Fakos Peninsula range from shoshonitic andesites (latites) to 

trachyandesites and trachytes. Towards the central portion of Fakos peninsula, the extrusive 

sedimentary basement rocks were intruded by subvolcanic microporphyritic quartz monzonite.  Much 

of the southwestern portion of Limnos Island was subject to hydrothermal alteration along fault zones. 

Four discrete zones of hydrothermal alteration based on clay mineralogy were defined as smectite, 

illite, hallousite and kaolinite-dickite zones. The Fakos Peninsula like the rest of Limnos island is 

crosscut by many major NE-SW and ENE-WSW-trending faults. These structures controlled the 

emplacement of the subvolcanic bodies and facilitated the flow of hydrothermal –magmatic fluids that 

were responsible for metallic mineralization. Fakos quartz monzonite and adjacent host rocks were 

locally subjected to intense hydrothermal alteration. In silica zones there is a metal bearing, to the south 

of the area and especially to the quartz veins within the sandstones and to the quartz monzonite. At the 

western metal bearing zone in the quartz veins with direction N55ο W και N70οE. The east metal 

bearing zone, large 1 Km and wide 10m, is located about 600 m SE of the central zone and it is 

characterized by the major concentration of gold of the Fakos Peninsula. In the Sardes area, a system 

of quartz is developed inside the subvolcanic and sandstones and is connected with faults systems of 

direction Ν55ο W, Ν70ο Α (like in Fakos area). In the Roussopouli area: three zones of black silification 

are observed in the volcanic breccias. The silification is opaline and is connected with sericitic 

alteration of the adjacent rock. The zone of alunite is developed up from the silicification zone. The 

metal-bearing includes pyrite, marcasite and veinlets of silica (Voudouris and Skarpelis, 1998). 

3. Materials and Methods 

3.1. Remote sensing data 

Landsat 8 is the new product from NASA under Landsat open source series which has been launched 

in February 2013. Landsat 8 data consist of 11 bands; 5 in the visible and Near-Infrared (VNIR), 2 

in the Thermal Infrared (TIR) region of the electromagnetic spectrum, 2 in the Shortwave Infrared 

(SWIR) region, and 1 panchromatic band (band 8). The spatial resolution is 15 m for the 

panchromatic band, 30 m for VNIR and SWIR bands, and 100 m for the TIR bands. Two additional 

bands represent the difference between Landsat8 and the previous product (Landsat ETM+), a deep 

blue coastal / aerosol band and a shortwave-infrared cirrus band (table 1). 

Table 1 - Bands of Landsat 8. 

BAND WAVELENGHT 

(micrometers) 

RESOLUTION 

(meters) 

Band 1 - Coastal aerosol 0.43 - 0.45 30 
Band 2 - Blue 0.45 - 0.51 30 
Band 3 - Green 0.53 - 0.59 30 
Band 4 - Red 0.64 - 0.67 30 
Band 5 - Near Infrared (NIR) 0.85 - 0.88 30 
Band 6 - SWIR 1 1.57 - 1.65 30 
Band 7 - SWIR 2 2.11 - 2.29 30 
Band 8 - Panchromatic 0.50 - 0.68 15 
Band 9 - Cirrus 1.36 - 1.38 30 
Band 10 - Thermal Infrared (TIRS) 1 10.60 - 11.19 100 
Band 11 - Thermal Infrared (TIRS) 2  11.50 - 12.51 100 
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The Landsat 8 Oli image which has been used in this study cloud free acquired on August 16 2014. 

The sun azimuth is about Β139ο and the sun elevation about 57ο. 

3.2. Image processing  

The initial DN values were converted to reflectance through atmospheric correction of the initial 

image. In Fig. 1 a flowchart showing with the processing steps is presented. The following four 

images were then produced. A colour composite image with the spectral bands 7, 5, 3 (RGB) in 

order to distinguish the lithological units from the vegetation (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure - Flow chart: processing steps. 

The Normalized Difference Vegetation Index (NDVI) in order to discern the vegetation distribution 

and consequently mask of vegetated areas. A colour composite image using the thermal bands tir1-

tir2-swir2 (10-11-7) (RGB) for silicate mapping (Fig.3). 

The colour composite ratio image 6/7, 4/2, 6/5 (RGB). The ratio 6/7 reveals clays, the 4/2 iron oxides 

and the 6/5 the ferrous (Fe2+) minerals. This colour composite was produced after data fusion data 

(15m) (Fig. 4) and without data fusion data (30m) (Fig. 5). 

Image Landsat 8 Oli 

L1 

pre-processing of the image: converting the digital numbers of the image to 

reflectance through atmospheric correction of the initial image. 

 

Lineaments 

(faults) 

Data fusion (Panchromatic and 

multispectral bands) 

 

Detect silica and no silica 

 

False composite color image 

(FCC) 10,11,7 (RGB) 

 

γραμμώσεων 

Color Composite image of 

Band Rationing (CCR) 

6/7, 4/2, 6/5 (RGB)  

 

γραμμώσεων 

Analyse the landscape 

 

γραμμώσεων 
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Sea mask 

 

Mask NDVI 

 

Band Ratio Spectral Bands 
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γραμμώσεων 
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Figure 2 - colour composite image 7, 5, 3 (RGB). 

 

 

Figure 3 - Silica distribution. Silica rocks yellow colour and no silica purple (10-11-7) (RGB). 

 

Figure 4 - composite ratio image 6/7 (clays) 4/2 (FeO) 6/5 (Ferrous) (RGB). After data fusion (15m). 

The lineaments that were extracted from the panchromatic image (band 8) provided the general 

tectonic view of the island. 
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Figure 5 - composite ratio image 6/7 (clays) 4/2 (FeO) 6/5 (Ferrous) (RGB). Without data 

fusion. (30 m) the black area is the vegetation mask and the sea mask. 

 
Figure 6 - Left: the main hydrothermal alteration zone in Fakos Peninsula. Right: Limits of 

hydrothermally alteration zones in Fakos Penisnula by Fornadel, 2010. 

 

Figure 7 - Left: Lineaments issued from the panchromatic image of Landsat 8 OLI. Right: 

The lineament directions are shown in the rose diagram (by demo surfer 11 golden). 
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4. Results and Discussion 

The colour composite image 7, 5, 3 (RGB) can give an analysis of the landcover. The red and 

brownish areas correspond to vegetation, while the white colour corresponds to rocks and soil. 

Generally, the vegetation in the island is very low, and as it is shown in fig. 2 the vegetation extends 

mainly in drainage systems and hills. The colour composite image 10,11,7 (RGB) shows the spectral 

signature and distribution of silicate. Yellowish and yellow colours correspond to areas with silica 

presence and purple to areas of absence of silica as it is shown in Fig. 2. The Figures 4, 5 and 6 show 

the areas with hydrothermal alteration zones. 

 Alteration in Fakos Cape: A zone about 16 km at the south of Fakos cape which separates the tints of 

red-yellow from tints of blue-cyan. Inside the alteration zone the tints of yellow shows the high 

reflectance at bands 6 and 4 and low reflectance at other bands 2, 7, 5. The different tints of yellow 

indicates the predominance one of the two kind of rock (iron oxides-clay minerals) (Parcharidis et al., 

1998). The tints of blue-cyan perimetricaly external of the alteration zone are referring to ferrous-iron 

oxide (high reflectance to band 4). The geological bedrock is characterized by ploutonian rocks that 

have intruded in the sediments age Upper Eocene-Oligocene and present strong alteration (granites, 

syenites, diorites, biotite). The alteration products of trachiandesites are clays and iron oxides (serikite, 

chlorite, calcite, iron oxides). Also, a smaller alteration zone (~3 km) exists at NE of Fakos cape and 

the geological bedrock consists of trachiandesites. Unfortunately because of the low spectral analysis 

of Landsat 8 OLI it is impossible to detect and map specific rocks. Furthermore, the mask of vegetation 

does not allow the possibility of vegetation existence where there is a high reflectance in 5 and 6 bands. 

Also in that area the rocks have impregnated with iron oxides (geological map of IGME) which means 

high reflectance at band 4. Fornadel, 2010 has mentioned the existence of metallic minerals in the 

western ore zone that have been oxidized, as denoted by the abundance of iron oxides (i.e. limonite, 

goethite) in the vein material, and largely disseminated in the vein matrix, although locally it forms ≥1 

cm wide aggregates or infillings. The metallic minerals include pyrite, chalcopyrite, sphalerite, galena, 

arsenopyrite, tetrahedrite, bournonite, hessite, altaite, and native gold. These minerals can be detected 

with hyperspectral data. At the NE in Fakos cape there is cyan colour (width ~ 300m and length ~ 2 

km) due to the fact that there are iron oxides according to the geological map of IGME. The geological 

bedrock consists of silificated volcanic rocks whose initial composition has change from the influence 

of hydrothermal fluid which are rich to SiO2 through faults. There are reddish lavas because of the 

abidance of iron oxides. Fornadel, 2010 mentioned about a veins system which penetrates the silica 

alteration zone and the adjacent rocks. The veins consist of small quantities of tourmaline, barite and 

sericite. Ore minerals in the eastern ore zone include galena, sphalerite, arsenopyrite, and bournonite. 

The silica distinguishment can be confirmed at the map in fig. 3. The alunitic alteration zone, as well as 

the topographically higher silicic alteration zone, is crosscut by hydrothermal breccias in which 

alunitized rock fragments are surrounded and cemented by iron oxides. Alunite also occurs in veins, 

which consist of alunite, sulfur, and tridymite/cristobalite that crosscut sericitized rock in the northern 

part of the study area. 

 Other alteration in the island: At the NW of the island near Sardes and at the west coast there are 

small areas with hydrothermal alteration, as well as, at the east of the island in Roussopouli near 

to the contact with the tuffs. Finally, parametrically of Paradeisi hill, is seemed to be an alteration 

zone around the vegetation (black color) and at the west Fig.5. At the geological map of IGME 

this area is characterized of sediments (Up. Heocene-Oligocene) and at the west there is a contact 

with trachiandesites. At Paradeisi hill, geological map shows impregnation of iron oxides and 

sulfides. 

5. Conclusion 

The aim of this study was to conduct an investigation using Landsat 8 data and remote sensing 

techniques to map the alteration zones in Limnos Island. The outcome of the remote sensing techniques 

such as colour composite and band ratios are promising in mapping lithological and altered rocks. Band 
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ratio technique showed the distribution of the alteration zones. The results showed that Landsat 8 data 

have the potential to detect and map hydrothermal alteration zones at a regional scale. 
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Abstract 

This paper is focused on the study of the North Aegean seabed, from a Digital Seabed 

Elevation Model (DSEM), by employing Object Based Image Analysis (OBIA). The 

goal is the automatic extraction of geomorphological features based on 

morphological criteria, in the North Aegean Basin. A Digital Seabed Elevation Model 

(DSEM) of 150x150 meters resolution was employed. At first, slope gradient, profile 

curvature, and percentile were derived from this DSEM. Four different layers of 

segmentation were created in order to extract the final geomorphological classes, 

discontinuities, faults like and fault surface in the final segmentation of level 4. On 

previous levels, more geomorphological features were also classified such as 

continental platform and continental slope. The results were evaluated qualitatively 

and quantitatively, through a tectonic map which has been created manually based 

on the analysis of seismic profiles. The results of the comparison of the two methods 

were satisfactory. Thus, the developed OBIA method is considered successful. 

Keywords: Digital Seabed Elevation Model, geomorphometry, faults, fault surfaces 

Περίληψη 

Η παρούσα εργασία εστιάζει στη μελέτη του πυθμένα του Βορείου Αιγαίου μέσα από 

Ψηφιακό Μοντέλο Υποθαλάσσιου Αναγλύφου (Ψ.Μ.Υ.Α), χρησιμοποιώντας 

αντικειμενοστρεφή ανάλυση. Στόχος είναι η αυτόματη εξαγωγή γεωμορφολογικών 

χαρακτηριστικών βάσει μορφολογικών κριτηρίων, στην υποθαλάσσια περιοχή του 

Βορείου Αιγαίου. Ψηφιακό Μοντέλο Υποθαλάσσιου Αναγλύφου ανάλυσης 150 μέτρων 

χρησιμοποιήθηκε για την παρούσα εργασία. Αρχικά παρήχθησαν από το Ψ.Μ.Υ.Α. οι 

κλίσεις, η καμπυλότητα παράλληλα στη διεύθυνση κλίσης και η παράμετρος percentile. 

Για την εξαγωγή των γεωμορφολογικών κλάσεων discontinuities, faults like and fault 

surface στο τελικό επίπεδο level 4, πραγματοποιήθηκαν τέσσερις διαφορετικές 

κατατμήσεις. Στα προηγούμενα επίπεδα, ταξινομήθηκαν και άλλα γεωμορφολογικά 

χαρακτηριστικά όπως continental platform και continental slope. Τα αποτελέσματα 

αξιολογήθηκαν ποιοτικά και ποσοτικά με τη σύγκρισή του τεκτονικού χάρτη της 
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περιοχής που δημιουργήθηκε από την ανάλυση των σεισμικών προφίλ. Τα 

αποτελέσματα της σύγκρισης των δύο μεθόδων ήταν ικανοποιητικά και η 

αντικειμενοστρεφής ανάλυση που αναπτύχθηκε θεωρείται επιτυχής. 

Λέξεις κλειδιά: Ψηφιακό Μοντέλο Υποθαλάσσιου Αναγλύφου, γεωμορφομετρία, 

ρήγματα, ρηξιγενείς επιφάνειες 

1. Introduction 

The Aegean region is characterized by special and intense geomorphological features, both on land 

and offshore. This particular morphology occurs since the Hellenic Arc is on the verge of the 

Eurasian plate, bordering the African lithospheric plate (Le Pichon and Angelier, 1979). This fact 

enhances the seismicity of Greece since the undersea faults are responsible for causing major 

earthquakes with high magnitude (Papazachos, 1980). Mapping submarine fault surfaces, is of great 

importance, and in general mapping and collecting offshore data can be carried out only in situ using 

advanced technological instruments and in highly increased cost such as multi-sonar (multi-beam) 

echosounder, usually attached below an oceanographic vessel. 

Morphological analysis of the seafloor is considered a rather tedious and time consuming task 

requiring expertise. Therefore, semi-automated or computer assisted processes are crucial in terms 

of economy. The present work is based on Object Based Image Analysis (OBIA) which is a method 

based on the idea that important semantic information necessary to interpret an image is mostly not 

represented in single pixels but in meaningful image objects and their mutual relations (Baatz and 

Schape, 1999) and has been employed for the interpretation and classification of satellite imagery 

and Digital Elevation Models (DEM) of the land surface (Argialas and Tzotsos, 2003). The 

objectives of this study were the development of an OBIA approach for extracting specific landforms 

through a digital seabed elevation model (resolution 150x 150 meters) of the North Aegean Basin 

and the investigation of the ability of this kind of analysis, in comparison to the techniques of 

morphotectonic analysis. 

2. Physical setting 

The North Aegean Basin is located in the northern part of the Aegean Sea behind the main active 

part of the Hellenic Orogenic Arc, which was formed within the convergence zone between the 

northward-subducting African plate and the Hellenic margin of the Eurasia plate (McKenzie, 1970, 

1972; Angelier, 1979; Angelier et al., 1981). The Aegean has split a pre-existing tectonized 

continental crust and is also stretching in response to a general westward motion of the Turkish-

Anatolian continental block imposed by the southern collision of the Arabian plate in the late 

Miocene. Because of this specific geodynamic setting, the Aegean has been considered a “deforming 

microplate” bordered by the westward extension the Anatolian fault zone to the North 

accommodated by dextral strike slip motion and the Levantine segment of the Hellenic subduction 

zone. (Brunn, 1976; Angelier, 1979, 1981; Ṣengӧr, 1979; Taymaz et al., 1991; Jackson, 1994; 

Armijo et al., 1999; Papanikolaou et al., 2006.) 

The overall basin geometry is a rectangular tetrahedron shaped by the major slope discontinuity 

separating the continental platform from the continental slope. The area distribution with depth shows 

a maximum at depths between 300 and 450 m along the sub-horizontal edge of the continental platform 

and at depths between 1000 and 1200 m at the basinal areas of the sub-basins. The active fault zones 

characterized by slope values >20% are trending to NE-SW (N460) and NW-SE (N1360). Some 

secondary E-W faults are also present within the basin (Papanikolaou et al., 2002). 

3. Materials and methods 

The multi-beam bathymetric survey was carried out on the research vessel AEGAEO of the Hellenic 

Centre for Marine Research (HCMR) using “SEABEAM 2120” swath system. The SEABEAM 

2120 is a hull-mounted system operating at 20 kHz to work at water depths not exceeding 6000 m, 
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for which the swath width varies from about 7.5 to 1.15 times the water depth for depths of 1000-

5000 m, respectively. It has an angular coverage sector of 150o with 149 beams of 1.8o spaced 1o 

apart, thus giving about 50% overlap. Having variable swath coverage, from less than 1 km for 

depths below 300 m to more than 4.5 km for depths over 1000 m, a total area of 11.200 km2 was 

mapped (Papanikolaou et al., 2002, 2006). 

For the Object Based Image Analysis (OBIA) approach the eCognition 8.7 software was employed. 

The eCognition software (Trimble, 2011) employs a variety of algorithms in order to create objects 

through the segmentation process, and then to classify them based on a selected number of features. 

This paper aims to identify morphotectonic and morphological features (i.e. fault surfaces, faults, 

discontinuities, continental platform, continental slope, basins) in the North Aegean Basin 

characterized by complex seabed morphology and a variety of tectonic elements. The main 

morphological structures of this region which will be extracted through the object based image 

analysis are the continental platform, the continental slope, the basins (inside the basinal area) and 

the morphotectonic features discontinuities, faults like and the fault surface. 

3.1 Preprocessing 

The bathymetric data generated, in the way described above, consist of a Digital Seabed Elevation 

Model in a .grd format. Firstly, the DSEM was transformed from WGS 84 geographic coordinate 

system to the Hellenic Geodetic Reference System 87, using bilinear transformation in the 

environment of ERMapper. In the next step, the image values were normalized in the range from 0 

to 255, as the image was originally in negative elevation values (depth). In Figure 1, the areas shown 

in dark color, correspond to the deepest areas while those having high values of brightness, which 

appear lighter, correspond to rather shallow areas. 

 

Figure 1 - Representation of the DSEM of the study area with brightness values 0-255. 

It was observed that the DSEM contained noise, therefore various smoothing filters were applied in 

order to choose the best among the Median 11x11, Gaussian 11x11 and Mean 11x11. The results of 

these filters appear in Figure 1a, 1b, 1c respectively. Upon comparison, the Gaussian 11x11 filter 

was chosen because a mean smoothing of the whole image was achieved, compared to the other two 

filters, as shown in Figure 1a and 1c. 

3.2 Computation of Geomorphometric parameters from the DSEM 

In order to describe the landform classes in OBIA, one needs appropriate features. Geomorphometric 

processing of the DSEM provided such features, e.g slope gradient, profile curvature and percentile. 

To compute these features a mathematical model is required describing the surface employed. The 

most widely used mathematical models are those of Evans - Young (Evans, 1972; Young, 1978) and 
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Zevenbergen and Thorne, 1987. For the needs of this paper the Evans-Young approach was applied 

through the ERMapper software. 

Slope gradient reflects the maximal rate of change of elevation values. Slope gradient can be 

expressed in radians or degrees, but it is usual (and more practical in many fields) to reflect its values 

in %, The structure of a DEM as a grid is equivalent to a raster image simulating depth values to 

brightness values from 0 to 255. As mentioned above, the deepest areas correspond to low values of 

brightness e.g. close to zero, while the shallower to brighter ones e.g. close to 255. 

As regards the recognition of curvatures on a slope, there are four normal sections known as: profile 

(or vertical) curvature, tangential (or horizontal) curvature, maximal curvature and minimal 

curvature. The profile (or vertical) curvature and tangential (or horizontal) curvature can be used to 

distinguish (locally) convex and concave shapes. Concave tangential curvature indicates 

convergence and convex divergence of flow lines. Convex profile curvature indicates acceleration 

of flow and concave deceleration of flow. 

Percentile calculates the area that is lower than the central point within a predetermined 

neighborhood, resulting in a percentile range from 0 (central point is the lowest point within a 

predetermined neighborhood) to 100 (central point is the highest point within a predetermined 

neighborhood). An advantage of the percentile usage is that the well-defined range, makes its 

application simple and robust (Wilson and Gallant, 2000). For the needs of this paper, many different 

radii of percentile were tested on the Saga GIS software, and percentile with a radius of 100 was 

finally chosen, for the reasons described in each class where percentile was used. 

3.3 Segmentation and classification of digital seabed elevation model (DSEM) 

The DSEM and the derived geomorphometric features slope gradient, curvatures and percentile were 

imported into the eCognition software. In this study, OBIA was applied through the eCognition softw

are and this approach includes two basic procedures: segmentation and classification (Baatz and Scha

pe, 1999). Through segmentation, the DSEM is segmented into objects. eCognition provides the algo

rithm “multiresolution segmentation”, with which the pixels are merged into objects taking into acco

unt user set parameters such as the desirable heterogeneity, the size and the shape of the objects to be 

created. Different segmentation parameters can be applied creating different objects in various 

resolution levels of hierarchy in the same image. Subsequently, the user defines the classes of interest 

assigning selected attributes and their values through fuzzy membership functions to each class. The 

objects of the image are then classified through fuzzy logic into the selected classes, each obtaining the 

proper membership value to each class. 

With an initial criterion of the nature and size of the objects to be exported, eventually four differe

nt levels of segmentation with different scales were set, with the number of levels to follow the ord

er of creation. The next step, after segmentation, was concerning the class creation, choosing and a

pplying the right membership functions for each class feature independently. 

4. Results 

Level 1 

Level 1 was created aiming at mapping large objects, such as continental platform, so a large scale 

parameter (500) was used for segmentation, while shape was set to 0.1 and compactness to 0.5 so 

that to obtain large compact objects (Figure 2a). Then, the continental platform(1) and not 

continental platform(1) were defined. As continental platform(1) is defined as a flat, shallow area of 

the seabed, the percentile parameter was used with a value of 100, because the central point of each 

predetermined neighborhood of 100 pixels composing the continental platform, represents the 

highest point in it, by definition of the percentile parameter. In order to select the optimum radius of 

100 pixels, many tests were made from a radius of 10 to 100. In order continental platform(1) to be 

classified, a fuzzy s-shaped membership function was used on mean percentile with a radius of 100. 
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The left side of the s-shaped membership function is defined at 68.9 and the right side at 69. Objects 

with lower values than the left side value of the membership function have membership value 0, 

while objects with higher values than the right side value have membership value 1. Objects with 

values falling within the range (left side value - right side value) of the membership function have 

membership values ranging from 0 to 1. 

The not continental platform(1) class was determined, with an inversion of the expression of the 

class continental platform(1) and it was created for further classification in lower levels. The result 

of this level’s classification is shown on Figure 2b with the corresponding legend. 

 

Figure 2 - a: Segmentation result of level 1 with scale parameter 500 (shape 0.1, compactness 

0.5), b: The classification result of level 1. 

Level 2 

Level 2 aimed at defining the basins(2) of the study area. The first step was to choose the most 

appropriate scale for segmentation. After trial and error testing, a scale of 50 was chosen because it 

was the most suitable to represent the shape and the size of the various basins (Figure 3a).The shape 

and compactness were set to 0.4 and 0.3 corespondingly. 

As regards the classification of level 2, knowing that a basic characteristic of a basin is its large 

depth compared with the surroundings, the mean percentile with a radius of 100, was again used, 

with the left side of the z-shaped membership function at 27 and the right side at 27.0001, where the 

central point of each basin is the lowest point within the neighborhood of 100 pixels. The value of 

27 was chosen after trial and error testing. The second criterion for basin exctraction was, the 

existence of super object in not continental platform(1) of level 1, i.e. all the objects of level 2 must 

be included in the class of not continental platform(1). Furtheremore, in this level, another class was 

created by an inversion of the class basins(2) with mostly a semantic character and that was the not 

basins(2) class. The classification result of level 2 is shown on Figure 3b with the corresponding 

legend. 

Level 3 

The objective of level 3 was the extraction of the continental slope(3) and the projection of basins(2) 

and continental platform(1) from level 2 and level 1, respectively, to level 3. Thus, more detailed 

segmentation was applied, with scale 5, shape 0.1 and compactness 0.5, for the determination of the 

exact location of continental slope, as it is a kind of landform with a linear shape, with a steep slope 

gradient and it has a relative border to continental platform. A part of the segmentation result is 

shown in Figure 4a. 
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Figure 3 - a: Segmentation result of level 2 with scale parameter 50 (shape 0.4, compactness 

0.3), b: The classification result of level 2. 

In order for continental slope(3) to be defined, a spatial criterion was used, starting (by definition) 

that the continental slope(3) must have a relative border with the continental platform(3) more than 

20% and also the mean slope must be more than 5% taking into consideration that the continental 

slope(3) is a steep area where the transition from the continental platform(3) to basinal area is taking 

place. The result of level 3 classification is shown on Figure 4b. 

Figure 4 - a: A part of the segmentation result of level 3 with scale parameter 5, shape 0.1, 

compactness 0.5, b: The classification result of level 3. 

Level 4 

The aim of level 4 was the extraction of the fault surface(4). Fault surface, generally, is called the 

surface along which the two blocks move respectively to each other, so in this case is the area 

disclosed between discontinuity and the trace of the fault, while it is on the continental slope area. 

So, firstly, a new very fine segmentation, with scale 1, shape 0.9, and compactness 0.9, was chosen 

in order to define the linear discontinuities and fault features. The segmentation result is almost pixel 

based, so a part of the whole area appears on Figure 5a. In level 4, five classes were classified in 

which continental platform(1) and continental slope(3) were projected from level 1 and level 3, 

respectively, while discontinuities(4), faults like(4) and fault surface(4) were defined at this level. 

The class faults like(4) is followed by “like” as the extracted faults were based on morphological 
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criteria and not on the analysis of the seismic profiles. So, the criterion for the class faults like(4) is 

the maximum pixel value of profile curvature ≤ -10-5 , while the criterion for the discontinuities(4) 

class is the mean profile curvature ≥ 10-7. The negative values of profile curvature indicate the 

concavity, and the positive values the convexity (Olaya, 2004). The discontinuities appear when 

there is a transition from mild to steep ground and that is a convex area, while the opposite, from 

steep to normal it is a concave ground which describes the fault-like class. The criterion for the 

classification of fault surface(4) class is based on the spatial relationship between the classes faults 

like(4) and discontinuities(4). Specifically, the fault surface(4) class has by definition a relative 

border with faultslike(4) and discontinuities(4). The result after this classification is shown on Figure 

5b, where the class fault surface(4) is illustrated with dark brown colour, the faults like(4) with light 

green and the discontinuities(4) with pink. 

Figure 5 - a: A part of the segmentation result of level 4 with scale parameter 1 (shape 0.9, 

compactness 0.9), b: The classification result of level 4. 

5. Discussion 

In order to evaluate the results of the landforms extracted through Object Based Image Analysis, a 

comparison took place with existing morphological and tectonic maps for this area. The 

classification result of basins(3) was compared with a morphotectonic sketch map (Papanikolaou et 

al., 2002), Figure 6a. In Figure 6b, the two basins, within orange circles, were probably 

misclassified, as they don’t exist in Figure 6a. The four basins inside the rectangles were successfully 

classified as basins but comparing them with Figure 6a, they appear (in Figure 6b) to be merged 

with a neighboring basin. These divergences are explained below. The determination of the basins 

was made using the “percentile” parameter with a radius of 100. Even though, through a trial and 

error process, it turned out to be the most suitable for this case, the merging of small basins took 

place because of the relatively small distance between two basins in combination with the radius 

used, which contributed to the optimal detection of large basins. It is to be noticed that the most 

difficult landform to be extracted, in the whole area involved the basins. This occurred because all 

of the basins had their own characteristics and not common ones and thus it was difficult to find a 

single morphometric parameter to describe their morphometry. All of the basins did not have neither 

the same orientation, nor the same size etc. But, despite these difficulties, the advantage of OBIA 

was that all of the sub-basins of the North Aegean Basin were finally successfully identified. 
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Figure 6 - a: The Morphotectonic sketch map illustrating the basins of N.Aegean 

(Papanikolaou et al., 2002), b: The classification result of level 2 illustrating the extracted 

basins. 

To continue with, the classification result of continental platform (1) and continental slope (2) was 

compared to the bathymetric map (after Papanikolaou et al., 2002). In the bathymetric map, the 

classification of continental platform, continental slope and basinal area, as it is shown on the legend 

of Figure 7a, was based only on their different depths, while the continental platform and continental 

slope extracted through OBIA shown in Figure 7b, was based on the value of mean percentile. 

Despite this, the continental platform was identified successfully comparing the green colour of 

Figure 7b with the grey colour of Figure 7a. The continental slope (2) (yellow area in Figure 7b) 

which has been extracted based on the mean slope criterion, appears as a narrow strip comparing 

with the wide area of continental slope (white area) in Figure 7a. These divergences, occur because 

of the different approaches applied for determining the continental slope, something that was quite 

expected in this case, as the boundaries of the continental slope couldn’t be exactly the same when 

the landform in one case (Figure 7a) is interpreted qualitatively and on the other is extracted 

quantitatively through geomorphometric parameters (Figure 7b). 

 

Figure 7 - a: The bathymetric map of the N.Aegean basin (after Papanikolaou et al., 2002), b: The 

classification result of level 3 illustrating the extracted continental slope and continental platform. 
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Finally, the class faults like (4) is compared with faults resulted from the analysis of single channel 

airgun seismic profiles (Papanikolaou et al., 2006), (Figure 8). 

 

Figure 8 - The tectonic map of the North Aegean Basin (Papanikolaou, 2006). 

In Figure 9 the faults digitized from the existing tectonic map of the North Aegean Basin (Papanikolaou 

et al., 2006) are shown in blue colour, while the class faults like (4) are shown in green and the 

discontinuities(4) in pink. In detail, the thin blue lines that represent the real existed faults of the seabed, 

they have a very good overlap in their majority, with the faults like (4) resulted from OBIA. 

Consequently, even though the class faults like (4) was automatically extracted based only on terrain 

morphology, there is a very good overlap close to 70% with the real existed faults of the seabed. So, it 

is confirmed that automatic methods, like Object Based Image Analysis (OBIA), has both advantages 

and disadvantages. The advantages are: i) its processing speed, ii) the existence of a multitude of 

alternative software classification algorithms, iii) clearly declared subjective rules. A drawback, 

however, is that the extracted results, depend on the quality of the digital terrain model employed. So 

the more detailed the digital terrain model is, the better the derived landforms would be. 

6. Conclusion 

Based on the comparison of the above maps, it is concluded that the developed OBIA approach was 

successful, as all of the sub-basins of the North Aegean Basin were identified, the continental 

platform and continental slope were correctly identified in the whole submarine area even though 

some divergences existed, due to the different approach of the reference map. Finally, the class faults 

like(4), despite the totally different nature of the approach, it was compared with the tectonic map 

and the morphologically extracted faults coincide quite well with the real faults The most important 

conclusion of this study is that using Object Based Image Analysis in swath data, permits the 

compilation of the morphotectonic sketch map of the North Aegean Basin based only on the 

morphological features without analyzing seismic profiles which sometimes are not existed. The 

OBIA approach is expected to be even more successful and precise on identifying geomorphological 

features with a better resolution DSEM, or with AUV data and it would be even more interesting in 

applying this approach to sidescan sonar images. 
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Figure 9 - The overlay of the digitized faults (thin blue lines) of the tectonic map on the faults 

like (4) (green lines) resulted from OBIA. 
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Abstract 

This paper concerns the study of the seafloor through digital seabed elevation models, 

using object based image analysis methods. The goal of this research was the 

automated extraction of geomorphological features from the seabed in regions 

presenting intense volcanic activity. The study area is located around the submarine 

volcano of the Kolοumbo (in the submarine area northeast of the Santorini island, 

Greece). For this purpose, a Digital Elevation Model (DEM) of the seabed with a 

spatial resolution of 50m was used. Derivatives of the DEM, such us Slope, 

Topographic Position Index (TPI) and Terrain Ruggedness Index (TRI) were created 

in the open source software "QGIS 2.4". The implementation of the object based 

image analysis approach was performed in eCognition 8.7 software. Nine 

segmentation and classification levels were created in order to produce the final level 

segmentation "level 5", where the final geomorphological features were classified. 

The results of the method were evaluated using classification stability measures and 

qualitative and quantitative comparison of the results with existing map. 
Keywords: Geomorphology, Koloumbo, Greek volcanic arc. 

Περίληψη 

Η παρούσα μελέτη, αφορά στη μελέτη του θαλάσσιου πυθμένα από ψηφιακά μοντέλα 

αναγλύφου, με την ανάπτυξη μεθοδολογίας αντικειμενοστρεφούς ανάλυσης εικόνας. Έχει 

ως στόχο την αυτοματοποιημένη εξαγωγή γεωμορφολογικών χαρακτηριστικών πυθμένα, 

στον οποίο εντοπίζεται έντονη ηφαιστειακή δραστηριότητα. Η περιοχή μελέτης βρίσκεται 

στη λεκάνη της Ανύδρου, όπου δεσπόζει το υποθαλάσσιο ηφαίστειο του Κολούμπο, καθώς 

και μικρότεροι υποθαλάσσιοι ηφαιστειακοί κώνοι, 7 χλμ βορειοανατολικά της 

Σαντορίνης. Για το σκοπό αυτό, έγινε χρήση ψηφιακού μοντέλου αναγλύφου πυθμένα 

χωρικής ανάλυσης 50m και των παραγώγων αυτού: Slope, Topographic Position Index 

(TPI) και Terrain Ruggedness Index (TRI). Δημιουργήθηκαν συνολικά εννέα επίπεδα 

κατάτμησης και ταξινόμησης με στόχο την παραγωγή του τελικού επιπέδου κατάτμησης 

“level 5”, στο οποίο και ταξινομήθηκαν οι τελικές κατηγορίες γεωμορφολογικών 

χαρακτηριστικών. Τα αποτελέσματα της μεθόδου αξιολογήθηκαν με τη χρήση 
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αλγορίθμων που αφορούν την ευστάθεια της ταξινόμησης, αλλά και με ποιοτική και 

ποσοτική σύγκριση των αποτελεσμάτων με υπάρχων χαρτογραφικό υλικό. 
Λέξεις κλειδιά: Γεωμορφές, Κολούμπο, Ελληνικό ηφαιστειακό τόξο, 

Αντικειμενοστρεφής Ανάλυση Εικόνας. 

1. Introduction 

The goal of this paper was to investigate the potential of the Object-based Image Analysis (OBIA) 

approach in mapping geomorphological features from a digital seabed elevation model (with a 

spatial resolution of 50m. The existing volcanic landforms were mapped and compared qualitatively 

and quantitatively with existing data. 

The study area is located in the Koloumbo volcanic chain and it extends 20 km to the northeast of 

Santorini (Figure 1). It is composed of more than 19 volcanic cones of varying sizes, which are 

aligned along two distinct linear trends (N 29°E and N42ºE) that converge at the point of the 

Koloumbo volcano. Koloumbo is the largest of the submarine volcanic cones along the volcanic rift 

NE of Santorini. It has an ellipsoidal shape with the major axis trending NE-SW. The diameter of 

the Koloumbo volcanic cone is approximately 3 km, whereas the crater diameter is 1, 7 km. The 

average depth of the caldera rim lies at about 150 m depth forming a submarine circular cliff with 

the shallowest point at only 18 m below sea level. Within the cone there is a relatively flat-lying 

crater floor with an average depth of about 505 m (Nomikou, 2003; Nomikou, 2012, 2013a, b). 

 

Figure 1 - Swath bathymetric map of the submarine Kolοumbo volcanic chain using 10m 

isobaths (Nomikou et al., 2012). Left inset: Geographical index map. 

2. Object Based Image Analysis (OBIA) 

Object based image analysis (OBIA) is a new approach for analysis and classification of digital 

images. According to Hay and Castilla (2006), OBIA is a special application of geographic 

information systems intended to introduce semantic objects in image analysis that incorporate spatial 

and quantitative features. With image segmentation and classification procedures, OBIA manages 

to consider and associate different image objects, towards deriving image semantics (Gercek, 2010). 

OBIA enables the creation of a hierarchy of multiple levels consisting of uniform in tone and shape 
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image objects, that know both their neighbors at the same level as well as objects that are above or 

below them. At the same time, OBIA is employing statistical parameters relating to the color of 

objects (average tone, standard deviation, texture etc.) and properties that relate to the shape of 

objects (orientation, length, width, elongation, curvature, compactness, etc.). After each 

segmentation step, there is the possibility of restructuring the derived objects so that to refine them. 

The restructuring can be done with two different algorithms: “merge region” or “grow region”. The 

algorithm “merge region” consists a basic tool used in this paper, for merging all neighboring object 

of a class in a large object. The classification results are not changing, but only the number of objects 

is being reduced by merging (Trimble, 2011). 

3. Datasets and DEM derivatives 

A digital elevation model (DEM) of the seabed, with a spatial resolution of 50m, was provided by 

the “Hellenic Centre for Marine Research”. Its indices [Slope, Topographic Position Index (TPI) 

and Terrain Ruggedness Index (TRI)], were computed in the open software “QGIS 2.4” (Figure 2). 

 

Figure 2 - Digital elevation model (DEM) of the seabed and its derivatives Slope, TPI and TRI. 

Slope measures the rate of change of altitude in the direction with the largest slope (Wilson and 

Gallant, 2000). Areas with great slopes are displayed with light grey tones. The Topographic 

Position Index, compares the altitude of each pixel of the digital elevation model, with the average 

elevation of a particular region around the pixel. The Terrain Ruggedness Index, shows the 

heterogeneity present on the seabed by computing the total change in altitude between a pixel and 

its eight neighboring pixels (Riley et.al., 1999). 

4. Methodology – Implementation 

In this study, OBIA was applied through the eCognition software and it includes segmentation and 

classification. Through segmentation, the DEM is segmented into objects through user-set 

parameters such as the desirable heterogeneity reflecting the size and the shape of the objects to be 

created. Different segmentation parameters can be applied creating different objects in various 

resolution levels of hierarchy in the same image. Objects in higher levels are referred to as super-

objects, while in lower levels as sub-objects, creating a hierarchical objects network. The objects 

created have shape, spatial and spectral attributes such as size, area, position, relations to super- or 

sub-objects etc. Subsequently, the user defines the classes of interest assigning selected attributes 

and their values through fuzzy membership functions to each class. The objects of the image are 

then classified through fuzzy logic into the selected classes, each obtaining the proper membership 

value to each class (Baatz and Schape, 1999). 

Multiresolution segmentation tests were performed, in which many combinations of scale 

parameters, homogeneity criteria and weights were used in each image layer. Nine different 

segmentation levels were finally selected through photo-interpretation. In the following, all 
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landforms classes appear in italics while a number at the end of a class name indicates the 

segmentation level. 

Level 1 was created for an initial separation of the areas where there are bathymetric data (interesting 

area 1), from the areas where there are no bathymetric data (background 1). For this purpose, 

segmentation was carried out with a very small scale parameter (=10) and returned very small 

objects. Class interesting area 1, included objects which had elevation values greater than -700m in 

the thematic level of the digital elevation model. By applying the algorithm “merge region”, the 

class interesting area 1, was composed of a single object. 

Level 2 and 3 were created in order to distinguish objects belonging to volcano domes or cones with 

great slope (>10%) (Figure 3). 

Level 2 was created primarily to distinguish objects that are likely to belong to volcano domes or 

cones with great slopes (>10%) or to inner crater walls. A small scale parameter (=10) was 

employed and thus very small objects were created. Totally, five classes were created by employing 

only the slope parameter. Then, for each class the algorithm “merge region” was applied, for 

merging neighboring objects of the same class into one object. 

In order to identify objects which eventually would be categorized as volcanic dome or cones with 

great slope (>10%), level 3 was created. Segmentation took place with small scale parameter (=10) 

and only the slope feature was employed. In the initial classification of this level, the purpose was 

to distinguish objects that are likely to belong to volcano domes or cones with great slopes (>10%) 

or to inner crater walls (as classified in level 2) and then further normalization took place of the 

boundaries of these objects, using the function “Relative border to”. In the second classification of 

this level (after “merge region”), the purpose was to distinguish the objects that eventually would be 

categorized as volcano domes or cones with great slope (>10%). At first, “merge region” was 

applied for all classes of level 3. Then reclassification took place in order to employ the properties 

reflecting the integrated structure of a volcanic dome (area, compactness and positive values of TPI 

index). 

 

Figure 3 – OBIA classification results for levels 2 and 3. 

Level 4 was then created in order to identify the inner crater walls (with mild or great slope), and 

the crater floor (Figure 4). At first, segmentation took place with a small scale parameter (=10) and 

objects likely to belong to inner crater walls, were classified as inner crater walls like 4, based on 

large values of slope and by employing the function “Relative border to”. Afterwards, the algorithm 
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“merge region” was applied for all classes and 16 intermediate landforms classes were created. 

Finally, the desired landforms [inner crater walls (mild slope), inner crater walls (great slope) and 

the crater floor] were derived based on the features area, TRI, TPI, “Distance to” and “Relative 

Border to”. As an example, the category inner crater walls, was identified based on large values of 

slope and it’s almost circular shape, while the landform class crater floor was identified based on 

the relative proximity with the category inner crater walls. 

 

Figure 4 – OBIA classification results for level 4. 

Level 6 was created in order to identify the volcano domes with mild slopes or peak of volcano domes 

with great slopes and the crater of volcano cones. In the previous levels (3 and 4), it was not possible 

to identify those categories, due to their small size and their mild slope. In this level, the thematic level 

of DEM was employed with weight value 3 (producing objects resembling the depth contours), while 

the thematic level of slope was given weight value 1. With a large scale parameter (=100) and weight 

value 3 for the thematic level of DEM, each landform class consisted of one to three objects. The 

objects of class crater of volcano cone like 6 have negative values of TPI, as they are at lower heights 

than their neighboring objects, contrary to the objects of class volcano with mild slopes or peak of 

volcano dome with great slopes like 6 (a) that have positive values of TPI, as they are at higher 

elevations than their neighboring objects. After the classification, the command “merge region” was 

applied for all classes. In Figure 5, 21 volcano domes with mild slopes or peak of volcano dome with 

great slopes and two craters of volcano cones were derived. 

Objects on level 7 were created in order to identify the volcano domes with mild slope, which were 

not classified at level 6 (with a relative large size) (Figure 6). Segmentation took place by assigning 

weigh 1 to both DEM and slope thematic layers, while the shape criterion was set as 0,3 and the 

compactness criterion as 0,9. This segmentation of DEM resulted into objects resembling the depth 

contours. A large scale parameter (=260) was applied, and resulted to each landform class to be 

composed of a single object. For the classification of objects that belong to the class volcano dome 

with mild slope like 7 (b), small values of compactness, positive values of TPI and mild values of 

slope were applied. 
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Figure 5 – OBIA classification results for level 6, before and after merging regions. 

.  

Figure 6 – OBIA classification results for level 7, before and after merging regions. 

Level 8 was created in order to identify objects that belong to not flank volcano like 8 on the south 

side of the Koloumbo. Because in the southern area of Koloumbo, slopes are large and continue to 

be intense even outside of the volcano area (according to photo-interpretation), it was necessary to 

create a large segmentation level (the creation of which took into account the homogeneity of the 

wider area), so by creating large objects to determine the south boundaries of the flank of Koloumbo 

(Figure 7). For such a segmentation, the thematic layer of slope was used and a large scale parameter 

(=300) (for the creation of large objects) was assigned. Shape was set to 0,1 and compactness to 0,9 

(so as to create compact shapes). Objects with large values of area (where there are not intense 

changes of slope), were classified as not flank volcano like 8. After the classification, the command 

“merge region” was applied for all classes. 

Level 9 was created in order to identify the flanks of volcano (Figure 8). Level 9 was created after 

the creation of all higher levels and the application of command “merge region” to them. For this 

segmentation the following parameters were selected: scale 1, shape 0,1 and compactness 0,5. The 

class flank volcano like (a) 9 was determined based on the relative proximity to the class crater 

floor, which was determined at level 4. 
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Figure 7 – OBIA classification results for level 8, before and after merging regions. 

 

Figure 8 – Classification of objects in level 9. 

Level 5 consisted the final map (Figure 9), in which the total number of landform classes were 

identified. The final categories identified in previous levels, were introduced with the function 

“Existence of”, while the class inner crater walls (great slope) 2/2 5, was created in order to classify 

an object as inner crater walls (based on its proximity to crater floor). Basins, for reasons of 

cartographic representation, were divided into four categories depending on the range of depth 

values. 

5. Evaluation 

For the quantitative evaluation of extracted objects, the established indices Completeness, 

Correctness και Overall Quality (Mariano et al., 2002) were employed. For computing these indices, 

it was necessary to digitize the boundaries of all extracted objects and those derived by photo-

interpretation. Digitization was applied in the ArcGIS software. The computation of the above 

indices, took place by comparing the results of digitized photo-interpretation boundaries to the 

extracted feature boundaries (Figure 10). 
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Figure 9 –The final map containing all derived final landform classes. 

 

Figure 10 - Digitization of boundaries, a) as determined by photo-interpretation, and b) as 

produced by object based image analysis. 

The lowest accuracy was observed in the flanks of Koloumbo (Table 1). This is expected as the 

assessment of the boundaries of the flanks of Koloumbo (by photo-interpretation), contain a high 

degree of uncertainty. The crater floor presents the second best overall quality, while the overall 

quality of inner crater walls was the best. The correctness of inner crater walls is approaching the 

unit. Finally, the volcano domes-cones, present the third best overall quality. Generally, the results 

of the quantitative evaluation have shown that all developed object based analysis rules, gave 

satisfactory results for the extraction of landforms classes in the region. 

Table 1 - Classification Accuracy. 

Class Completeness Correctness Quality 

Volcano domes-cones 78.30% 84.75% 68.63% 

Flanks of  Koloumbo 66.23% 87.53% 60.52% 

Inner crater walls 88.04% 98.90% 87.19% 

Crater floor 74.59% 93.81% 71.09% 
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6. Conclusion 

This work has shown that the developed OBIA approach through a digital elevation model is a useful 

tool for the automated extraction of geomorphological features of seabed. 

Finer segmentation was employed to distinguish volcanic landforms with great slopes, while coarser 

segmentation was employed for the recognition of volcanic domes-cones with small slopes (that are 

not easily distinguished from the surrounding environment). 

It ιs worth noting that the inner crater walls, as determined by quantitative evaluation of the results, 

was the landform class detected with the highest accuracy. This seems reasonable, given the very 

specific form of this feature, which is easily distinguishable from the neighboring environment (great 

slope with almost circular shape). 

By using higher resolution DEM, it is expected greater accuracy to be achieved. 
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Abstract 

The non-destructive methods are necessary in the investigation of the physical and 

mechanical properties of the materials in monuments. In this framework the 

ultrasonic velocities were used in situ for the elaboration and evaluation of the 

weathering on the surfaces of monuments. Additionally, the P-wave velocities were 

used for the estimation of the depth of weathered zone, as well as the depth of cracks 

at the surface of the monument. This estimation was performed on a Jewish tomb 

placed in the AUTH university campus between the building of Law and Economic 

Sciences and the Administration building, of the Aristotle University of Thessaloniki. 

Keywords: non-destructive methods; ultrasonic velocities; historical monument; 

surface weathering degree; depth of cracks. 

Περίληψη 

Οι μη καταστροφικές μέθοδοι είναι απαραίτητες στην έρευνα των φυσικών και 

μηχανικών ιδιοτήτων των υλικών των ιστορικών μνημείων. Σε αυτή την εργασία 

χρησιμοποιήθηκαν επί τόπου οι ταχύτητες των υπερήχων για την εκτίμηση και 

αξιολόγηση της αποσάθρωσης των επιφανειών των μνημείων. Επιπρόσθετα, οι 

ταχύτητες των P-κυμάτων χρησιμοποιήθηκαν για την εκτίμηση του βάθους της 

αποσαθρωμένης ζώνης, αλλά και του βάθους των ρωγμών. Αυτή η εργασία έλαβε χώρα 

στον Εβραϊκό τάφο που βρίσκεται στο χώρο του Αριστοτελείου Πανεπιστημίου 

Θεσσαλονίκης, μεταξύ του κτιρίου Διοίκησης και της Νομικής σχολής. 

Λέξεις κλειδιά: μη καταστροφικές μέθοδοι, ταχύτητες υπερήχων, ιστορικό μνημείο, 

αποσάθρωση επιφανειών, βάθος ρωγμών. 

1. Introduction 

The ultrasonic velocity method is an in situ, Non-Destructive technique which is used for the 

evaluation of surface conditions on historical monuments, without receiving testing materials. The 

results give the opportunity of recording and evaluating data, consisting major factors of quality and 

weathering of the surfaces. The implementation of this method took place in one of the most 
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impressive monuments in the Aristotle University of Thessaloniki (Christaras, 2009), (Figure 1, 

Figure 2). 

  

Figure 1 - A general option of the 

monument. 

Figure 2 - The entrance of the monument. 

This tomb dates in the first quarter of 4th century and belongs to a member of Israelite community 

in Thessaloniki and was founded in university campus between the central administration building 

and the building of Law and Economic Sciences. It is about a well-preserved historical monument 

with favorable position for taking the ultrasonic measurements (Marki, 2001). 

2. Methodology 

For evaluating the weathering degree of the monument surfaces were used two ultrasonic devices, 

the SURFER ultrasonic detector (Figure 3) and the PUNDIT ultrasonic non-destructive digital tester 

(Figure 4), (Bruneau et al., 1995). The SURFER detector is applicable for measurement of 

ultrasound velocity and time of longitudinal ultrasound waves propagation in solid materials at 

surface sounding testing method for estimating the quality of the materials. This estimation is based 

on the correlation of ultrasound waves velocity in material to its physic and mechanical 

characteristics and physical statement. The SURFER gives the chance of estimating the depth of the 

crack (mm) on the surface by calculating the time of ultrasonic waves propagation. This device 

maintains a stable distance between the two ultrasonic probes (15cm) which gives the ability of 

mapping and allocating the weathering of specific surfaces.  

  

Figure 3 - The SURFER ultrasonic 

detector. 

Figure 4 - The PUNDIT ultrasonic 

device. 

On the other hand, the PUNDIT ultrasonic non-destructive digital tester is a good index 

characteristic for determining the physic-mechanical behavior and evaluating the weathering degree 
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of the rocks. For the measurements a pair of small edge transducers was used for estimating the P-

wave velocity for the determination of the depth. The tests held out by using the indirect method 

referring to arrangement of the transducers (transmitter and receiver) on the same surface of the 

stone. The transmitter was stable along a calibrated line and the receiver was reinstalling at every 

5cm. The final result was the travel time in correlation with the distance in each place. Each pair 

(travel time-distance) is displayed on a diagram. Given the fact, that the most weathered surface 

demands longer travel time propagation, the change of slope in the plot indicates the quality of the 

material. 

The lower velocity in the surface zone is the result of the stone surface weathering. According to 

this plot, the thickness of the weathered surface layer is estimated as follows: [Vs: pulse velocity in 

the sound rock (Km/s), Vd: velocity in the damaged rock (Km/s), Xo: horizontal distance at which 

the change of slope occurs (mm), D: depth of weathering (mm)] (Bruneau et al., 1995): 

Equation 1 - Formula for estimating the thickness of the weathered surface. 

 

 

 

3. Application of the method 

First of all, the SURFER device was used for mapping 4 specific surfaces of the monument (the 

back surface, the convex one upon the back surface, the dome and the entrance of the tomb), by 

taking a big amount of measurements, approximately 459, (Figure 5). 

 

Figure 5 - The use of SURFER device on the monument. 

The application of this method was implemented for the allocation of the weathering along these 

surfaces, by the construction of 4 maps. Each map depicts the ultrasonic velocities Vp (m/sec) and 

the way they are distributed depending on the weathering conditions of each surface. The most 

weathered parts take lower values (longer travel time propagation), so in Figure 6 (back surface), it 

is obvious that the biggest part (in the right part and left half part of the tomb) is displayed with the 

lightest colors, assigning the most weathered areas, with Vp= 1200-2000 m/sec in the first most 

weathered part and Vp= 800-2000 m/sec in the second most weathered part of the back surface. 
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Figure 6 - The back surface of the monument (the maps were made with ARC GIS 2010, on 

the model by the use of the AutoCAD 2012. The legend shows the ultrasound velocities Vp 

(m/sec). 

At the same way, along the convex part, upon the back surface appears clearly the weathered part, 

the values of which range in lower levels than those in the back surface, with Vp=500-2000 m/sec 

(Figure 7). 

 

Figure 7 - The convex part upon the back surface, (the maps were made with ARC GIS 2010 

on the model, by the use of the AutoCAD 2012). The legend shows the ultrasound velocities 

Vp (m/sec). 

In Figure 8, the dome of the monument appears to have a wide weathered area which ranges between 

1000- 2000 m/sec. 

Finally, at the entrance of the tomb, there are distinguished 2 weathered areas that appear to have 

the same values both in the right and in the left semicircular part. The values of the velocity range 

at a width of 1800-2000 m/sec, (Figure 9 and 10). 
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Figure 8 - The dome of the monument, (the maps were made with ARC GIS 2010 on the model, 

by the use of the AutoCAD 2012). The legend shows the ultrasound velocities Vp (m/sec). 

 

Figure 9 - The right part of the entrance, (the maps were made with ARC GIS 2010 on the model, 

by the use of the AutoCAD 2012). The legend shows the ultrasound velocities Vp (m/sec). 

 

Figure 10- The left part of the entrance, (the maps were made with ARC GIS 2010 on the model, 

by the use of the AutoCAD 2012). The legend shows the ultrasound velocities Vp (m/sec). 
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Except for the SURFER device, PUNDIT Ultrasonic non-destructive digital tester also was used for 

determining the physic and mechanical characteristics and evaluating the weathering depth. For the 

purposes of the measurements, the indirect method was used. The final result was the travel time in 

correlation with the distance in each place. As it is known in Figure 11, the most weathered surface needs 

longer travel time propagation, so the change of slope in the plot indicates the quality of the material. 

 

Figure 11 - Estimation of the weathering depth on the surface of the dome in the Jewish 

grave. 

According to the Equation 1 was estimated the depth of each weathered zone of the surfaces of the 

monument. In detail, the back surface was devised in two areas: in the first area the depth was 

calculated in D=66 mm, while in the second one was D=92.4 mm. At the same way, the depth of 

the weathering at the convex part upon the back surface is about D=83 mm and at the dome as it is 

shown in the following plot Figure 11, the travel time of P- waves is constant in depth higher than 

D= 35mm. Furthermore, the entrance of the tomb consists of the right side with weathering depth 

D=79 mm and the left one with the same weathering depth. 

As it was mentioned before, the SURFER device gives the opportunity of determining the depth of 

the cracks of the surfaces. On the back surface of the monument are distinguished two cracks Figure 

12, the depths of which were measured as follows: for the first crack the depth is D=88 mm, while 

for the second one is D=45 mm. 

 

 

 

      

 

 

                                      2                       1                                               

Figure 12 - The two cracks on the back surface. 
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4. Conclusions 

First of all, held out the mapping of specific surfaces on the monument by allocating the ultrasonic 

velocities (Vp m/sec), using the SURFER device detector. It is observed a wide range of values of 

the velocities between 500 and 6000 m/sec depending on the case. On the other hand, the depth of 

the weathered zones of the tomb, were estimated by using the PUNDIT ultrasonic non-destructive 

digital tester. The weathering depth has a minimum value, D=35 mm and a maximum one, D=92,4 

mm with corresponding minimum velocities 800-1000 m/sec. Finally, two cracks were located and 

measured on the back surface of the monument, with the SURFER device and the depth of which 

was determined in D=88 mm and D=45 mm. 
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Abstract 

This paper is focused on the study of the South Cretan Margin, from a Digital Seabed 

Elevation Model, by employing Object Based Image Analysis. The goal is the 

automatic extraction of geomorphological and morphotectonic features based on 

morphological criteria and topological relations. A Digital Seabed Elevation Model 

of 150x150 meters resolution was employed. At first, slope, curvature, planform 

curvature, profile curvature and Topographic Position Index were derived from this 

DSEM. Five different layers of segmentation were created in order to extract the final 

geomorphological classes, Ptolemy trough, intraslope basins, main basins, small 

basins, continental shelf, plains, continental slope, escarpments, canyons, spurs, 

discontinuities, fault like and fault surface. The results were evaluated quantitatively, 

through the established indices Completeness, Correctness and Overall Quality. For 

computing these indices, it was necessary to digitize the boundaries of the objects 

derived by photo-interpretation. Then, the computation of the above indices, took 

place by comparing the results of digitized photo-interpretation boundaries, to the 

extracted feature boundaries through OBIA analysis (in shapefile). It is worth noting 

that, the results of the evaluation are quite satisfactory. Thus, the developed OBIA 

method is considered successful. 

Keywords: Digital Seabed Elevation Model (DSEM), geomorphometry, submarine 

canyons, fault, fault surface. 

Περίληψη 

Η παρούσα εργασία αφορά στη μελέτη του πυθμένα της νότιας Κρήτης, από ένα 

ψηφιακό μοντέλο υποθαλάσσιου αναγλύφου, εφαρμόζοντας τη μέθοδο της 

αντικειμενοστρεφούς ανάλυσης εικόνας. Στόχος είναι η αυτόματη αναγνώριση των 

γεωμορφολογικών και μορφοτεκτονικών δομών, βάσει μορφολογικών κριτηρίων και 

χωρικών σχέσεων. Χρησιμοποιήθηκε ένα ψηφιακό μοντέλο υποθαλάσσιου αναγλύφου, 

ανάλυσης 150 μέτρων. Αρχικά, παρήχθησαν από το ψηφιακό μοντέλο υποθαλάσσιου 



1634 

 

αναγλύφου, οι κλίσεις, η καμπυλότητα, η καμπυλότητα κάθετα στη διεύθυνση κλίσης, η 

καμπυλότητα παράλληλα στη διεύθυνση κλίσης και ο δείκτης τοπογραφικής θέσης. 

Δημιουργήθηκαν 5 διαφορετικά επίπεδα κατάτμησης, με σκοπό την εξαγωγή των 

τελικών γεωμορφολογικών κλάσεων Ptolemy trough, intraslope basins, main basins, 

small basins, continental shelf, plains, continental slope, escarpments, canyons, 

spurs, discontinuities, fault like και fault surface. Πραγματοποιήθηκε ποσοτική 

αξιολόγηση των αποτελεσμάτων, μέσω των καθιερωμένων δεικτών Completeness, 

Correctness και Overall Quality. Για τον υπολογισμό αυτών των δεικτών, ήταν 

απαραίτητη η ψηφιοποίηση των ορίων των αντικειμένων που προέκυψαν με 

φωτοερμηνεία. Στη συνέχεια, οι δείκτες αυτοί υπολογίστηκαν από τη σύγκριση των 

ψηφιοποιημένων ορίων των αντικειμένων που προκύπτουν από φωτοερμηνεία, σε 

σχέση με τα εξαχθέντα αντικείμενα από τη μέθοδο της αντικειμενοστρεφούς ανάλυσης 

εικόνας (σε μορφή shape file). Αξίζει να αναφερθεί ότι τα αποτελέσματα της 

αξιολόγησης είναι ιδιαιτέρως ικανοποιητικά. Επομένως η μέθοδος της 

αντικειμενοστρεφούς ανάλυσης εικόνας που αναπτύχθηκε θεωρείται επιτυχής. 

Λέξεις κλειδιά: Ψηφιακό Μοντέλο Υποθαλάσσιου Αναγλύφου (Ψ.Μ.Υ.Α), 

γεωμορφομετρία, υποθαλάσσια φαράγγια, ρήγμα, επιφάνεια ρήγματος. 

1. Introduction 

The Hellenic Orogenic Arc is formed along the convergent plate boundary of the northwards 

subducting African plate underneath the active margin of the European plate (McKenzie, 1972; Le 

Pichon and Angelier, 1979). The southern Cretan margin is in one of the most seismically active 

fore-arc regions in Europe (Papazachos et al., 2000; Bonhoff et al., 2001, 2005). According to 

Kokinou et al. (2012) bathymetric, seismic- reflection and fault plane solution data were used to 

identify the main tectonic features on the margin, correlating their evolution with the main 

sedimentary sequences recognized on Crete (Figure 1). The fore-arc setting of Southern Crete is a 

region of predominantly oblique movement above well-defined detachment zones of convergent 

tectonic plates. Papanikolaou and Royden (2011) suggest that the southern Hellenic arc is in a state 

of rapid transition, experiencing an increase in subduction rate toward a steady state rate of not less 

than ∼60 mm/yr. Model results argue that, at present, ∼300 km of oceanic lithosphere has been 

subducted beneath the Peloponnesus section of the Hellenides, and ∼450 km beneath the Crete 

section of the Hellenides. Tiago et al. (2007) analyze 9.5-kHz long-range sidescan sonar (OKEAN), 

seismic reflection and sediment-core data in the two tectonic troughs south of Crete and reveal eight 

different types of stratigraphic contacts on basin-margin highs, and basinal areas showing significant 

changes to the margin’s configuration occurred in association with the post-Alpine tectonic and 

eustatic episodes affecting the Eastern Mediterranean. 

The last decade, a new approach called Object Based Image Analysis (OBIA) integrated low level 

image analysis methods, such as multiresolution image segmentation algorithms, with high level 

classification methods, such as fuzzy knowledge-based systems (Blaschke, 2010). Within this 

approach, the low level image analysis produces primitive image objects, while the high level 

processing classifies these primitives into meaningful domain objects (Benz et al., 2004). In this 

effort, through the OBIA approach different layers of segmentation were created in order to extract 

some of the geomorphological classes, i.e. continental slope, canyons and spurs. 

2. Physical Setting 

The very detailed illustration of the swath bathymetry and morphology of the South Cretan Margin 

reflects the offshore active tectonics and faulting of the seafloor and the overall deformation since 

Middle Miocene, in association with the general extension of the South Aegean region. Tectonic 

and neotectonic movements result to vertical movements and strike slip faulting, which have 
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produced a complicate morphotectonic structure with diverse canyons and valleys superimposed on 

elongated, fault-controlled basins (Lykousis et al., 2006). 

 

Figure 1 - Bathymetry of the Cretan and Libyan Seas, surrounding the island of C

rete (Kokinou et al., 2012). The red box indicates the study area. 

Nomikou et al. (2015) claim that one of the most dominant geomorphological structures of the 

southwest Cretan slope is the submarine Samaria Canyon (Western Cretan Trough) which is 

characterized by high relief steep walls and V-shaped cross sections. Despite the fact that, the trough 

trends predominantly northeastward, with a central axis oriented from east to west, the head displays 

a north-trending hook termination on the continental shelf. The minimum depth of its axis is 1400 

m. In addition, abrupt alternation in the axial trend of the canyon is observed, accompanied by sharp 

changes in axial gradient and in the geometry of the canyon profile, which ends in a flat area of 3600 

m depth. 

From Paleochora up to Sindonia, numerous small canyons trending N-S crosscut the steep Cretan 

southern margin, that reaches the 2000 m isobath. These are transversal to the main direction of the 

slope, that is E-W. Furthermore, the detailed bathymetric map reveals the morphology of several 

troughs, which are bordered by steep slopes and cut by transverse channels. Their flat bottom may 

reach up to 3000m water depth. The most characteristic one, Ptolemy trough (eastern South Cretan 

Trough), is located in the central southern margin, south of Messara basin. It has a main central axis 

orientated ENE-WSW, a maximum depth of 2600 m and is bounded by E-W fault zones. 

On the other hand, Gavdos Rise occupies a major part of the South Cretan Margin. It is bordered by 

longitudinal troughs with steep slopes. Two intraslope basins are also distinguishable at the 

southwestern part of the Rise, with depths 1100 and 2000 m respectively. The gentler slopes of the 

Rise are relatively channel-free with low morphological values. 

In such a setting, the fault-bounded continental slope of Crete effectively separates a region of uplift 

(Crete) from subsiding troughs to the south (Kokinou et al., 2012). 

3. Materials and Methods 

The swath bathymetric survey of the South Cretan Margin was conducted during the HERMES-1 

(May-June 2005) and HERMES-2 (September-October 2005) cruises onboard R/V AEGAEO using 

the 20 kHz, SEABEAM 2120 system. High-resolution multibeam bathymetry outlines in 

unprecedented detail the shape and the morphological features of the region (Nomikou et al., 2015). 
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Morphological and morphotectonic analysis of the seafloor is considered a rather tedious and time 

consuming task requiring expertise. The present work is based on OBIA which is a method that 

offers the advantage of multi-layer image analysis contrary to pixel based methods that ignore the 

concepts of neighborhood, hierarchies and scale (Burnett and Blaschke, 2003). The idea behind 

OBIA is to segment the image into a network of homogenous primitive objects at any chosen 

resolution forming hierarchical levels of segmentation. These objects serve as building blocks and 

information carriers for the subsequent classification process (Benz et al., 2004). The classification 

process assigns a class to each image object based on a fuzzy knowledge base. The result of the 

classification is a network of image objects with concrete attributes, topological relations and 

relations to the classes in the class hierarchy (Benz et al., 2004). Another important part of the 

analysis is the classification based segmentation which uses the knowledge developed in the 

classification process to form new objects or correct the shape of existing image objects through 

refinements or merges. 

Object Based Image Analysis is still an active area of research (Blaschke, 2010). Studies on 

advanced segmentation methods (Carleer et al., 2005), on advanced classification methods 

(Gamanya et al., 2007; Aplin and Smith, 2008; Tzotsos and Argialas, 2008), on remote sensing 

applications (Lucas et al., 2007; Hofmann et al., 2008; Bhaskaran et al., 2010) and on scale-space 

representation (Tzotsos et al., 2011) are recent efforts. The OBIA approach includes two basic 

procedures: segmentation and classification and in this study it was applied through the eCognition 

Developer Trial 8.7 software. 

A DEM of the seabed in the area of South Crete, Greece, with a resolution of 150m×150m was 

employed. The DEM was created through processing multibeam echo sounder data of the area. The 

first step in this approach was the creation of certain derivatives of the DEM (9 layers), especially: 

elevation, slope, aspect, curvature, planform curvature, profile curvature, topographic position 

index, with radius of 300m TPI300, 1000m TPI1000 and 5000m TPI5000. 

The presented OBIA approach was designed by a trial and error effort to include five different levels 

of resolution. The objects on all levels were designed to represent different scales of seabed features 

and to facilitate the extraction. Creating a bottom to top approach, larger objects were created in 

lower levels and therefore larger scale geomorphological features were classified, while in higher 

levels the finer scale features were identified. For each level a set of classes was designed with the 

name of each class containing the number of the level that it was designed for i.e. continental slope 

(2) for the level 2. 

Different segmentation parameters can be applied creating different objects in various resolution 

levels of hierarchy in the same image. Objects in higher levels are referred to as super-objects, while 

in lower levels as sub-objects, creating a hierarchical objects network. Subsequently, the user defines 

the classes of interest assigning selected attributes and their values through fuzzy membership 

functions to each class. 

4. Results 

4.1. Level 0 and Level 1 

Objects on level 0, the highest level, were created only, in order to separate the land from the sea. 

Objects on level 1, were created, in order to separate the background (1) of the image (no data area), 

from the actual DSEM, called study area (1). For this separation, only the Elevation feature was used. 

No further description of it will be made, since it is of no geomorphological or topographical interest. 

4.2. Level 2 

The objects on level 2 were created using a smaller scale parameter of 10, and shape 0.1 and 

compactness 0.5, so as to extract smaller features. The only image layer used was the slope. 
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The morphological slope map, was created primarily, in order to distinguish objects belonging to 

classes: flat area (2) (<1%), mild slope area (2) (1-4%), moderate slope area (2) (4-15%) and steep 

slope area (2) (>15%). 

Classes flat area (2) and mild slope area (2) included objects with slope values smaller than 4%, in 

the thematic level of the DSEM. By applying the algorithm merge region, these classes were 

composed of a single object. Furthermore, in order to identify objects which eventually would be 

categorized as depressions (2) and not depressions (2), the Topographic Position Index (TPI) feature 

(TPI1000, TPI5000) was used. The objects of class depressions (2) have negative values of TPI, as 

they are at lower elevations than their neighboring objects. 

Based on the existence of super-objects belonging to class depressions (2), the following classes of 

sub-objects were derived: trough (2), intraslope basins (2), main basins (2) and small basins (2), 

based on the features Asymmetry, Area and Relative Border to. The orange color trough indicated 

in Figure 2, corresponds to the unique trough of the area called Ptolemy Trough, as it is also indicated 

in Figure 1. 

Moreover, based on the existence of super-objects belonging to class not depressions (2), the 

following classes of sub-objects were derived: continental shelf (2) and plain (2), based on the 

feature Distance to. Based on the existence of super-objects belonging to classes moderate slope 

area (2) and steep slope area (2), the following classes of sub-objects were derived: continental slope 

(2) and escarpment (2), based on the features: Relative Border to and Distance to. 

Consequently, for the classification of Level 2, a class hierarchy was created, containing the 

following classes: continental slope (2), escarpment (2), continental shelf (2), plain (2), trough (2), 

intraslope basins (2), main basins (2) and small basins (2) (Figure 2). 

4.3. Level 4 

The purpose of Level 4 was the derivation of the hydrographic network in the study area. Thus, 

classes canyons (4) and spurs (4) were created. In the previous levels, it was not possible to identify 

those categories, due to their small size. 

For the segmentation of Level 4, the objects were created using the smallest scale parameter of 1. 

Shape was set to 0.1 and compactness to 0.5, without particular importance due to pixel size of 

objects. Segmentation took place by assigning weigh 1 to both slope and planform curvature 

thematic layers. 

Classes canyons (4) and spurs (4) were derived based on the features Planform Curvature and Slope. 

Using the feature view tool, through a trial and error effort, the crucial value of Mean planform 

curvature feature, was revealed and the separation between the two classes, through fuzzy 

membership functions, was achieved. Class gently sloping area (4) was created in order to 

distinguish objects belonging neither to canyons (4), nor to spurs (4). 

Consequently, for the classification of Level 4, a class hierarchy was created containing the 

following classes: canyons (4), spurs (4) and gently sloping area (4) (Figure 3). 

 



1638 

 

 

Figure 2 - Classification results in Level 2 and 3D display of study area (separation of 

continental slope and depressions was highlighted in 3D model). 

 

Figure 3 - Classification results in Level 4 and 3D display of study area (separation of 

canyons and spurs was highlighted in 3D model). 
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4.4. Level 5 

The purpose of Level 5 was the derivation of the morphotectonic lineaments, in the study area. 

That’s why, classes discontinuities (5), fault like (5) and fault surface (5) were created. In the 

previous levels, it was not possible to identify those categories, due to their small size. 

For the segmentation of Level 5, the objects were created using the smallest scale parameter of 1, while 

shape was 0.1 and compactness was 0.5, without particular importance, due to pixel size of objects. 

Segmentation took place by assigning weigh 1 to both slope and profile curvature thematic layers. 

Classes discontinuities (5) and fault like (5) were derived based on the features Profile Curvature 

and Slope. Using the feature view tool, through a trial and error effort, the separation between the 

two classes, through fuzzy membership functions, was achieved. Faults were characterized as fault 

like because the extracted faults are based on geomorphometric and topologic relations, without the 

use of seismic data confirming the existence of actual faults. 

The class fault surface (5) was derived based on the features Relative border to discontinuities (5), 

Relative border to fault like (5) and Slope. Fault surface, generally, is called the surface along which 

the two blocks move respectively to each other, so in this case is the area disclosed between 

discontinuity and the trace of the fault. Class other (5) was created in order to distinguish objects 

belonging neither to discontinuities (5), nor to fault like (5) or to fault surface (5). 

Consequently, for the classification of Level 5, a class hierarchy was created, containing the 

following classes: discontinuities (5), fault like (5), fault surface (5) and other (5), (Figure 4). 

 

Figure 4 - Classification results in Level 5. 

5. Discussion 

For the quantitative evaluation of extracted objects, the established indices Completeness, 

Correctness and Overall Quality (Mariano et al., 2002) were employed. For computing these indices, 

it was necessary to digitize the boundaries of the objects derived by photo-interpretation. 

Digitization was applied in the open source software QGIS. Then, the computation of the above 

indices, took place by comparing the results of digitized photo-interpretation boundaries, to the 

extracted feature boundaries through OBIA analysis (in shapefile). 

The classification result of trough (2) (blue polygon) was compared with the result derived by photo-

interpretation (pink polygon), as shown in Figure 5. The values of the indices were computed as 

Completeness = 80%, Correctness= 96%, Quality = 77%. The two polygons were matched almost 

entirely, that’s why the results were very satisfying (Figure 5). 
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Figure 5 - The quantitative evaluation of the class trough (2). 

The classification result of main basins (2) (blue polygon) was compared with the result derived by 

photo-interpretation (pink polygon) as shown in Figure 6. The values of the indices were computed 

as Completeness = 83%, Correctness= 87%, Quality = 74%. Minor divergences were occurred on 

the two big basins, in the N and NW study area. But, in general, the overall results were very 

satisfying (Figure 6). 

 

Figure 6 - The quantitative evaluation of the class main basins (2). 

The classification result of continental slope (2) (red polygon) was compared with the result derived 

by photo-interpretation (green polygon), as shown in Figure 7. The values of the indices were 

computed as Completeness = 92%, Correctness= 74%, Quality = 69%. Some objects were probably 

misclassified to class continental slope (2), although they belonged to class escarpment (2). That 

commission error was due to the limits of the values of the feature Distance to land. Despite these 

errors, the OBIA analysis gave acceptable results (Figure 7). 
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Figure 7 - The quantitative evaluation of the class continental slope (2). 

6. Conclusion 

This work has shown that the developed OBIA approach through a digital elevation model is a useful 

tool for the automated extraction of geomorphological and morphotectonic features of the seabed. 

The knowledge of the eCognition software, the study of the area, the experience and ability of photo-

interpretation and background knowledge in geomorphometry were necessary for the OBIA analysis 

to be successful. 

Segmentation to large objects was employed to distinguish huge regions such as land and sea. 

Segmentation to medium objects was employed to distinguish landforms such as depressions, 

trough, basins, continental shelf and continental slope. While segmentation to small objects, was 

employed for the recognition of faults, lineaments, spurs and canyons. 

It ιs worth noting that the Ptolemy trough (figure 1), as determined by quantitative evaluation of the 

results, was the landform class extracted with the highest accuracy (Correctness 96%). This seems 

reasonable, because this specific landform is easily distinguishable due to the abrupt transition in 

slope angles. 

Moreover, discontinuities (5), and fault like (5), were the landform classes detected with the lowest 

accuracy (Correctness 67%). The photo-interpretation and the digitization were extremely difficult 

because of the specific linear shape of those morphotectonic features. 

The OBIA approach is expected to be even more successful and precise on identifying 

geomorphological and morphotectonic features with a better resolution DSEM, or with AUV data 

and it would be even more interesting in applying this approach to sidescan sonar images. 
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Abstract 

The purpose of this paper is to present the framework, content, outcomes and the lessons 

learnt from the 2015 Committee on Earth Observation Satellites (CEOS) course on 

geological disasters management, delivered within the 2015 CEOS Distance Education 

Course entitled “Remote Sensing Technology for Disaster Management” - a joint effort 

by CEOS Agencies, in particular of the Working Group on Capacity Building & Data 

Democracy (WGCapD) and the Working Group on Disasters (WGDisasters). 

Keywords: Distance Education, e-learning, Capacity Building, Earth Observation 

from Space, Disasters. 

Περίληψη 

Σκοπός της παρούσας εργασίας είναι να παρουσιάσει το πλαίσιο, το περιεχόμενο, τα 

αποτελέσματα και τα συμπεράσματα από το σεμινάριο με θέμα τη διαχείριση 

γεωλογικών καταστροφών της Επιτροπής για τους Δορυφόρους Παρατήρησης της Γης 

(Committee on Earth Observation Satellites/CEOS), το οποίο διενεργήθηκε στα 

πλαίσια του προγράμματος εξ ’αποστάσεως εκπαίδευσης της CEOS με γενικό 

αντικείμενο τις “Τεχνικές Τηλεπισκόπησης για τη Διαχείριση Καταστροφών” του 2015 

– μια κοινή προσπάθεια των Υπηρεσιών της CEOS και συγκεκριμένα της ομάδας 

εργασίας για την ανάπτυξη δεξιοτήτων-διάθεση δεδομένων (Working Group on 

Capacity Building & Data Democracy/WGCapD) και της ομάδας εργασίας για τις 

καταστροφές (Working Group on Disasters/WGDisasters). 

Λέξεις κλειδιά: Εξ ’αποστάσεως εκπαίδευση, Ηλεκτρονική εκπαίδευση, Ανάπτυξη 

Δεξιοτήτων, Παρατήρηση της Γης από το Διάστημα, Καταστροφές. 

1. Introduction 

The Committee on Earth Observation Satellites (CEOS, www.ceos.org) was established in 1984 in 

response to a recommendation from a Panel of Experts on Remote Sensing from Space and set up 

under the aegis of the G7 Economic Summit of Industrial Nations Working Group on Growth, 

Technology, and Employment. This Panel recognized the multidisciplinary nature of space-based 

Earth observations and the value of coordinating international Earth observation efforts to benefit 

society. CEOS mission is to ensure international coordination of civil space-based Earth 

observations programs and promote exchange of data to optimize societal benefit and inform 

decision making for securing a prosperous and sustainable future for humankind. 

Today, CEOS includes 31 member Agencies, such as the Ministry of Education, Culture, Sports, 

Science, and Technology/Japan Aerospace Exploration Agency (MEXT/JAXA), the European 

Space Agency (ESA), the Russian Federal Service for Hydrometeorology and Environmental 
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Monitoring (ROSHYDROMET), the National Aeronautics & Space Administration (NASA), the 

Canadian Space Agency (CSA) and the European Commission (EC). Additionally, there are another 

28 CEOS associate members, such as the Food and Agriculture Organization of the United Nations 

(FAO) and other UN Bodies, the World Meteorological Organization (WMO) and the International 

Society of Photogrammetry and Remote Sensing (ISPRS). 

CEOS supports effective societal decision-making in the areas of climate monitoring and research; 

carbon observations, including observations to support the effective monitoring and management of 

the world’s forested regions; food security; disaster risk management; biodiversity; capacity 

building; data availability and access; and more. 

Education, training, capacity building and outreach are a strong component of CEOS activities, 

coordinated by the CEOS Working Group on Capacity Building & Data Democracy (WGCapD) 

(formed at the 25th CEOS Plenary in 2011, as an evolution of the previous Working Group on 

Education and Training/WGEdu). WGCapD undertakes a variety of activities, in order to serve its 

main purposes, i.e. the provision of Data Access, Data Dissemination, Software Tools and Capacity 

Development. In this context, the WGCapD builds upon the concept of “Data Democracy”, in an 

effort to increase the capacity of institutions in less developed countries for the effective use of Earth 

observation data for the benefit of society and to achieve sustainable development. 

On another front, Disaster Risk Management (DRM) continues to gain political, economic, and 

geopolitical importance as disasters have caused increasing human and economic losses. These 

losses are only expected to grow as a result of increasing global urbanization (expected to double by 

the year 2050) and an increasing number of extreme events (expected to triple by the year 2100). 

This situation has resulted in the creation of a dedicated CEOS “Working Group on Disasters” 

(WGDisasters) in 2013. One of the WGDisasters goals is to develop and strengthen relationships 

with stakeholder and end- users through a series of concrete actions addressing single-hazard Pilot 

projects (currently floods, volcanoes, and seismic hazards), multi-hazard projects (such as the 

Recovery Observatory and the Group on Earth Observations (GEO) Geohazard Supersites and 

Natural Laboratories (GSNL), and through CEOS capacity building activities for disaster managers. 

The overarching goals of the WGDisasters are to increase and strengthen satellite Earth observation 

contributions to the various Disaster Risk Management (DRM) phases and to inform politicians, 

decision-makers, and major stakeholders on the benefits of using satellite Earth Observations in each 

of those phases. 

In this context, the purpose of this paper is to present the content, outcomes and the lessons learnt 

from the 2015 CEOS course on geological disasters management, delivered within the 2015 CEOS 

Distance Education Course entitled “Remote Sensing Technology for Disaster Management” - a 

joint effort by CEOS Agencies, the WGCapD and WGDisasters in particular, towards: 

 Disseminating remote sensing technology among disaster risk management practitioners 

with an interest in geospatial technology 

 Providing wider and easier access to Earth observation data 

 Increasing the sharing of software tools such as open source software and open systems 

interfaces 

 Increasing data dissemination capabilities and transferring relevant technologies to disaster 

risk management practitioners 
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2. Course Description 

2.1. Overview of the Webinar Series 

This Distance Education Course consisted of a series of introductory webinars addressing the use of 

remote sensing technology for Disaster Management (DM). 

The particular elements making this course unique were that it: 

 Was provided free of charge 

 Provided access to expertise from space agencies around the world 

 Linked participants to a global network of experts and policymakers 

 Created awareness about international coordination bodies, such as CEOS, GEO, the 

United Nations Office for Outer Space Affairs (UNOOSA) and the International Charter 

for Space and Major Disasters 

 Provided access to datasets and useful tools available from CEOS Agencies 

 Helped attendees develop skills to aid in Disaster Management (DM). 

The following WGCapD members participated, as part of a core team for discussing the course 

syllabus, structure, and methodology: 

 Brazilian Institute of Space Research (INPE)  

 Indian Space Research Organisation (ISRO) 

 European Space Agency (ESA) 

 National Oceanic and Atmospheric Administration (NOAA) 

 United States Geological Survey (USGS) 

 CEOS Systems Engineering Office (SEO) 

Twelve instructor volunteers came from five CEOS Agencies (INPE, ISRO, NASA, ESA and 

USGS), universities, and training centres, such as the University of Waterloo (Canada), International 

Space University (ISU), and NASA ARSET (Applied Remote Sensing Training). English was the 

official course language, while the topics were divided in eight thematic areas - corresponding to 

eight weekly webinars (webinar four was the one dedicated to geological disasters) - as follows: 

1. Introduction to the webinar series 

2. Introduction to disasters (Causes, Effects, Monitoring, Mitigation, and Management. 

Methods of Hazard, Vulnerability, and Risk Assessment and the Role of Geospatial Data.) 

3. Space-based Earth Observation Systems and their Applications for Hydro- meteorological 

Disasters (Floods) 

4. Space-based Earth Observation Systems and their Applications for Geological Disasters 

(Earthquakes, Landslides, and Volcanoes) 

5. Space-based Earth Observation Systems for Environmental Disasters (Forest Fires) 

6. Real Time Monitoring of Global Precipitation from Space: New Technologies Applied to 

Heavy Rainfall Risk Reduction 

7. Concepts and Applications of Internet GIS and Sensor Web (Network of Sensors) for 

Disaster Management. Example of an open source tool (TerraMA2. a Computational 

Platform for Developing Monitoring, Analysis, and Alert Systems) 
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8. Rapid Mapping and Emergency Services: Success Stories 

In March 2015, the course was advertised via the CEOS website, CEOS internal mailing lists, the 

Virtual Laboratory for Education and Training in Satellite Meteorology (VLab) Newsletter, the 

INPE mailing list, the ISU mailing list, the AfriGEOSS Initiative mailing list, and a special list of 

previous students from another course. Social media channels (Facebook and Twitter) were also 

used for this purpose. 

The course webpage (http://ceos.org/meetings/wgcapd-distance-education-2015), part of the CEOS 

website, provided a link to the online application form. 

The course was based on the online distance education program principles that allow participants to 

fully engage with program content, their peers and their instructors via live lectures, 

questions/answers through discussion forums, as well as feedback mechanisms. For self-assessment 

purposes, brief quizzes were available after each webinar. 

Course materials included well-organized presentations, selected datasets, and various resources 

from the internet. A GoToWebinar license (funded by INPE) was used, in order to hold one live 

classroom session per week, which was recorded and made available for download afterwards.  

Students were provided with free and open access to a variety of resources, software tools, and 

datasets. 

Moodle (Modular Object-Oriented Dynamic Learning Environment), hosted at INPE, was utilized 

for course administration, documentation, tracking, reporting, and delivery. Moodle helped foster 

interaction between instructors and students with different backgrounds. 

The pre-webinar and post-webinar phases of this course required significant effort. In the pre-

webinar phase, instructors uploaded their learning materials to Moodle, prepared their course quiz 

questions, and developed their 1-hour lectures for presentation during the webinar (including 10 

minutes for questions). The GoToWebinar System allowed the interaction with students, with 

features such as registration, invitations, and reminders. Practice-sessions with course instructors 

were also held one week before webinars, in order to familiarize them with the software, material, 

and organizational flow. The post-webinar phase included the compilation of surveys and questions 

to be posted on the discussion forum. Instructors were advised to log in to Moodle during the week 

of their webinar at least once a day, in order to answer student questions inside the Course Discussion 

Forum. 

In the beginning, access to course materials required user authentication in Moodle, but later on 

course materials were made freely and publicly available on the Course Wiki, as motivated by the 

Open Educational Resources initiative. 

2.2. Course on Geological Disasters Management 

As per the organizational requirements, the course on geological disasters included a 1-hour webinar, 

with subsequent discussions via Moodle during a full week between 28 April - 4 May 2015. 

A tragic happenstance was that the webinar coincided with the devastating Kathmandu, Nepal, 

earthquake on April 25 (M ≈ 8, with thousands of casualties) - just a couple of days before the on-

line course - making the thematic of the specific webinar very timely and probably more “attractive” 

for the participants. 

The webinar consisted of short introduction of the instructor (with video on), followed by a 

presentation of about 80 slides (with video off, in order to save bandwidth). The presentation was 

divided in four major parts, namely: 

 Overview of geological disasters 

 Relevant Space-based EO systems, data and techniques 
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 Synergy with other EO systems and geospatial technology 

 Applications - case studies (Earthquakes, Landslides, Volcanoes) 

The last 10 minutes of the webinar were dedicated to answering questions. 

The short self-assessment quiz consisted of five questions, focusing on important aspects and 

conclusions of the webinar (Figure 1). 

 

Figure 18 - Questions and answers of the post-webinar self-assessment quiz. 

The following week was dedicated to questions and answers, but also lively discussions via Moodle, 

partly triggered from the Nepal earthquake and fresh results coming in from Earth observation data 

of various space agencies around the world during the next few days. 

3. Participant Profile 

This course was open to participants from anywhere in the world. Its target audience included 

Disaster Management practitioners with an interest in geospatial technology, with a perquisite for 

elementary knowledge about remote sensing, Geographic Information Systems (GIS), and digital 

image processing. 

144 students initially registered for the course, but, due to GoToWebinar constraints, only 99 of 

them could be accepted on a first-come first-served basis. The geographic distribution of course 

applicants by continent is shown in Figure 2. 
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Figure 2 - Geographic distribution of registrations for the webinar series (source: CEOS 

WGCapD, 2015). 

All students selected had a bachelor’s degrees or higher, in a wide variety of disciplines: Geography, 

Science, Engineering, Agronomy, Geology, Physics, Hydrology, Computer Science, Meteorology, 

and more. Forty-two students held a Master of Science degree, and 11 held doctoral degrees. Most 

of them either had remote-sensing and GIS specializations or had been working in the field for many 

years. 

Student affiliations included universities, United Nations Regional Centres, Regional Centres, 

Government, Private Sector and Non-Governmental Organizations (NGOs). 

Most students were interested in taking the course for professional, academic and personal 

development, expecting to deepen their knowledge on the use of satellite imagery and tools for 

disaster management, improve their understanding of remote-sensing technology, and stay up-to-

date with the latest trends and applications in this important field. 

4. Results 

Webinar session attendance decreased as the course progressed. By the end of the course, only 46 

out of the 99 enrolled students received a Certificate of Participation. Six students who participated 

in the CEOS International E-learning Course on Introduction to Remote Sensing Technology (2013) 

also enrolled for this course and successfully completed it. 

Initially, the criterion for receiving the Certificate was attendance for all live webinar sessions. 

However, it was later decided that on-going participation in quizzes and the discussion forums also 

demonstrated active participation, so it was decided to provide the Certificate to students who 

attended at least four live sessions and attempted at least four quizzes. Throughout the course, many 

students sent emails apologizing for not attending specific sessions due to their job duties. 

Some students did not attend the live sessions, but did access the recordings and take the quizzes 

afterwards (Figure 3). 

The quizzes were optional and were meant for self-assessment purposes only. Table 1 shows the 

number of students that took the quizzes (only nine students took all the quizzes, and the average 

score was 78.9/100). 

Students were asked to participate in a follow-up survey on Moodle to evaluate the effectiveness of 

the course and receive feedback on how to improve the course. 46 students (37 of which successfully 
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completed the course and nine that did not) completed the survey, which included yes/no, multiple 

choice, and open-ended questions (Figures 4-6). 

 

Figure 3 - Attendance of the Geological Disasters webinar. Webinar 5 has been omitted due 

to unforeseen events for which the live presentation had to be cancelled (source: CEOS 

WGCapD, 2015). 

Table 1 - Number of students who completed the quiz for each webinar. 

Quiz 1 Quiz 2 Quiz 3 Quiz 4 Quiz 5 Quiz 6 Quiz 7 Quiz 8 

30 30 37 41 - 24 23 18 

The overall rating of the course series was very positive, as it can be deducted from Figure 4. In 

addition to that 100% of the students said that they would recommend this or a similar webinar series 

to a colleague/friend to attend in the future. 

The students also evaluated the software used during the course (Moodle and GoToWebinar), the 

learning materials (presentations, quizzes, and tutorials), the instructors´ performances, and the 

course contents. In general, all of these items scored very well, most of them scoring Good, Very 

Good, and Excellent (Figure 5). 

The thematic area of geological disasters was in the middle of the overall course, thus attendance 

was average, given its progressive decreasing tendency over the eight weeks (Figure 3). 

Nevertheless, the webinar on geological disasters received the highest score among all webinars, in 

terms of usefulness for the participants (Figure 6) and it also had the highest participation concerning 

the associated quiz (Table 1). 

For 26% of the students, this was their first online education experience, and 63% said they preferred 

on-line courses over classroom courses. The main advantage mentioned for taking on-line courses 

was the ability to attend the lectures without having to travel to the class, saving money and time 

that would otherwise be spent on transportation. A small number of students reported internet 

connection issues, but since the on-line sessions were recorded, they were able to download and 

watch them later. 

The successful participants received a congratulations email together with the attached Certificate 

of Participation. Certificates were issued by the CEOS SEO. The instructors also received a 

Certificate of Appreciation. 
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Figure 4 - Overall course evaluation from the students (source: CEOS WGCapD, 2015). 

 

Figure 5 - Detailed course evaluation from the participants (source: CEOS WGCapD, 2015). 

 

Figure 6 - Student feedback regarding the usefulness of each of the webinars (source: CEOS 

WGCapD, 2015). 

5. Conclusions 

Including participants from all continents, this course successfully provided students with a 

multicultural educational experience in Remote Sensing as applied to Disaster Management. 
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As per the overall course conclusions (CEOS WGCapD, 2015), this learning activity created 

awareness about international coordination bodies, such as CEOS, Group on Earth Observations 

(GEO) and the International Charter for Space and Major Disasters, as major sources of data for 

DM. It also enhanced the knowledge about data availability through the International Charter during 

a disaster and how it can be activated. Furthermore, it increased knowledge on the use of satellite 

Earth observation data from different sources for DM and on how to determine which specific GIS 

capabilities and data types are required to support emergency management work before, during, and 

after a disaster strikes. Overall, it improved  student  ability  to  advise  decision  makers  about  how  

to  use  space technology for DM. 

Although it was emphasized (in the announcement, course syllabus, etc.) that this was a distance 

course that would integrate webinar technology with a longer-term online learning environment 

(Moodle), student interaction via the discussion forums (the main tool for asynchronous 

communication) was very low. This may have resulted from a misconception about the course 

methodology. Webinars (virtual seminars), by definition, differ from online courses in that online 

courses span a greater time frame and engage students in continuous online discussion threads about 

topics and assignments. However, due to low levels of interaction, the goal to generate new contacts 

and interaction between students and other professionals worldwide was not achieved. 

The biggest challenges faced by instructors during the webinar sessions were centered on how to 

keep the students engaged in the online learning setting (e.g. appropriate presentation length and 

format). Instructors used polls and surveys during the webinars in an effort to prevent students from 

losing focus and engaging too heavily in unrelated tasks during the webinars (i.e. multitasking). 

Polls and surveys also help instructors gauge how well the students are understanding the 

information (or how much they already know). 

The presence of a moderator in each of the webinars helped troubleshoot webinar technology 

without distracting the instructors. The moderator also assisted in managing questions from students 

during the session. For similar future courses, limiting the webinar lectures to 45 minutes and 

allowing more time for questions and interaction with students should be considered. Additionally, 

the feedback and suggestions from students reflect their need for more hands-on activities and 

software/real scenarios demonstrations. This will also be considered when planning future courses. 

Finally, concerning the course on geological disasters in particular, it received increased interest 

from the participants. Therefore, it seems that the Nepal earthquake, which was practically 

synchronous with the relevant thematic area discussed during that week, must have had some 

influence in this respect. Nevertheless, it should not be neglected that the nature and effects of a 

disaster such as an earthquake, or the impressive images of erupting volcanoes and - to a lesser 

extent - major landslide events, especially when seen from Space, are possibly attracting somewhat 

more attention than other topics. 
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Abstract 

Vocational Education and Training (VET) and Life-Long Learning (LLL), stand at the 

forefront of Europe’s strategic policies in Education, in response to the lack of students’ 

interest in STEM and the emerging needs for new skills in the labour market. Space can 

be a particularly useful platform for attracting students to STEM, environmental as well 

as topics related to geospatial information, as many state-of-the-art technologies used 

in everyday life are space-based, while space seems to also be creating a genuine 

interest among most learners. This study focuses on the plethora of European Space 

Agency (ESA) Earth Observation (EO) education material readily accessible, at no cost 

and available in several languages. Undertaking the effort to optimize/extend the use of 

these existing EO educational resources also in VET and LLL, for promoting STEM 

subjects, as well as for the development of green and geospatial skills, would be to the 

mutual benefit of both ESA and the European Union. Finally, it is proposed that an 

assessment of the utility and potential for the overall ESA Education resources (other 

than EO), but also of other Space Agencies and relevant institutions active in space 

education, in VET and LLL would be of particular interest. 

Keywords: Green skills, Geospatial skills, Learning outcomes, Space, Εducation. 

Περίληψη 

H Επαγγελματική Εκπαίδευση και Κατάρτιση (ΕΕΚ) και η Διά Βίου Μάθηση (ΔΒΜ) 

βρίσκονται στο προσκήνιο της Ευρωπαϊκής εκπαιδευτικής πολιτικής, προς 

αντιμετώπιση της έλλειψης ενδιαφέροντος των μαθητών για τα αντικείμενα STEM και 

την αναδυόμενη ανάγκη της αγοράς εργασίας για νέες δεξιότητες. Πολλές από τις 

τεχνολογίες αιχμής, με εφαρμογή στην καθημερινή ζωή, βασίζονται ή συνδέονται με το 

διάστημα, ενώ το τελευταίο φαίνεται να προκαλεί το γνήσιο ενδιαφέρον των μαθητών. 

Ως εκ τούτου, η συσχετιζόμενη με το διάστημα εκπαίδευση, μπορεί να συνεισφέρει στις 

ως άνω ευρωπαϊκές στρατηγικές, ενεργώντας μεταξύ άλλων ως πόλος έλξης μαθητών 

στα πεδία STEM, καθώς και σε αντικείμενα που σχετίζονται με το περιβάλλον και τη 

γεωχωρική πληροφορία. Η παρούσα εργασία εστιάζει στην πληθώρα εκπαιδευτικών 

πηγών του Ευρωπαϊκού Οργανισμού Διαστήματος (ΕΟΔ) με θέμα την παρατήρηση της 
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Γης από το διάστημα, οι οποίες είναι άμεσα προσβάσιμες, χωρίς κόστος, αλλά και 

διαθέσιμες σε διαφορετικές γλώσσες. Η αξιοποίησή τους στην ΕΕΚ και τη ΔΒΜ, 

ιδιαίτερα για την προώθηση των πεδίων STEM, καθώς και την ανάπτυξη πράσινων και 

γεωχωρικών δεξιοτήτων, θα επέφερε πολυδιάστατα και αμφίδρομα θετικά 

αποτελέσματα για την Ευρωπαϊκή Ένωση και τον ΕΟΔ. Τέλος, προτείνεται η συνολική 

και σε βάθος αξιολόγηση της δυνητικής συνεισφοράς της διαστημικής εκπαίδευσης στην 

ΕΕΚ και τη ΔΒΜ. 

Λέξεις κλειδιά: Πράσινες δεξιότητες, Γεωχωρικές δεξιότητες, Μαθησιακά 

αποτελέσματα, Διάστημα, Εκπαίδευση. 

1. Introduction 

1.1. Background 

The term “Earth Observation (EO)” is used to describe the capacity to look at, explore, map and 

monitor our planet, using the ability to fly satellites into space. EO has changed our lives in many 

ways, as it is being used in meteorology and climate studies, environmental protection and natural 

disasters management, but also in map-making, popular applications on the internet or on mobile 

devices etc. Among these implications, the evolution and developments in EO have also been to a 

great benefit for Education, through the diverse usage of an impressive amount and variety of 

satellite images and data for planet Earth, being acquired from space. 

Europe’s gateway to space is the European Space Agency (ESA), an international organisation with 

currently 22 Member States (Austria, Belgium, Czech Republic, Denmark, Estonia, Finland, France, 

Germany, Greece, Hungary, Ireland, Italy, Luxembourg, The Netherlands, Norway, Poland, 

Portugal, Romania, Spain, Sweden, Switzerland and the United Kingdom). Latvia, Slovenia and 

Slovakia are European Cooperating States. Other countries in Europe (Bulgaria, Cyprus, Lithuania 

and Malta) have also signed cooperation agreements with ESA, while Canada sits on ESA’s 

governing Council under a special agreement. ESA’s mission is to shape the development of 

Europe’s space capability and ensure that relevant investments continue to deliver benefits to the 

citizens of Europe and the world. ESA is heavily involved in environmental monitoring and climatic 

change studies, within two major EO initiatives; GMES and CCI. Global Monitoring of the 

Environment and Security (GMES) is the European Programme for the establishment of a European 

capacity for Earth Observation. GMES is a partnership between ESA and the EU, aiming at 

providing data to support Europe’s policy goals on environment and security for the next 25 years. 

Climate Change Initiative (CCI) is an effort to establish a complete and accurate historical archive 

of climatic variables. 

ESA also stands at the forefront of space education. Since 1975, when ESA was created, one of its 

most important tasks has been to inform the public about the latest advances and discoveries in the 

space field and to develop programmes that will inspire young people to pursue careers in science 

and technology. ESA's Education Office is responsible for the Agency’s corporate education 

programme. The aim is to help young Europeans gain and maintain an interest in science and 

technology, with the long-term objectives of contributing towards the creation of a knowledge-based 

society and ensuring the existence of a qualified workforce for the Agency that will guarantee 

Europe’s continued leadership in space activities. This is achieved by organising various activities 

designed for specific age groups, keeping the educational community informed about the new 

developments, as well as providing inspirational materials that assist teachers and students with the 

learning process. 

While through its educational resources ESA contributes to the effort for ensuring the future 

employment of a highly qualified workforce for both ESA and the European industry, the latter, 

together with scientific institutions, support many thousands of jobs and contribute billions of euros 

to national economies. Additionally, there are thousands of employer organisations offering 

employment opportunities in the domain of spatial information services, an industry also worth 
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billions of euro annually and growing year by year. Earth Observation/Remote Sensing data and 

techniques, along with Geographic Information Systems (GIS), Global Navigation Satellite Systems 

(GNSS), Cartography and Surveying, comprise the backbone of this sector. They involve gathering 

data about our world and its environment, producing maps, monitoring phenomena and measuring 

various parameters in the atmosphere, land and oceans. This includes physical and man-made 

features as well as other properties. After processing, the data collected is used by many different 

sectors, such as mining exploration, environmental monitoring, construction, land management and 

urban planning etc. Spatial Information Services and Surveying qualification pathways are found at 

University, as well as at Vocational Education and Training (VET) level. 

VET is a type of public or private education that prepares trainees for jobs or careers at various 

levels; from a trade to a craft or a position in engineering (mechanical, electrical, civil, and 

architectural), computer science, safety-related professions, agriculture, social sciences, medicine, 

law etc. VET can be at the secondary (school-based or combined school and work-based) or post-

secondary level (usually provided by a technological institute or a college). It is also divided into 

IVET (Initial Vocational Education and Training) and CVET (Continuous Vocational Education 

and Training), depending on whether it takes place after initial education and training or after entry 

into working life. Although rarely considered as part of higher education in its traditional definition, 

vocational education can in several cases be recognised as partial academic credit towards tertiary 

education (e.g., at a university). As the labour market becomes more specialized and economies 

demand a higher level of qualifications, the public and private investment in VET towards the 

anticipation of future skill needs is increasing. 

In addition to VET, the concept of Lifelong Learning (LLL) involves the provision of education and 

training possibilities for everyone, regardless of their age. The focus of LLL is not only restricted to 

competitiveness and employability, but also extends to social inclusion, active citizenship and 

personal development (European Commission, 2006). CVET is for example part of LLL, as it may 

encompass any kind of education (general, specialised or vocational, formal or non-formal, etc.). 

LLL can take place in a variety of environments, both inside and outside formal education and 

training systems. LLL implies investing in people and knowledge; promoting the acquisition of basic 

skills, including digital literacy and broadening opportunities for innovative, more flexible forms of 

learning. The aim is to provide people of all ages with equal and open access high-quality learning 

opportunities and to a variety of learning experiences (Eurostat, 2015). 

1.2. Scope 

Europe has experienced a dramatic decline in the number of young people interested in science, 

technology, engineering or mathematics (STEM) subjects, both at secondary and post-secondary 

level. Moreover, the move towards an environmental-friendly economy demands the development 

of new competences such as “geospatial” and “green” skills. A lack of manpower and such skills 

adversely affects the related industry and employment markets, putting the whole future of the 

European knowledge-based society and economy at stake. Therefore, several coordinated actions 

are being taken by the EU, in order to offset this shortage. 

As a contribution to these efforts, this paper is an initial approach concerning the use of ESA EO 

educational resources in VET and LLL. In particular, it explores the potential of exploiting existing 

educational material (on-line, classical, software and applications, data) and education-related 

opportunities in EO for enlarging Europe’s capacities and assisting the European Union (EU) 

Member States in the implementation of policies in education and training, towards the development 

and promotion of geospatial and green skills, in a STEM context. 

To this end, a short summary of the background, strategies and current relevant trends in VET and 

LLL in Europe is firstly presented. Subsequently, the study focuses on the prospects of maximizing 

the exploitation of the various ESA EO education resources in VET and LLL. The investigation 
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concludes with the expected EU-ESA benefits of such a synergy, as well as with recommendations, 

in the direction of a knowledge-based and environmental-friendly economy. 

2. VET and LLL in Europe 

2.1. Education and Training 2020 - VET and LLL 

In 2009, the “Education and Training 2020” (ET 2020) strategic framework for European 

cooperation in education and training was drawn up (European Union, 2009). Building on its 

predecessor, the “Education and Training 2010” (ET 2010) work programme launched in 2001, it 

provides common strategic objectives for EU Member States, including a set of principles for 

achieving these objectives, as well as common working methods. Since then, the economic and 

political context has changed, creating new uncertainties and constraints. The EU had to take further 

action against the worst financial and economic crisis in its history and has agreed on “Europe 2020”. 

Europe 2020 (European Commission, 2010a) is the EU's growth strategy for the coming decade, in 

the direction of becoming a smart, sustainable and inclusive economy. These three mutually 

reinforcing priorities should help the EU and the Member States deliver high levels of employment, 

productivity and social cohesion. More specifically, the EC has set five ambitious objectives 

(employment, innovation, education, social inclusion and climate/energy) to be reached by 2020. 

Each Member State has adopted its own national targets in each of these areas, while concrete actions 

at EU and national levels underpin the strategy. ET 2020 (European Union, 2012), as a key 

instrument to modernise education and training, can make a major contribution to achieving Europe 

2020’s objectives. Nevertheless, the EC has suggested to review and adjust the working 

arrangements under ET 2020 that were devised before Europe 2020, in order to achieve better 

alignment between the two frameworks. 

In this context, VET is vital in preparing individuals for today's society and ensure Europe's future 

competitiveness and innovation. VET is faced with challenges, such as intensified global 

competition, high numbers of low-skilled workers and an ageing population. Actions to improve 

VET help to provide the skills, knowledge and competences needed in the labour market. As such, 

they are an essential part of the ET 2020 work programme. 

The EC acts together with EU Member States and other countries to strengthen VET across Europe. 

The “Copenhagen Process”, established in 2002, lays out the basis for co-operation in VET, with 33 

European countries involved. In June 2010 (European Commission, 2010b), the European 

Commission presented a 10 year vision for the future of VET in the Communication “A New 

Impetus for European cooperation in Vocational Education and Training to support the Europe 2020 

strategy”. In December 2010 (European Commission, 2010c) participants of the Copenhagen 

Process met in Belgium to agree on common objectives in vocational training for 2011-2020, as 

well as on an action plan for the first years with concrete measures at national level and support at 

European level. The package of these objectives and actions is known as “the Bruges Communiqué”. 

Regarding LLL in Europe, the European Commission’s Lifelong Learning Programme (LLP) aims 

at providing education and training opportunities for all people and at all stages of their lives. This 

is pursued by enabling them to take part in stimulating learning experiences, as well as helping to 

develop the education and training sector across Europe. With a budget of nearly 7 billion euro for 

the period 2007-2013, LLP funds a range of actions, including exchanges, study visits and 

networking activities. Projects are intended not only for individual students and learners, but also 

for teachers, trainers and all others involved in education and training. The sub-programmes of LLL, 

which fund projects at different levels of education and training are: (i) “Comenius” for schools, (ii) 

“Erasmus” for higher education, (iii) “Leonardo da Vinci” for VET and “Grundtvig” for adult 

education. Other projects in areas that are relevant to all levels of education, such as language 

learning, information and communication technologies, policy co-operation and dissemination and 

exploitation of project results are funded through the “transversal” part of the programme. In 
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addition, the programme includes “Jean Monnet actions”, which stimulate teaching, reflection and 

debate on European integration, involving higher education institutions worldwide. 

For the ET 2020 objectives in education and social inclusion to be achieved, LLL is of paramount 

importance. Additionally, the implementation of European cooperation in education and training 

from a lifelong learning perspective is included within the set of principles, which should be 

observed when working towards the established objectives. 

2.2. Learning Outcomes Approach 

The term “learning outcomes” is defined as “statements of what a learner knows, understands and 

is able to do on completion of a learning process”. This implies the evaluation of knowledge, 

irrespective of how, when and where it was acquired (Cedefop, 2010b). 

The concept of “outcomes” is not new to education and training; what is now evident is its greatly 

increased prominence over the past few years in national and European VET policies and in any 

discussion about curriculum reform. Curriculum is increasingly seen by stakeholders as a dynamic 

framework guiding teaching and learning processes and as a steering mechanism for quality. It 

features in key European policy documents as a new consensus for contributing to Europe 2020. 

Findings of empirical research (Cedefop, 2012b) widely recognise that curriculum relevance is a 

condition sine qua non, not only for improving the human capital potential of education and training 

graduates, but also for retaining learners in education and training systems. The endemic irrelevance 

of curriculum may be one of the greatest obstacles to successfully matching education and training 

provision to learner and labour market needs. 

The adoption of a learning outcomes approach when developing curricula is seen by many European 

countries as an effective way to avoid such potential mismatches and promote active learning and 

inclusive teaching. Outcome-oriented curricula can offer a valuable platform for bridging the worlds 

of education, training and work, providing a common language between competences acquired in 

learning, the needs of occupations and the labour market. Although curricula based on learning 

outcomes are not automatically guaranteed to succeed, they bare the potential of important benefits 

for VET providers and employers, teachers and learners (Cedefop, 2010b). 

2.3. Green Skills 

According to Cedefop (2010a, 2012a, 2012b), “Green skills” refer to the “the knowledge, abilities, 

values and attitudes needed to live in, develop and support a society, which reduces the impact of 

human activity on the environment”. Climate change, globalisation and rapid technological 

evolution are the main drivers for important shifts in labour markets and skills needs. “Green jobs” 

and occupations in “green” sectors that encourage eco-friendly production and consumption are 

meant not only to create a more sustainable economy, but also to generate quality jobs. This is in 

line with the Europe 2020 strategy and further recommendations from the EC, which identify green 

economy as the main area of future job creation. The EU’s strategy on climate change and the 

development of a cleaner, more resource-efficient Europe will affect the labour market: new 

regulations, new materials and new technologies will change job content. In many Member States 

this shift is already under way and new green occupations are emerging. 

Availability of skills for green jobs plays a crucial role in triggering change and facilitating just and 

timely transitions. Thus, well-timed reformulation of qualifications and course content becomes a 

major issue, as the move to a green economy is generating a need for new skills at an accelerating 

pace and scale. 

As these novel “green competences” are usually related to new technologies, the deficit in available 

technical skills is also strongly linked to the lack of interest and to the few young people studying 

STEM (Cedefop 2010a, 2012b). In this context, the need for improvements in the capacity of 

existing education, training and qualification systems to respond to environmentally-driven skills 

needs has been broadly recognized in all Member States. 
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2.4. Geospatial Skills 

According to Mouratidis (2015), skills that can be characterized as “(geo)spatial” mainly include 

fundamental notions of classical Geography/Cartography, together with the use of Information and 

Communications Technology (ICT). The materials used which may be in analog or digital format, 

may concern deskwork and/or fieldwork applied directly in the “real” world. Thus, geospatial skills 

may indicatively include: (i) Designing diagrams, (ii) Ability to implement the basic elements of 

map-making (e.g. scale, orientation, legend, reference system), (iii) Use of appropriate symbols for 

representing spatial phenomena, (iv) Reading/finding direction and orientation, (v) Estimating and 

measuring dimensions (distance, surface and volume), (vi) Ability for perspective perception and 

visualization of space, (vii) Reproduction/mapping of space, using images or real-time observations, 

(viii) Recognition of spatial patterns of objects or phenomena, as well as their temporal variations 

in space, (ix) Collecting, classifying, evaluating, processing, analyzing-interpreting, presenting and 

overall management of data/information with spatial reference, (x) Basic use of satellite images, 

GNSS and GIS. 

The lack of human resources with geospatial skills affects negatively the industry, employment and 

markets, putting the future of the European knowledge-based society and economy at risk. 

As the “spatially enabled societies” are considered an essential element for the present and future in 

European and worldwide, the role of education, training, capacity building, but also of outreach 

activities for geospatial technology is fundamental. The purpose is to feed society with adequately 

qualified graduates - especially in VET, as well as in Tertiary/University education (graduates and 

post-graduates). Nevertheless, the foundations of this effort lie in attracting the interest of youngsters, 

already at primary and secondary education level. Additionally, to the end of realizing a geospatially 

aware and active society, the broader domain of geography, in its modern form, needs to be 

extensively communicated to the general public (role of outreach). 

In Europe, this is evident through major initiatives and investments, such as e.g. the INSPIRE 

Directive for establishing an infrastructure for (geo)spatial information; the Copernicus programme, 

dedicated to satellite and in-situ data collection for a global monitoring of environment and for 

security purposes; the Galileo GNSS programme, for providing a highly accurate global positioning 

service under civilian control. Implications and applications of these endeavours are practically 

endless, extending from environmental mapping and monitoring of climate change, to safety and 

emergency response, transportation, navigation and overall efficient management of resources, just 

to name a few. Along the same lines, there are other on-going geospatial education efforts, studies 

and opportunities, mainly in Europe, through programmes and initiatives such as “Geo Skills Plus”, 

“SPACIT”, “digital-earth.eu” και “GEOTHINK”.  

Nevertheless, apart from these dedicated actions, there is a plethora of readily available educational, 

informational and other appropriate material, in the broad field of geospatial technology. One of 

these sources is ESA, an organization which, among other space-related domains, is active in EO 

from Space. 

Although the content of these educational resources has not been specifically intended for VET and 

LLL purposes, it does provide a wealth of educational possibilities. Yet, this rich material has merely 

been used from the space-related scientific/academic community (at university level) and largely 

remains unexploited in VET and LLL. 

3. ESA EO Education in VET and LLL 

3.1. Overview 

ESA EO is one of the components of ESA education, training and capacity building, participating 

to several of the numerous educational activities (hands-on projects, support to teachers, 

international cooperation activities, opportunities for students, outreach initiatives etc.). The scope 
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of these activities ranges from high level training in state-of-the-art processing for the next 

generation of Principal Investigators to more general outreach activities and EO education for 

schools. The ESA EO Education and Training website provides an all-in-one portal that supplies 

information about these activities and enables access to resources produced in their framework. The 

majority of EO education material is directly related to geospatial technology and “green topics”, as 

it concerns climatic change, environmental protection, prediction, monitoring and management of 

natural disasters and safeguarding of our planet. It is also particularly important to note that a large 

percentage of the EO educational material is available in several European languages. 

3.2. On-line material and applications 

ESA EO education on-line material and web applications are items that bear the potential of reaching 

the largest possible audience (free of charge and easy access). Such ESA EO education resources 

are the following: (i) The main page for ESA EO education, which contains or gives links to all the 

on-line material (lectures, data and exercises) developed for ESA EO courses - most of them with a 

strong environmental component; (ii) “Eduspace” (http://www.esa.int/SPECIALS/Eduspace_EN/); 

a website aiming to provide a learning and teaching tool to secondary school students and teachers, 

across the various educational systems in Europe. It is meant to be an entry point to a widespread 

visibility of Earth observation applications for education and training; (iii) “Interactive Meteosat” 

(http://www.asrc.ro/imeteosat_beta/geostationary_view.php); a web-based interactive application 

dedicated to meteorology. It contains updated (daily) meteorological images and promotes the 

cooperation between educational institutions (e.g. secondary schools); (iv) Teacher’s pack in Earth 

Observation and Remote Sensing (e-version); 11 worksheets on the topic “Watching over the Earth”, 

(v) Science Education via EO for High Schools (SEOS); 15 internet-based e-Learning tutorials on 

selected topics in EO, for using remote sensing in science education curricula in high schools. SEOS 

was funded under the 6th Framework Programme of the EC and implemented by 11 partners from 

different European countries in cooperation with ESA; (vi) The ESA multimedia gallery; it displays 

the best visual material (images, videos, animations etc.) of the ESA portal, among which many EO 

and environment-related subjects. 

Additionally, ESA is in the process of developing EO material and didactical applications for mobile 

devices, addressed to the general public. Although these would be particularly used by young people, 

they would be in practice suitable for any audience. 

3.3. Classical material 

Publications (such as Atlases, manuals, handbooks, kits etc.), are categorized under “classical 

material”. They are addressed to secondary and post-secondary level. Some of these items have the 

constraint of the limited number of copies that can be printed and distributed for free. The most 

prominent items are: (i) ESA School Atlas; provides a vast array of environmental elements (also 

normally invisible ones) and explains the importance of sustainable development. It is accompanied 

by a teachers’ handbook, a digital version on 2 DVD's and is also connected to Eduspace through 

its case studies and exercises; (ii) EO posters; addressed to different audiences, with mostly 

environmental context, in order to increase awareness, (iii) Teacher’s pack in EO and Remote 

Sensing (hard copy). 

3.4. Software and data 

ESA provides most of its data free of charge and develops or supports the development of open 

source/freeware educational software. This category includes: (i) “Leoworks”; a purely educational 

open source software for inspecting and analysing satellite images. It represents the main tool for 

demonstrating EO techniques at secondary or post-secondary level. It is used in relation to Eduspace 

or in the frame of ESA training courses for teachers and learners. It also includes extensive 

Geographical Information Systems (GIS) functionalities. GIS skills are widely appreciated in the 

labour market, as GIS has become an indispensable tool for geographical information management 

and decision making processes in almost all sectors; (ii) “Bilko”; supported by UNESCO and ESA, 
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the Bilko software is accompanied by a number of tutorials, lessons and modules that demonstrate 

different applications of remote sensing; (iii) Satellite images and data; available under different 

data policies and by various access mechanisms. Most of the data can be accessed for free after 

registration. 

ESA also supports the development of more sophisticated software and toolboxes, which are 

addressed to more advanced users (university level). 

3.5. European Space Education Resource Office 

In recent years, ESA has been supporting the European Space Education Resource Office (ESERO) 

project. ESERO envisages the establishment of contact / resource centres that are manned by 

education experts and integrated into national educational systems and networks. A variety of 

educational materials has also been developed for students of various ages. The ESERO project 

addresses the motivation of young people to enhance their literacy in STEM, including associated 

applications, using the genuine fascination for space related themes - and EO is one of them. The 

ESERO contact point implements an annual series of teacher (primary and secondary) training 

sessions in collaboration with national partners, already active in STEM education. They use and 

disseminate existing ESA/ESERO education materials, and if appropriate, develop specific 

resources tailored to the needs of the education community. The ESERO office also organises 

national ESERO teacher conferences for secondary and primary education. 

The first ESERO contract was signed in The Netherlands in late 2005 with NEMO (the National 

Science and Technology Centre) in Amsterdam. Currently there are 9 offices up and running, namely 

in Belgium, Czech Republic, Ireland, Netherlands, Nordic ESERO (Denmark, Finland, Sweden and 

Norway), Poland, Portugal, Romania and UK. 

3.6. Training activities for educators and learners 

ESA organises several training activities for multiple purposes and audiences. Such events are: (i) 

Training courses addressed to secondary school teachers (e.g. the ESA summer workshop for 

secondary school teachers ); typically organised over one or few days, where the basic notions of 

EO and remote sensing are given to groups of teachers, along with presentations and possibly 

computer demonstrations and computer practicals of the different relevant tools developed by ESA; 

(ii) Dedicated or ad-hoc (depending on availability of resources) training courses for universities or 

professionals (e.g. for coastguard officers or other safety or security-related professions); addressed 

to ESA Member or Cooperating States; (iii) Workshops (university level); related to EO, devoted to 

teachers, professors or trainers, selected at European or international level. These workshops 

normally include oral talks, fieldtrips, posters, and may contain computer labs and training courses; 

(iv) Capacity building workshops in developing countries. 

3.7. Training activities for educators and learners 

ESA organises several training activities for multiple purposes and audiences. Such events are: 

ESA EO education further involvement includes: (i) Participation to the Committee on Earth 

Observation Satellites (CEOS) - Working Group on Capacity Building & Data Democracy 

(WGCapD). The CEOS strategy for EO education and training is the creation of an effective 

coordination and partnership mechanism among CEOS agencies and institutions offering education 

and training; (ii) Organization of events for schools and universities (depending on available 

resources); school visits at ESA facilities, open days etc.; (iii) Participation to events with a 

promotional and communicational component: e.g. to educational TV programs. 

Apart from purely educational activities, in combination with industry, EO is involved in actions 

targeted to foster and promote innovation, creativity and entrepreneurship. GMES Masters 

competition is a characteristic and prestigious paradigm of cooperation between ESA and the EC, 
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concerning technology transfer and support to start-ups that build their business on utilisation of 

space technologies and techniques for non-space applications. 

4. Conclusions and Recommendations 

Supporting the use of ESA EO resources in VET and LLL, in particular for the promotion of STEM 

and the development of green skills would bring along positive outcomes on several fronts. Some 

benefits for VET and LLL in the EU would be: 

 The modernization of education and training systems, including the provision of technical skills 

(e.g., GIS), which are widely appreciated in the labour market. 

 Support of the learning outcomes approach, in the sense of providing tools to evaluate what a 

learner has learned after a training session. 

 Making VET a more attractive option for both young people and adults - reducing the level of 

students dropping out of school early. 

 Inclusion of emerging and state-of-the-art technologies. 

 Promoting enhanced European (ESA-EU) cooperation in VET. 

 Access to freely available material, in several languages, suitable for promoting STEM subjects, 

geospatial and green skills. 

 Development of links and informal pathways between vocational training activities and 

university educational systems. 

 Encouraging the establishment of a culture of creative, innovative and entrepreneurial thinking. 

 Overall contribution to the Europe 2020 strategy for education and employment. 

On the other end, there would be significant benefits for ESA as well, i.e.: (i) Getting more people 

involved and use the ESA EO education resources, especially existing on-line material, which does 

not deplete ESA of its educational resources; (ii) A good promotion for the overall ESA education 

program; (iii) Increasing the overall visibility of ESA and helping it extend to a wider public; (iv) 

Attract more future employees for the Agency (diversity of the background of ESA employees 

denotes that no topics are excluded and part of its workforce will be coming from VET); (v) All of 

the above, at minimum extra effort and resources (mainly only in terms of communicating the 

existing material) for the Agency. 

Overall, there is a plethora of ESA EO education material readily accessible, addressing STEM and 

environmental topics; most of it is at no cost and available in several languages. VET and LLL 

providers should be informed about the existence of these resources and attempt to make use of them, 

by adapting it to their specific needs, with the assistance and expertise of ESA, where applicable. 

After all, this is in line with the current policies (“Bruges Communiqué”), encouraging VET 

providers to “…collaborate with innovative enterprises, design centres, the cultural sector and higher 

education institutions in forming knowledge partnerships…”, in the direction of  helping them 

“…gain valuable insight into new developments and competence needs and to develop professional 

excellence and innovation…”. 

In the future, technology will bring in new input data and qualification requirements are bound to 

change, forcing education and training policies to be re-adapted. Nevertheless, establishing 

strategies for strengthening European cooperation in education and training can significantly assist 

in responding to the challenges in a timely and effective way. Undertaking the effort to optimize the 

use of existing educational resources within ESA for promoting STEM subjects and for the 

development of “green” skills in Europe, can be a strategic objective to the mutual benefit of ESA 

and the EU.   
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Although this preliminary study is restricted to Earth Observation, it may well be also applicable to 

other ESA education domains such as Navigation, Science and Robotic Exploration, Human 

Spaceflight and Operations etc., but also to other sources of Space education, such as national space 

agencies and related international organizations. Consequently, a more detailed assessment of the 

utility and potential for the overall Space education resources in Vocational Education and Training 

and Lifelong Learning would be of interest, in close cooperation with VET experts, providers and 

other stakeholders. 
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Abstract 

Remote Sensing and photogrammetric techniques have always been used in 

geological applications. Current advancements in the technology behind Unmanned 

Aerial Vehicles (UAVs), in accordance with the consecutive increase in affordability 

of such devices and the availability of photogrammetric software, makes their use for 

large or small scale land mapping more and more popular. With the UAVs being used 

for mapping, the problems of increased costs, time consumption and the possible 

accessibility problems -due to steep terrain-, are all solved at once. 

In this study, a custom-made UAV with 2 cameras onboard, is used to monitor two 

complex –regarding their topography- regions in Western Greece. One open pit 

limestone mine and a landslide occurring on sandy-clayous sediments. Both regions 

were mapped using surveying instruments like tachymeters and geodetic GPS, as well 

as using the aforementioned UAV system. 3D models of both regions were created 

using off-the-shelf photogrammetric software. For the creation of the 3D models, 

multiple targets were placed on the ground, to indicate GCPs with precisely known 

coordinates that could be identified in the high-resolution air photos, in order to 

maintain low Root Mean Square Error, while creating the DSMs and Orthophotos. In 

addition, the fish-eye effect caused by the cameras’ wide-angle lens was taken into 

consideration, regarding whether or not it affects the models’ overall geometric 

accuracy. Finally, the 3D models were compared to the survey measurements and the 

results are presented in this paper. 

Keywords: Landslide, open-pit mine, monitoring, airphoto UAV. 

Περίληψη 

Οι τεχνικές της Τηλεπισκόπησης και της Φωτογραμμετρίας ανέκαθεν 

χρησιμοποιούνταν σε γεωλογικές εφαρμογές. Η πρόοδος της τεχνολογίας των μη 

Επανδρωμένων Αέριων Οχημάτων (UAV), σε συνδυασμό με τη συνεχόμενη μείωση του 

κόστους απόκτησης των και την αυξημένη διαθεσιμότητα φωτογραμμετρικού 

λογισμικού, καθιστούν ολοένα και πιο δημοφιλή την επιλογή τους για μικρής έκτασης 

και μεγάλης κλίμακας χαρτογραφήσεις. Με τη χρήση των UAVs σε χαρτογραφήσεις, 

ξεπερνιούνται τα προβλήματα του αυξημένου κόστους, της κατανάλωσης χρόνου και 

των πιθανών δυσκολιών στην προσβασιμότητα –λόγω απότομου αναγλύφου. 

Σε αυτή τη μελέτη, ένα εξακόπτερο UAV το οποίο φέρει δύο κάμερες, χρησιμοποιείται 

γα την παρακολούθηση δύο πολύπλοκων –από πλευράς τοπογραφίας- περιοχών στη 

Δυτική Ελλάδα. Ένα λατομείο ασβεστολίθου και μία κατολίσθηση επί αμμοαργιλωδών 

ιζηματογενών πετρωμάτων. Και οι δύο περιοχές χαρτογραφήθηκαν με τη βοήθεια 

τοπογραφικών οργάνων, όπως ταχύμετρα και γεωδαιτικά GPS, όπως επίσης και με το 

προαναφερθέν UAV. Τρισδιάστατα μοντέλα δημιουργήθηκαν και για τις δύο περιοχές 
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με τη χρήση ειδικού φωτογραμμετρικού λογισμικού. Για τη δημιουργία των 

τρισδιάστατων μοντέλων, πολλαπλοί στόχοι τοποθετήθηκαν στο έδαφος και 

μετρήθηκαν με τη βοήθεια διαφορικού GPS για να χρησιμοποιηθούν ως σημεία 

εδαφικού ελέγχου. Οι στόχοι αυτοί με γνωστές συντεταγμένες μπορούσαν εύκολα να 

εντοπιστούν στις υψηλής ανάλυσης αεροφωτογραφίες, και να χρησιμοποιηθούν στην 

φωτογραμμετρική διαδικασία για να διατηρηθεί χαμηλό το σφάλμα RMS, κατά τη 

διάρκεια της δημιουργίας Ψηφιακού Μοντέλου Επιφανείας και ορθοεικόνων. 

Επιπρόσθετα, εξετάστηκε το κατά πόσο οι όποιες παραμορφώσεις προκαλούνται από 

τον ευρυγώνιο φακό των καμερών επηρεάζουν τη συνολική γεωμετρική ακρίβεια των 

μοντέλων. Τέλος, τα τρισδιάστατα μοντέλα συγκρίθηκαν με τις τοπογραφικές μετρήσεις 

και τα αποτελέσματα παρουσιάζονται σε αυτή τη μελέτη. 

Λέξεις κλειδιά: Λατομείο, κατολίσθηση, παρακολούθηση, αεροφωτογραφίες. 

1. Introduction 

Landslides have always been an important natural hazard in Western Greece as a result of a variety 

of factors with the most important being, the lithology of the prone to slide, their tectonic structure, 

the seismicity and the heavy rainfalls (Sabatakakis et al., 2013; Koukouvelas et al., 2015). Landslide 

events can occur without a warning and thus can harm civilian lives or properties. Because of 

harmless landslides monitoring techniques, should be able to come up with results very fast. Thus 

the traditional landslides monitoring techniques using field instrumentation, like topographic 

surveys (tacheometry, geodetic GPS networks), inclinometers and open standpipe piezometers are 

progressively benefited by the remote-sensing technology improvements. The last decades, more 

and more researchers have turned towards remote-sensing and photogrammetry in order to monitor 

landslides. For example satellite or aerial panchromatic imagery (Kääb, 2007) provide medium to 

high spatial resolution and in the case of satellite imagery a re-capture of an area can be performed 

within a few days, depending on the satellite. Radar imagery (DInSAR) is also used to monitor 

terrain deformations as well as to estimate the rheology, volume and kinematics of a landslide with 

very high accuracy (Belardinelli, 2003; Delacourt, 2007; Booth, 2013). Combined use of optical and 

radar data has been assessed for a small landslide mapping in western Greece (Nikolakopoulos et 

al., 2013). Another high accuracy method is the LiDAR, which creates very detailed terrain 

representations since it has the ability to penetrate the canopy, but LiDAR expeditions can be 

extremely costly. Relative to the latter is the terrestrial laser scanning method (Cheok, 2002; Lichti, 

2005) which provides highly dense and accurate point clouds, but the deployment of such surveys 

can be time consuming and –sometimes- very difficult when having to deal with very steep terrain. 

Using the techniques mentioned above, fast response to landslide events might not be possible. 

Open-pit or quarry monitoring is carried out with multitemporal topographical surveys using field 

instrumentation (tachymeters, geodetic GPS etc.). Thus, one can come up with excavation volumes 

with high accuracy. However, such methodology is very time consuming -given the area that has to 

be mapped, which leads to high costs. In similarity as analyzed above quarry or open-pit mines 

monitoring surveys, are also benefited from remote-sensing techniques. Almost all the types of 

remote sensing data are used for quarry monitoring with quite good results. In previous studies 

multispectral data with medium spatial resolution (from satellites like ASTER, Landsat 5 and 

Landsat 7) were used to examine the expansion of quarries and their affect on the vegetation cover 

(Schmidt and Glaesser, 1998; Koruyan et al., 2012). High resolution remote sensing data like 

Formosat, Ikonos, Quickbird etc., have been also used during over the last decade (Bonifazi et al., 

2003; Cheng et al., 2005; Nikolakopoulos et al., 2010). Stereo-pairs of ALOS and Cartosat with a 

spatial resolution of 2,5m and digital photogrammetry have been proved an effective tool for open 

pit mine monitoring in Greece (Argyropoulos et al., 2014). The differential interferometric syntheti

c aperture radar (DInSAR) technique is used to derive the temporal land subsidence information in 

coal mine areas (Yue et al., 2011; Liu et al., 2013). The combination of InSAR and GPS technolog

y is also used to monitor subsidence in coal mining areas (Tang et al., 2012; Wu et al., 2012). 
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A newer and more comfortable solution for both landslide and mine monitoring could be the use of 

Unmanned Aerial Vehicles (UAVs) as they provide ultra-high, centimeter grade spatial resolution 

imagery from onboard cameras. In addition to that and regarding the case of landslides, they can be 

deployed when fast response is needed. Also, the use of such systems is time effective, since large 

areas can be mapped in a fairly small time. When their use is combined with Ground Control Points, 

highly accurate 3D models can be created that can be used to carry out qualitative and quantitative 

measurements. 

In the current study two characteristic examples of using UAVs for monitoring a landslide and an 

open-pit mine are presented. The photogrammetric results obtained from the aerial campaigns are 

compared to classical topographic surveys and their accuracy is estimated. 

2. Study Areas 

2.1. Geographical Setting 

Both areas are located in Western Greece. The open-pit limestone mine is located at the Araxos 

Peninsula near Patras and the landslide is located at the Analipsis village near Amalias (Figure 1). 

2.2. Geological Setting 

The Analipsis village landslide encountered sands of the Vounargo formation (Pl8-Pt.l,s). The 

marine-lacustrine Vounargo formation consists of sands with alternations of clays, silts, sandstones 

and marls deposits. The encountered sands are fine- to medium-grained and are characterized by 

well developed sedimentary structures (banded stratification, flute casts, mainly in the sand members 

of the formation etc.). They include macro- and micro-fossils or their casts (calcitic or arenaceous), 

which often form lenses and layers of “lumachelle” of small thickness (0.1 m to 1.2 m).These layers 

are usually succeeded by thin-bedded calc loams and arenaceous limestones 0.5-1m thick, as well 

as lenticular lignite bodies with rich fauna or lacustrine and marine mollusks. Locally, their thickness 

becomes up to 10 m. The Vounargo formation has Upper Pliocene-Pleistocene age and 

stratigraphically lies over the Peristeri formation and is overlaid by the Keramidia formation 

(Geological map of I.G.M.E.-Amalias 1993). 

The Araxos open-pit mine is located in Upper Cretaceous white to light brown limestones. These 

limestones belong to the “Vigla” formation of the Ionian zone. These limestones are pelagic in 

origin; oolithic with fragments of echinoderms and small foraminifera. Overlying them, are pelagic 

limestones with radiolarian. These limestones are thin bedded microbrecciated, lumpy, bioclastic 

limestones with rudist fragments (Geological map of I.G.M.E. - Nea Manolas 1977). 

3. Methodology-Equipment 

Both areas were mapped with high precision using a tachymeter and a geodetic GPS (Figure 2). 

Especially in the case of the Analipsis landslide, a geodesic network consisting of about 20 control 

points –in and out of the landslide zone- was created in order to monitor the landslide kinematics 

and several other thousand points were acquired to create accurate DSMs. After statistical analysis 

of the GPS measurements, we came with an average 2DRMS value of about 2.1cm that represents 

a 95%-98% confidence level. 
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Figure 1 – Top: The two study areas relatively to the Northwestern part of Peloponnese, 

Bottom right: the Analipsis village, Top Right: the open-pit limestone mine at the Araxos 

Peninsula. 

 

Figure 2 – On the left appears the Leica TCR1102 tachymeter used for the surveying. On the 

right appears the Trimble R8 GNSS 5800 Geodetic GPS used for the surveying and the 

control point monitoring. 

After the surveys were carried out, targets were distributed across the areas of interest. Those targets’ 

3D coordinates were obtained using the geodetic GPS for optimal accuracy. In continuation, the 

UAV flights were performed. 
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The UAV is a custom made hexacopter, equipped with two GoPro Hero 3+ Black Edition Cameras 

(Figure 3). The two cameras that are fixed on gimbals -in order to prevent distortion caused from 

the motors’ vibrations-, allow for image capturing in different angles.  

The mapping of the quarry was performed during a half-day campaign on July 14th 2015. During a 

flight time of approximately 15 minutes a total of 682 UAV images were collected over the study 

areas. Table 1 shows the particular information of the data acquisition. The spatial resolution of 

these UAV images is approximately 1 cm, with more than 90% forward lap and side lap. 

Table 1 - Quarry UAV campaign characteristics. 

Number of images: 682 

Flying altitude: 40.7089 m 

Ground resolution: 0.0182745 m/pix 

Coverage area: 0.168697 sq. km 

The same overlap was programmed for the acquired images for the landslide monitoring in Analipsi. 

A total of 314 UAV images were collected over the study areas. Table 2 shows the particular 

information of the data acquisition. 

Table 2 - Landslide UAV campaign characteristics. 

Number of images: 314 

Flying altitude: 34.2081 m 

Ground resolution: 0.0148816 m/pix 

Coverage area: 0.0226511 sq. km 

 

Figure 3 – The left picture depictsthe Unmanned Aerial Vehicle. At the right picture, the two 

arrows point to the two Gimbals onboard the UAV that absorb the vibrations caused by the 

motors during the flight. 

4. Data Processing-Results 

The aerial images collected during the UAV campaigns were imported in Agisoft's Photoscan 

software. As described in details in previous study (Skarlatos et al., 2013), the software employs 

computer vision techniques along with photogrammetric analysis to perform direct georeferencing 

or bundle adjustment with ground control points or simple similarity transformation over the whole 

block without ground control points. As more images are added to the block more points are taken 

into consideration and ensure the internal block geometry. The final accuracy of the project depends 

mainly on the ground control point’s accuracy. The whole block as a 3D texture model obtain from 

Photoscan is projected to the Greek Geodetic Reference System (EGSA87). The 3D texture model 

is one of the most important photogrammetric products, and it provides useful information for the 

monitoring, assessment and planning of mine areas. 
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Orthomosaics and DSMs with a spatial resolution of 10 cm were created. The orthomosaics from 

the two case studies are presented in Figure 4 while the respective DSMs for the same areas are 

displayed in Figure 5. The extreme high spatial resolution of both the orthomosaics and the DSMs 

guarantee that it will be possible to monitor terrain deformations at the Analipsis landslide area or 

even minor excavations at the Araxos open-pit mine in the near future. 

After the creation of the 3D model and the export of the respective DSM and orthomosaic, both the 

DSMs and orthomosaics were validated regarding their geometric accuracy. As it proved, the 

fisheye-like lens distortion that the GoPro cameras have, affects the models a lot, both regarding 

their georeference and their height accuracy. 

In order to control the vertical DSM accuracy of the Araxos area, 120 check points that were 

measured during the surveys were used (Figure 4). For each check point the respective elevation 

value was extracted from the DSMs. Then, the elevation difference between the GPS measurements 

and the DSM values was calculated. 

The elevation difference ranges between some cm and almost 5 meters depending on the allocation 

distance between the ground control points and the check points. More especially, in the open pit 

mine only four ground control points were used and they were spread on the top two excavation 

planes. As a result the check points that were measured at the top planes gave very accurate results 

(a few cm elevation difference) while the check points that were measured at the lower planes gave 

unacceptable results (elevation difference up to 5m). Such errors are really large in comparison to 

the ultra-high spatial resolution the imagery offers and they are due to the lack of ground control 

points at the lower excavation planes. 

 

Figure 4 – The 120 red points shown above were derived from the GPS survey and were used 

to validate the orthomosaics and DSMs for the Araxos open-pit mine case study. 
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Figure 5 – The orthomosaics created by the UAV campaigns. The top picture depicts the 

Analipsis landslide orthomosaic and the bottom picture depicts the Araxos open-pit mine 

orthomosaic. 
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Figure 6 – The DSMs created by the UAV campaigns. The top picture depicts the Analipsis 

landslide DSM and the bottom picture depicts the Araxos open-pit mine DSM. 
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5. Conclusions 

This paper suggests possible UAVs applications in the field of geology. As it becomes clear, the 

advancements in UAV-related technology, allow for the acquisition of ultra-high spatial resolution 

imagery that is used to create extremely accurate 3D models of virtually any terrain when combined 

with high precision GPS measurements. Such high fidelity models, can be used to monitor terrain 

deformations like those that occur after a landslide or by those caused due to quarry excavation. In 

general, UAVs are a great assistance for any geological application since they can be used for large 

scale mapping resulting in significantly less time and resources’ consumption. As it came out of the 

accuracy assessment the use of many ground control points at different elevation levels is a 

necessary condition in order to achieve the desired vertical accuracy. 
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Abstract 

Since 2013, NASA and ESA, in cooperation with Charles University in Prague (Czech 

Republic), have been joining forces and sharing expertise within the organization of 

annual Trans-Atlantic-Training (TAT) events in Eastern European countries. TAT 

concerns capacity building on Earth Observation from Space and focuses mainly on 

land cover/land use applications. With three TATs already organized between 2013 

and 2015, the purpose of this paper is to provide an overview of the context and 

achievements so far, to increase the visibility of these events to larger audiences in 

Eastern Europe and to discuss the future prospects. To this end, some background 

information is initially provided, with subsequent description of each TAT event, 

concerning its organization, thematic content and participants. The paper concludes 

with an overall assessment and a vision for the future of TAT, including its 

enlargement with the engagement of participants from more countries. 

Keywords: Education, Capacity Building, Earth Observation from Space, Eastern Europe. 

Περίληψη 

Από το 2013, η NASA και η Ευρωπαϊκή Υπηρεσία Διαστήματος (ESA), σε συνεργασία 

με το Πανεπιστήμιο του Καρόλου της Πράγας, συνδιοργανώνουν ετήσια εκπαιδευτικά 

σεμινάρια σε χώρες της Ανατολικής Ευρώπης, υπό το ακρωνύμιο TAT (Trans-Atlantic-

Training). Η εκπαίδευση αφορά στην Παρατήρηση της Γης από το Διάστημα, με 

ιδιαίτερη έμφαση στις εφαρμογές που σχετίζονται με την κάλυψη και χρήση γης. Με 

τρία TAT να έχουν ήδη οργανωθεί μεταξύ 2013-2015, ο σκοπός τη παρούσας εργασίας 

είναι να παρέχει μια επισκόπηση του πλαισίου και των έως τώρα αποτελεσμάτων, να 

συνεισφέρει στην διάδοση των ευκαιριών επιμόρφωσης που παρέχονται και να 

παρουσιάσει τις μελλοντικές προοπτικές. Έτσι, παρατίθενται αρχικά ορισμένες 

πληροφορίες αναφορικά με το υπόβαθρο των εν λόγω σεμιναρίων, ενώ ακολούθως 

περιγράφονται η οργάνωση, το θεματικό περιεχόμενο, καθώς και ορισμένα βασικά 

στατιστικά στοιχεία σχετικά με τους συμμετέχοντες. Η εργασία ολοκληρώνεται με μια 

συνολική αξιολόγηση του εκπαιδευτικού προγράμματος ΤΑΤ και το όραμα για τη 

διοργάνωση των μελλοντικών σεμιναρίων, συμπεριλαμβανομένης της διεύρυνσής τους 

με τη συμμετοχή περισσότερων χωρών. 
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1. Introduction 

Earth Observation (EO) from Space is a rapidly growing field in the broader domain of geospatial 

technology. Every year, Space Agencies around the world launch new satellites, which carry 

sophisticated sensors and advanced instruments for mapping and monitoring the Earth’s 

environment. Apart from the plethora of applications and the established scientific interest, EO is 

nowadays also highly operational, with several initiatives focusing on issues like (natural) disasters 

monitoring and security. 

Education, training, capacity building and outreach activities are thus of paramount importance, to 

the end of introducing, demonstrating and ultimately attracting the interest of next generations of 

scientists, engineers and decision-makers to the utilization of EO technology. As the field of EO is 

very broad, dedicated training sessions per thematic area and/or per target group are necessary, for 

the essence of “capacity building” to be achieved. 

In this context, since 2013, the National Aeronautics and Space Administration (NASA), the 

European Space Agency (ESA) and Charles University in Prague, Czech Republic, have been 

cooperating for the organization of a series of annual workshops and training courses in EO 

techniques and applications. These “Trans-Atlantic Training (TAT)” events are geographically 

focused on Eastern Europe, while the thematic emphasis is on the mapping and monitoring of Land 

Use/Land Cover (LU/LC) from Space. The duration of a TAT is typically between three to five days.  

TAT teachers are typically principal investigators from Europe (sponsored by ESA) and EO experts 

from the US (invited by NASA). The target audience is primarily university students, scientists, 

engineers, young professionals and early-stage researchers from Eastern European countries that 

wish to expand their knowledge in the field. TAT also serves networking purposes, by fostering and 

promoting the cooperation among participants (experts and students). 

As three TAT events have been organized to date, the purpose of this paper is to summarize the 

progress so far, to evaluate the impact and to promote TAT to a larger audience, in view of the 

organization of future TATs. 

2. Background 

Several Eastern European countries are already full ESA Member States; The Czech Republic 

formally became ESA's 18th Member State on 12 November 2008. Romania became ESA's 19th 

Member State on 22 December 2011, and Poland exchanged Accession Agreements with ESA in 

September 2012. The latest to join are Estonia, which signed the Accession to the ESA Convention 

on 4 February 2015, to become the 21st Member State, and Hungary, which signed on 24 February 

2015, to become the 22nd Member State. 

Other EU States also have Cooperation Agreements with ESA, such as Bulgaria, Cyprus, Lithuania 

and Malta. Latvia, Slovenia and Slovakia are participating in the Plan for European Cooperating States 

(http://www.esa.int/About_Us/Welcome_to_ESA/European_Cooperating_States). 

In this context, ESA’s intention has been to further support countries of Eastern Europe and Baltic 

countries by means of capacity building in Earth Observation and the co-organization, with NASA, 

of a series of related workshops and training courses has been decided in 2013 (Sarti and Mouratidis, 

2013). Note that NASA has a long tradition in optical remote sensing for Earth Observation purposes, 

mainly with the launch of eight Landsat satellites since 1972 (Landsat Programme), while ESA has 

an established expertise in microwave remote sensing, with several successful spaceborne Synthetic 

Aperture Radar (SAR) missions since 1991 (ERS-1, ERS-2, Envisat/ASAR, Sentinel-1). Therefore, 

a joint ESA-NASA approach would bring the maximum benefit for the participating countries. 
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In this context, the “Trans-Atlantic Training” (TAT) initiative was established in 2013, with the 

purpose of organizing joint capacity building events on Earth Observation in Eastern Europe. It has 

been agreed that the emphasis would be given to state-of-the-art remote sensing technology on land 

cover and land use change, presented by leading experts from Europe (funded by ESA) and US (funded 

by NASA). The training would include theory, as well as hands-on sessions and tutorials with the use 

of data from the latest ESA and NASA EO missions. As per their expertise, ESA would be responsible 

for the SAR training sessions, while NASA would cover the sessions related to optical remote sensing. 

Priority would be given to candidates from Eastern Europe, with the selection procedure being 

jointly carried out by NASA, ESA and Charles University in Prague, on the basis of the applicants’ 

background, qualifications, research interests, but also gender and geographical distribution, where 

possible. The courses would also be open to a limited number of participants from other countries, 

should they demonstrate their relevance to the topics addressed and if the maximum number of 

participants would not have been already reached. In order to allow an efficient running of the 

practical training sessions, the total number of participants would be around 35 to 40 as a maximum. 

ESA also agreed to provide a limited number of travel grants, covering part of the travel and 

accommodation expenses, to a restricted number of selected students from its Member or 

Cooperating States. 

Charles University in Prague, Czech Republic has been selected to be responsible for the 

organization and local management of TAT events for several reasons; (1) its excellence and 

experience in the organisation of similar workshops and training events with ESA and other 

international partners, (2) its strategic geographical location in Eastern Europe and (3) the fact that 

Czech Republic is the oldest ESA Member State among the countries involved. 

3. Training Events 

3.1. TAT 2013 

The first of the TAT capacity building events was held in Prague, Czech Republic, for three days 

during 20-22 June 2013 and it was hosted by the Faculty of Science, Charles University in Prague. 

The topic addressed was “Classification methods in Land-Use/Land-Cover Change”. 

TAT 2013 was organized in coordination with the first South Central and Eastern European Regional 

Information Network (SCERIN) Meeting (http://www.fao.org/gtos/gofc-gold/net-SEERIN.html), 

which took place in the same location during 17-21 June (http://csebr.cz/scerin2013/index.html). 

SCERIN is one of the regional networks of the Global Observation of Forest and Land Cover 

Dynamics (GOFC-GOLD) panel. GOFC-GOLD in its turn is a panel of the Global Terrestrial 

Observing System (GTOS) - a programme for observations, modelling, and analysis of terrestrial 

ecosystems to support sustainable development. SCERIN (originally SEERIN) is an informal 

network of scientists and other professionals based in the region or with scientific interests in the 

region of South Eastern and Central Europe, encompassing the Danube watershed and the western 

Black Sea Coast. 

The primary purpose of combining the two events was to give TAT participants the additional 

opportunity to interact with SCERIN experts, benefiting from their experience and creating networks 

of cooperation. 

TAT 2013 was attended by 22 participants from five countries (table 1) and included lectures and/or 

practicals (Figure 1) on: 

1. Forest mapping 

2. Assessment of ecosystem carbon 

3. Multi-temporal land cover classification 
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4. Land cover classifications and social studies 

5. Spectroscopy for vegetation and geological analysis 

6. Algorithms of hyperspectral classification 

7. SAR for agriculture and wetland studies 

8. Land applications using multi-temporal SAR data 

9. SAR in urban land cover 

10. Urban remote sensing and object-based image analysis (OBIA) 

Table 1 - Participants of TAT 2013 per country of origin. 

 

Country 

 

No. of 

Participants 

Czech Republic 12 

Poland 5 

Slovakia 3 

Germany 1 

Hungary 1 

TOTAL 22 

3.2. TAT 2014 

TAT 2014 entitled “Land Use/Land Cover Change and Ecosystem Processes” was held in Krakow, 

Poland, from 5 to 7 June 2014. The course was hosted by the Institute of Geography and Spatial 

Management, Jagiellonian University. 

Once again TAT was jointly organized with the annual SCERIN Meeting. This second (SCERIN-

2) meeting had a focus on “Current Land Cover/Land Use Change challenges in SCERIN: Assessing 

Ecosystem Function and Processes” and took place during 9-10 June. 

A total of 36 participants from 12 countries (Table 2) took part in TAT 2014, while lectures and 

practical training was delivered on the following topics: 

1. Potential and limitations of global land monitoring from space 

2. SAR missions and applications 

3. Introduction to SAR basics 

4. Introduction to basic SAR processing using NEST 

5. Introduction to SAR applications for Forestry 

6. Satellite SAR data in land cover mapping and forestry applications 

7. Land cover change detection 

8. Multi-temporal land-cover classification of pixel-based composites 

9. Land surface phenology 

10. LiDAR 

11. Effect of climatic changes on grassland growth, its water conditions and biomass 
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Figure 1 - TAT 2013 hands-on session and spectroscopy experiments. 

Thematic presentations and discussions focused on Land Use/Land Cover Change and ecosystems 

processes. The state-of-the-art advanced methods of land-cover change evaluation were presented 

and discussed by leading experts from Europe and US. Impact of land use cover change on 

ecosystems, such as forest disturbance, urban sprawl, and land abandonment were addressed. 

Additionally, the compatibility and accuracy of the related main databases, such as Corine Land 

Cover (CLC), GlobCover, National Land Cover Database (NLCD) and Global Land Cover 

Characterization (GLCC) were discussed. Emphasis was also given to the use of data from Landsat-

8 and Sentinel missions. 

Table 2 - Participants of TAT 2014 per country of origin. 

Country No. of 

Participants 

Poland 11 

Czech Republic 7 

Estonia 4 

Hungary 4 

Slovakia 3 

Bulgaria 1 

Germany 1 

Greece 1 

Lithuania 1 

Moldova 1 

Spain 1 

The Netherlands 1 

TOTAL 36 
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3.3. TAT 2015 

TAT 2015 was organized by Charles University in Prague, Czech Republic during 8-12 April 2015, 

with participation from 9 countries and 29 participants in total (table 3). Under the general training 

course title “Earth Observation in Terrestrial Ecosystem Dynamics”, the following topics were 

covered with theory and hands-on sessions (Figure 2): 

1. Observing Ecosystem Dynamics: NASA Update 

2. Introduction to ESA SAR missions 

3. Hyperspectral data for the mapping of mountain vegetation 

4. Object-based land cover classification using very high resolution data 

5. Advanced methods of land cover change detection 

6. Phenological studies based on remote sensing data 

7. Permafrost and snowmelt monitoring with satellite data 

8. SAR land applications 

9. Flood mapping with SAR 

10. Synergies of  EO data with Geographical Information Systems (GIS) and Global Navigation 

Satellite Systems (GNSS) 

11. Additionally, for one day, TAT 2015 students had the opportunity to follow the Northern 

Eurasia Earth Science Partnership Initiative (NEESPI, http://neespi.org/) Meeting, which was 

taking place at Charles University in Prague, during the same week. 

12. NEESPI, is an active and strategically evolving program of internationally-supported Earth 

systems science research, which focuses on issues of northern Eurasia that are relevant to 

regional and global scientific and decision-making communities. NEESPI aims at operating 

synergistically with a variety of national and international science programs (particularly 

those relevant to global change research) and to develop enhanced knowledge on the northern 

Eurasia region. It is envisaged that this knowledge shall be applied for the purposes of 

addressing specific concerns, which are faced by national and international decision-makers 

of the partnering institutions and countries. 
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Figure 3 - Introductory NASA lecture on the observation of ecosystem dynamics during TAT 

2015. 

Table 3 - Participants of TAT 2015 per country of origin. 

 

Country 

 

No. of 

Participants 

Czech Republic 10 

Poland 8 

Hungary 3 

Germany 2 

Slovakia 2 

Armenia 1 

Brazil 1 

Estonia 1 

Spain 1 

TOTAL 29 

4. Overall Assessment of TAT 2013-2015 

TAT has been received with great interest and has been supported by universities and other research 

institutes in Eastern Europe, both in terms of student applications, as well as in the form of experts 

willing to teach during the capacity building events. Charles University in Prague (twice) and the 

Jagiellonian University of Krakow have been the two hosts of TAT events so far. 
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A total of 87 students attended the first three TAT events, i.e. about 30 participants per year, with a 

very balanced distribution between male (47%) and female (53%) participants (table 4). 

A limited participation from other countries, such as Spain, Greece and Germany was also made 

possible in some cases. In terms of nationalities represented, on top of those of the countries already 

mentioned in tables 1-3, there have been also Georgian, Indian, Nepalese and Brazilian participants 

– thus reaching a total of 13 different nationalities. 

The coupling of TAT with other relevant events such as SCERIN (2013 and 2014) and NEESPI 

(2015) has been a strong element of the TAT initiative, as it has fostered a more extended interaction 

of experts and students beyond the TAT training sessions. 

Table 4 - Ensemble statistics of TAT 2013-2015. 

Training Event No. of Participants 

Gender 

Male Female 

TAT 2013 22 10 12 

TAT 2014 36 19 17 

TAT 2015 29 12 17 

TOTAL 87 41 46 

5. Conclusions and Future Prospects 

In its three years of lifetime, TAT has become a point of reference and a meeting opportunity for 

several young researchers and students in Eastern Europe, in order to share ideas and progress made 

in their fields of interest, but also to meet and interact with leading experts from Europe and the US. 

The joint presence of NASA and ESA have ensured that state-of-the-art advances in EO have been 

presented on an annual basis and guaranteed the overall high quality of the training provided. 

As per the future prospects, continuing and enlarging TAT by engaging participants from more 

countries would be considered as a realistic goal. This could be achieved by attracting participants 

from other countries that can benefit from an initiative such as TAT. This includes countries of 

South/South-Eastern Europe and the Balkans, such as Greece (ESA Member State since 2005) and 

near-future ESA Member States such as Malta, Cyprus and Bulgaria. 

The next TAT capacity building events could be organised with a rotation mechanism in different 

countries in the region, in order to facilitate the diversity of participation and to foster cooperation 

at regional level between the attendees. In this respect, the next TAT event is planned to be held in 

Slovakia in July 2016. 

6. Acknowledgments 

EO experts from Europe and the U.S. are gratefully acknowledged for their willingness and 

enthusiasm to teach and share their expertise and experience with TAT students. Special thanks are 

also due to the TAT local organizing committee members of Charles University in Prague (Czech 

Republic) and Jagiellonian University of Krakow (Poland), for all their efforts and altruistic support. 

Last but not least, the TAT participants are to be thanked for their interest and active participation 

during the first three training events, which has significantly contributed to its overall success and 

encouraged for the organization of more TATs in the future. 



1680 

 

7. References 

Sarti, F. and Mouratidis, A., 2013. Earth Observation Capacity Building for Baltic Countries and 

Eastern Europe, Statement of Work, Issue 4, Ref. EOP-SA/0246/FS-fs, ESA/ESRIN, 28 May 

2013. 

Internet sources 

ESA European Cooperating States: 

http://www.esa.int/About_Us/Welcome_to_ESA/European_Cooperating_States  

Global Observation of Forest and Land Cover Dynamics (GOFC-GOLD): 

http://www.fao.org/gtos/gofc-gold/index.html  

Global Terrestrial Observing System (GTOS): http://www.fao.org/gtos  

Northern Eurasia Earth Science Partnership Initiative (NEESPI): http://neespi.org  

South Central and Eastern European Regional Information Network (SCERIN): 

http://www.fao.org/gtos/gofc-gold/net-SEERIN.html  

Trans-Atlantic Training (TAT): http://web.natur.cuni.cz/gis/tat 

 

  



1681 

 

 

  

Special Session 

Geohazard analysis with 

Remote Sensing and GIS 
 

Conveners 

Issaak Parcharidis 

Constantinos Loupasakis 



1682 

 

  



1683 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 1683-1692 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 1683-1692 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

TRANSFORMING GEOLOGICAL AND LANDISLIDE 

SUSCEPTIBILITY MAPPING DATA TO LINKED (OPEN) 

DATA FOR HAZARD MANAGEMENT 

Atzemoglou A.1, Kotzinos D.2, Grinias El.3, Spanou N.1 and Pappas Ch.4 

1Institute of Geology & Mineral Exploration (IGME), 1 Spirou Louis St., OLYMPIC VILLAGE, 

ACHARNAE, P.C. 13677, matzem@thes.igme.gr 

2ETIS Lab, Department of Computer Science, University of Cergy - Pontoise, 95000 France, 

Dimitrios.Kotzinos@u-cergy.fr 

3Department of Civil Engineering, Surveying and Geomatics, TEI of Central Macedonia, Terma 

Magnisias Str., Serres, 62124, Greece, grinias@teiser.gr 

4 Geomatics S.A., Zaimi 8, Athens, Greece, harpap83@gmail.com 

Abstract 

The frequent lack of information to populations exposed to landslides is a component 

of the social vulnerability and can strongly increase the risk on lives and 

infrastructures. Determining the extent of the landslide hazard requires identifying 

those areas which could be affected by a damaging landslide. 

The users need to integrate different landslide data in order to first understand and 

then possibly become resilient to any potential catastrophic event. More precisely, 

public and private organizations can choose between different land use options to 

minimize the risk on the already existing infrastructures or to reduce the hazard itself 

through mitigation measures. From the other hand, the land use planners can also 

take best decisions before planning new infrastructures in high risk landslides’ areas. 

Based on these data we have also implemented new tools, available every day and 

reusable by anyone interested, to identify land areas susceptible for landslides. The 

tools are based on cloud web services, especially for the management and 

presentation of these datasets in order to provide stakeholders with valuable 

information about past distribution of the landslides, type of bed rock, rainfall etc. in 

order to focus on land use policies and assess an impending landslide. 

Keywords: geospatial data, sharing data, INSPIRE, semantic web, RDF. 

Περίληψη 

Η έλλειψη ενημέρωσης για τους πληθυσμούς που είναι εκτεθειμένοι σε κατολισθητικούς 

κινδύνους είναι μια κοινωνικο-οικονομική συνιστώσα της τρωτότητας του κοινωνικού 

ιστού και μπορεί να αυξήσει τον κίνδυνο απώλειας ζωών και υποδομών. Οι χρήστες 

αυτών των πληροφοριών χρειάζονται πολλά δεδομένα από κατολισθητικές περιοχές 

έτσι ώστε να καταστήσουν τις υπάρχουσες υποδομές πιο ανθεκτικές σε πιθανό 

καταστροφικό συμβάν. Πιο συγκεκριμένα, οι ιδιωτικοί και δημόσιοι οργανισμοί θα 

έχουν πχ τη δυνατότητα να επιλέξουν μεταξύ διαφορετικών χρήσεων γης για να 

ελαχιστοποιηθεί ο κίνδυνος υπαρχόντων υποδομών ή για τη μείωση του ίδιου του 

κινδύνου (μέσω μέτρων άμβλυνσης του). Από την άλλη πλευρά, οι χωροτάκτες μπορούν 

να πάρουν πιο ρεαλιστικές αποφάσεις πριν να προγραμματίσουν νέες υποδομές, σε 
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περιοχές με υψηλό κατολισθητικό κίνδυνο. Έχουμε εφαρμόσει νέα εργαλεία για να 

αναπτύξουμε υπηρεσίες που είναι διαθέσιμες σε κάθε ενδιαφερόμενο, για τον εντοπισμό 

περιοχών επιδεκτικών σε κατολισθήσεις και που βασίζονται σε διαδικτυακές υπηρεσίες 

προκειμένου να παράσχουμε στους ενδιαφερόμενους φορείς πολύτιμες πληροφορίες 

σχετικά με την παλιότερη κατανομή των κατολισθήσεων σε μια περιοχή, τον τύπο των 

πετρωμάτων, τις βροχοπτώσεις κλπ με σκοπό να διαμορφώσουν πολιτικές χρήσης και 

να αξιολογήσουν μια επικείμενη κατολίσθηση. 

Λέξεις κλειδιά: γεωχωρικά δεδομένα, διαμοιρασμός δεδομένων, INSPIRE, 

σημασιολογικός ιστός, RDF. 

1. Introduction 

Landslides are caused when gravitational forces pull rock or soil down a slope. Three physical 

factors are the minimum components necessary to assess landslide hazards; past history, slope 

steepness and bedrock. All these factors can be depicted on a geological map. The combination of 

these factors over a studied area results to a landslide hazard map. 

1.1. Necessity for the usage of landslides data to forecast catastrophic phenomena 

A landslide hazard map is the primary product that provides planners with a practical and cost-

effective way to zone areas susceptible to landsliding. It can be used as a tool to identify land areas 

best suited for development by examining the potential risk of landsliding. It is extremely difficult 

to predict landslide hazards, even with detailed investigation and monitoring. As a result, landslide 

hazard is often represented by landslide susceptibility (Brabb, 1984). Such a map is a valuable tool 

for assessing current and potential risks that can be used for developing early warning systems and 

mitigation plans, such as selecting the most suitable locations for construction of structures and roads 

(Chalkias et al., 2014). Decisions can then be made regarding which of these measures will be taken: 

avoidance, prevention, or mitigation of existing and future landslide hazards in a development 

program. 

1.2. End users and requirements 

On the other hand, the end users need accurate information for early warning like: 

1. The occurrence of various triggering factors (e.g. regional or local weather and soils conditions),  

2. The appearance of precursory evidences monitored over hazardous unstable areas. 

Once landslides are identified for an area, the main requirement of the end users is to be provided 

with realistic answers to critical questions: what will happen, when, where, which way, for how long 

and how to mitigate it? Some of the key end users of such information systems are the national and 

local authorities, involved in civil protection, the technical agencies of the administrative regions, 

the plan makers, the infrastructure owners and operators etc. 

1.3. Phases of a landslide 

Depending on the phase of a disaster cycle, the end users have different approaches and requirements. 

One can distinguish 3 different phases of a land slide (Locat et al., 1997): 

1. The pre-emergency phase where the soil is in a state of equilibrium and the rapture-related 

processes are active. The end user demand information on exposure of population or infrastructures 

in addition to information on landslides. The mitigation focus on land use policies while 

preparedness focus on operational tools for crisis management. 

2. Short term to very short term phase. At this stage mechanisms are active to manage this emergency 

phase to assess or face an impending landslide. This happens during the triggering stage of the 

landslide. This phase is critical for the end users. During the crisis the end users’ needs are updated 

maps for the affected areas, rapid evaluation of the damages and mitigation measures. 
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3. The post-emergency phase concerns supplying end users with critical information to reduce 

consequences. 

Each exposed site presents specific features that are critical to identify in order to provide the most 

relevant products that satisfy end users requirements at each phase of a disaster management cycle. 

2. Data description 

We decided to test the data collection process, their integration and their presentation through a 

cloud-based web information system and thus we have selected a pilot site (wider area of Karpenisi, 

W. Greece) to acquire geospatial data, field measurements and other data such as classification, 

volume, activity, date of occurrence of landsliding etc. The studied area is 950 km2 while the total 

area covers 4000 km2. The population is 20,000 inhabitants. The studied area belongs to the 

prefectural units of Evritania and the neighbor of Karditsa, Fthiotida, Aitolia-Acarnania and Fokida 

(fig. 1). For the studied area we used 6 geological sheets published by IGME (scale 1:50000). 

The area has steep slopes and a variety of altitudes while the positions of the landslides are recorded 

from 80 to 1550 m. We used 334 landsliding events. 120 landslides belong to the study area while 

the rest covered the wider area of the municipality of Karpenisi. The used landslide inventory covers 

a long time period, from 1929 to 2010. 

We have implemented a landslide inventory updated with remote sensing techniques and high 

accuracy aerial images which revealed new landslide areas not included to the existed inventory. 

This also validated the existing inventory increasing the accuracy of the model. 

During the implementation of the database and before the creation of the final maps, we solved 

problems related to data redundancy (repetition of the same data) and data inconsistency (data 

corrections). The data are stored in the INGEOCLOUDS platform database (on the cloud) and are 

ready to be reused from the scientific community (data sharing). 

2.1. Geological setting of the selected area 

Geo-tectonically, the studied region is belonging to the Gavrovo - Tripolis and Olonos - Pindos 

geotectonic zones (from W to E). 

The Pindos zone is a nappe that overthrusts the Tripolis zone. It consists from clastic upper 

Cretaceous – lower Tertiary sediments, Maestrichtian-Danian limestones and Pelagic radiolarites. 

The Pindos zone is faulted and folded from successive thrusts moved from east to west. The 

morphology of the relief, in the wider region, is mountainous with mild to steep slopes and strong 

contrasts (gorges, mild valley shapes etc.), differentiated according to the nature and place of 

geological structures, from the limestones to the flysch sediments, the alluvial fans and the talus 

slope. More specifically, the representative litho-stratigraphic column consists of U-M Triassic 

dolomites, limestones, sandstones and volcanic sediments, Jurassic hornfels, Cretaceous flysch and 

limestones and L. Oligocene to U. Eocene flysch. 

The geotectonic zone of Gavrovo-Tripolis is considered as an autochthonous series over which the 

Pindos has been thrusted. The Tripolis zone is also thrusted over the western Ionian zone. The 

representative litho-stratigraphic column contains upper Paleozoic mica-schist, quartzites, phyllites 

and limestones, a large sedimentary series with upper Triassic dolomites, Jurassic and cretaceous 

limestones, and Oligocene flysch. The tectonic of this zone is characterized by a sequence of 

anticlines and synclines with many faults and strong displacements (Mountrakis, 1987). 
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Figure 1 - Location map (a), inventory map (b) and density map (c) of the existing landslides 

for the study area. 

2.2. Susceptibility map creation 

In this study the landslide susceptibility model aims to provide information about the spatial 

distribution of the landslide occurrence in areas where no adequate information was available. It is 

critical to mention that the model does not provide information about the frequency nor the 

probability, type and effects of landslide events but only their probable future occurrence. For this 

study the landslide susceptibility mapping was conducted using a GIS model based on the Weights-

of-Evidence (WoE) method (Petley et al., 2002; Bajracharya et al., 2005). WoE is a data-driven 

method applied where sufficient data are available to estimate the relative importance of evidential 

themes by statistical means (Bonham-Carte,r 1994; Bonham-Carter et al., 1989). This formulation 

of the Bayesian probability model was used to calculate the landslide susceptibility in the wider area 

of Karpenisi. The W.o.E is determined by the probability of the presence or absence of each of the 

classes within each of the predictor factors, in relation to the presence or absence of a past landslide 

at the same location. So it is worth to mention that all this statistical approaches requires an 

evaluation process because there is still a controversy about their reliability and accuracy (Bonham-

Carter et al., 1989; Thiery et al., 2007; Neuhauser et al., 2007). 

Materials and methods 

The main stages for the calculation of the landslide susceptibility map were: data collection and 

preparation, construction of the landslide inventory and the DEM. During the preparation stage a 

characterization between triggering and controlling factors of the landslide mechanisms were 

discussed in order to audit the provided data relevance. An important point for evaluating the results 

of this method is that the possibility of a landslide occurrence will be comparable with observed 

landslides. With the use of GIS it was easy to construct the controlling factors as thematic maps. 

The calculation of the model requires in general, various geographical (such as slope, aspect and 

land use) and geological data (lithology, faults, landslide inventory). All the factors (raster maps) 

were classified based on their characteristics and in order to calculate the weights of each one. 

Editing Process 

As dense as possible is the spatial distribution of the events the more accurate the results will be. So 

the used landslide inventory was digitized and organized according to INSPIRE directive [1] and 

JRC [2] guidelines and then converted into polygon areas. We also use remote sensing techniques 

and high accuracy aerial images in order to supplement and evaluate the current landslide inventory. 

We use the aerial photography provided by KTIMATOLOGIO S.A. and the landslide inventory was 

supplemented by interpreting earth’s surface and derives landslide areas. The remote sensing 

techniques and radiometric adjustments enhanced the interpretation. 
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The next step was to create the necessary factors for the calculation of the susceptibility map. Maps 

relevant to landslide occurrence were constructed using ARC-GIS. The factors used to create the 

model are: lithology which was developed by digitizing and combining information from the 

available geological maps published by IGME (scale of 1: 50 000); the digital elevation model 

(DEM) of the study area which was derived from 20 m elevation contours digitized from the existing 

topographic maps; the slope gradient directly controls the mechanisms which are responsible for the 

initiation of slope failures; the land use was also categorized as controlling factor (from the European 

Environment Agency project Corine [3]); the slope aspect, as derivative of DEM, which was used 

to inspect and include the parameter of the exposure of a slope to rainfall, wind and sunlight; the 

curvature, being the geometrical feature of topography, affects the hydrological conditions of the 

soil cover. The curvature map was derived from DEM analysis in ARC-GIS. 

Classifying factors: The factors used were provided in vector or raster formats (table 1). The vector 

factors (land use, lithology) where converted into raster form and then classified according to the 

interpretation of their unique characteristics and their impact on the landslide phenomena. The 

“density slicing” remote sensing technique was used in order to discover patterns in the values of 

each thematic map and then decide about the classification of the maps. 

Table 1 - Classification of factors. 

Factor Class 

1. Aspect (Degrees) 

Flat (-1), North (0-22.5), Northeast (22.5-67.5), East (67.5-112.5), Southeast 

(112.5-157.5), South (157.5-202.5), Southwest (202.5-247.5), West (247.5-

292.5), Northwest (292.5-337.5), North (337.5-360) 

2. Land Use 

Urban fabric, mines, industrial units, Permanent crops, Forests, 

Heterogeneous agricultural areas, Scrub and/or herbaceous vegetation, Open 

spaces with little or no vegetation 

3. Curvature Concave, Less concave, Convex, Plan 

4. Slope (Degrees) 
0-5, 5-10, 10-15, 15-20, 20-25, 25-30, 

30-35,35-40, 40-45, 45-50, 50-55, >55 

5. Lithology 
Alluvial, Talus cones and scree, Neogene sediments, Sandstones, Flysch, 

Conglomerates, Volcanic rocks, Limestones, Ophiolites, Water Surfaces 

Weighting process: The WoE was calculated for every factor. The idea for the probabilistic calculation 

is that landslides occurred in the past are connected with the weighting factors supposing that can trigger 

landslides. The next step was to calculate the landslide occurrence in every class of every factor, then 

compare it with the number of pixels (of each raster map) in every class of every factor etc. 

Assigning weights to factors in GIS: In order to combine all the factors discussed and produce a probabilistic 

landslide susceptibility map, the calculated weights values were assigned to each factor by the standardized 

ranked values of its classes and summed the individual products, according to the equation: 

Where P is the output pixel value, Wj is the jth factor weight and Xij is the standardized rank value of the 

ith class of the jth factor. The equation is computed with the use of ARC-GIS raster calculator module. The 

output is a raster file with pixel values ranking from negative to positive values based on the weights 

computed by the W.o.E model. Results: The landslide susceptibility map was classified into five classes. 

From “Very low”, “low”, “moderate”, “high” to “Very high”. The results showed a logical correlation 

between the landslides that was mapped by IGME and the landslide susceptibility that was calculated 

with the use of W.o.E. Examining some factors, we can notice that applying W.o.E we reveal regions 

with high weight values (between 400- 450) while the landslide susceptibility increases at steep slopes 

(>400).  About the land use factor, we can notice that there is an increase in the weight values in areas 

where scrub and/or herbaceous vegetation exist where consequently the landslide susceptibility increases. 
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The resulting landslide susceptibility map shows that several settlements are located within very High 

susceptibility areas and the majority of the road network lies in landslide-prone areas. 

3. Data transformation 

Publishing data at a large-scale usually means that many different and diverse datasets are made 

available through different data infrastructures. Users of these datasets are usually interested in 

combining information crossing through the available datasets regardless of origin, purpose or 

format. This means that we need eventually to deal with data integration issues at various levels and 

with various degrees of coupling. Data integration means, among other things, that we need to 

provide data end users with the notion that a single common well-managed data source exists instead 

of many- distributed or not - individual ones. 

Overcoming this diversity is the objective of the recent W3C [4], the LOD (Linked Open Data 

initiative [5] for a unifying, machine-readable data representation that makes it possible to 

semantically access and interlink heterogeneous but (semi-)structured resources at data level. LOD 

has become a prominent choice for sharing (semi-) structured data on the web originating from 

heterogeneous sources. Linked Open Data offers great potential for building innovative applications 

that create new value from the already collected data. Thus LOD is an effort of integrating 

semantically described data on RDF [6] and thus, can be used for the creation of semantically inter-

operable data-spaces. To the best of our knowledge there is no similar work on publishing landslide 

related data as Linked Open Data that we can compare with. 

In order to do that we need to express our data using tools and languages used by the semantic web. 

These include using RDF as the main languages of communication. Thus we account for the 

interoperability among the different datasets and by using SPARQL [7] as the main query language 

for managing the data and the metadata we provide a uniform way of retrieving this information. As 

various heterogeneous datasets from different thematic fields can be supplied by data providers, 

there is a need of not only describing the meta-data in a unified way, but also integrate them that 

allows minimal changes to the original formats. 

To this end, a specific meta-model was created and described in RDF language accurately capturing 

the semantics of these thematic fields. This model was created by extending CIDOC CRM [8] 

standard meta-model for describing scientific/cultural data-sets (ISO 21127:20) through particular 

geo-spatial extensions that were based on ISO 19115, GML [9] and other standard models; the model 

has been kept as much as possible compliant to the corresponding INSPIRE model. 

So in order to properly publish our data on the semantic web and link them with other (possibly 

external) resources we can describe them using RDF or OWL [10], we can query them using 

SPARQL and we can link them with other resources by providing unique URIs [11]. 

3.1. Available data standards 

According to INSPIRE Directive Geo-spatial datasets are “data with a direct or indirect reference to 

a specific location or geographic area”. A geospatial piece of information is defined by one (or more) 

attribute including spatial description of the object: coordinates X, Y of the events, surface of the 

geologic unit, grid information for landslides. The OGC [12] and ISO/TC211 describe the definition 

of a geospatial object in the reference model described in ISO 19101 and model the different 

compositions of this object in ISO 19136. GML, ISO 19xxx family [13] specifications describe the 

encoding format of geospatial objects to exchange with services. INSPIRE’s technical guides use 

these standards for the description of data. 

3.2. Natural hazards data in INSPIRE 

The landslides are described in two themes in the following INSPIRE annexes of the Directive: 

Annex II - Theme 4. Geology. 
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Annex III - Theme 12. Natural risk zones (floods, landslides and subsidence, avalanches, forest fires, 

earthquakes, volcanic eruptions). 

Annex III - Theme 7. Environmental monitoring facilities. 

3.3. INSPIRE compliant transformations 

This allows data providers to dynamically transform their data into INSPIRE compliant formats, 

using standardized tools and languages for these transformations since they have been published as 

Linked Open Data. This means that existing datasets can go through one process to be published 

and at the same time to be made available following the norms of the INSPIRE directive. 

In the INGEOCLOUDS project [15] two different methods have been realized to allow exporting 

provider's data into XML-based [14] INSPIRE-compliant specifications: the inspire_export and the 

inspire_query_export. 

3.4. Final notes on modelling and transforming landslide related data 

 

Figure 2 - An exert of the conceptual model, the part that represents landslides. 

Landslides are an integral part of any conceptual model that wants to represent natural hazard related 

data. INSPIRE is doing an extensive effort to represent these data but unfortunately the effort is 

fragmented among different themes, each of them capturing a part of the overall available and 

necessary information. Thus we made the effort to represent a unified but complete model of 

landslide related data so (fig. 2) that they can be used in various applications; some of those were 

demonstrated during the life of INGEOCLOUDS project (www.ingeoclouds.eu). 

4. Description of services provided to end users 

4.1. Final products (maps) and specific services 

The outputs produced and all the intermediate maps (fig. 3a) are available on the web and can be re-

used by anyone interested. The user can see the landslides events of the studied area, retrieve the 

available data from the database concerning the landslides’ characteristics (longitude, latitude, 

municipality, year and season of landslide occurrence, altitude, precipitation, lithology, movement 

type, slope tilting, land cover), publishing his own landslides events and relevant information (fig. 

3b and c). These web services can re-use the maps as WMS [16] and contain much functionality. 

Enable also the user to select and display other maps available as WMS or WFS [16]. 

We have also implemented the Ordinary Kriging process in a cloud-based environment (WPS [16]) 

and coupled it with access to data stored as Linked Data described in RDF (Grinias et al, 2015; 
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Atzemoglou et al., 2014). An example of Ordinary Kriging execution is graphically depicted in 

Figure 3d and 3e using measurements for rainfall. These specific services are available through a 

WebGIS Client application which has built in the INGEOCLOUDS platform with the ability to fetch 

landslides vector data through queries and display them on a map. 

4.2. Combination with other data 

The landslide movements are relatively intense in the Greek area and are directly related to the relief, 

lithology and vegetation. Additional principal mechanisms for triggering a landslide are the 

earthquakes and the heavy precipitation events. 

 

Figure 3 - (a) The available landslide events of the studied area (b) retrieval of the available 

data from the database, (c) the susceptibility map and the landslide events (d). The selected 

landslide’s events (used for the kriging interpolation) and the panel for giving kriging 

parameters and input data (rainfall) and (e) preview of ordinary kriging output (the points 

with known values are depicted as black crosses). 

Earthquakes 

Many types of landslides are identified in earthquake caused ones. The most frequent are rock falls, 

disrupted soil slides, soil falls and rock slides. Each type of earthquake-induced landslide occurs in a 

particular geological environment (Keefer, 1984). Earthquake-induced landslides occur under a broad 

range of conditions; in steep slopes; in unconsolidated sediments; in un-compacted man-made fill etc. 

Complex structure and strong tectonic fracturing influence landslide occurrence in the Greek 

territory resulting in serious problems in population and the economy. 

Vasileiadis (2010) put all the Greek recorded landslides’ events on a thematic map with the seismic zones. 

The landslides occurrence directly connected with the seismic zone III (0.36g) is 43.38% and with seismic 

zone II (0.24g) is 38.54%. Papadopoulos et al., 2000 have examined a data set of 47 earthquake-induced 
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landslides occurring in Greece from 1650 to 1995 and the landslide distribution. Earthquakes triggering 

landslides range in magnitude from Ms=5.3 to 7.9, with peaks at Ms=6.4 and 6.7. 

5. Conclusions 

Inventory, density and susceptibility maps which are available for all those interested, assist the land 

use planning, assess the risk of possible threats, estimate the possible decrease of a property value 

and help construction companies to avoid regions with high possibilities of landslide danger. Making 

these data available as web services allow external stakeholders to integrate them directly into their 

software. In our case this happened by developing and providing an advanced information system 

that allows for visualization and management of the information. We use the cloud to store and 

disseminate the data since we can rely on its constant availability and the scalability of resources. 

It is useful to mention that factors such as proximity to faults, distance from roads and rainfall data 

have been rejected as triggering factors because of they could not fit the validation process. The 

results when using these data was inconclusive. 

The produced susceptibility map showed that several settlements are located within very highly 

susceptible areas, and that a major proportion of the road network lies in landslide-prone areas. 

Combination of maps showing zones of seismic hazards provide the planner with data on considerations 

about the spatial application of building codes and the need for local landslide and flood protection. 
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Abstract 

The main objective of the present study was to investigate ground subsidence in the 

wider area of Farsala, western Thessaly basin, by means of remote sensing techniques 

and to identify potential geo environmental mechanisms that contribute to the 

development of the observed surface fractures affecting the site. In this context, a set of 

Synthetic Aperture Radar (SAR) images, acquired in 1995-2003 by the European Space 

Agency (ESA) satellites ERS1 and ERS2 and processed with the Persistent Scatterer 

Interferometry (PSI) technique by the German Space Agency (DLR) during the 

Terrafirma project, were evaluated in order to investigate spatial and temporal patterns 

of deformation. Groundwater table levels of three water boreholes within the research 

area were processed providing the mean piezometric level drawdown and the mean 

annual drawdown rate. In addition, a quantitative comparison between the deformation 

subsidence rate and the thickness of the compressible sediments was also performed. 

The outcomes of the present study indicated a clear relationship in the subsidence 

deformation rate and the groundwater fluctuation and also a correlation between the 

depth of the bedrock and the deformation subsidence rate. Overall, the multitemporal 

SAR interferometry (DInSAR) data are proved as a valuable and suitable technique for 

increasing knowledge about the extent and the rate of the deformations in the current 

study area, proved to be affected with an increasing intensity. 

Keywords: Surface deformation, remote sensing techniques, water table fluctuation. 

Περίληψη 

Ο κύριος στόχος της παρούσας μελέτης ήταν η διερεύνηση των εδαφικών καθιζήσεων 

που παρατηρούνται στην ευρύτερη περιοχή της πόλης των Φαρσάλων, με τη βοήθεια 

τεχνικών τηλεπισκόπησης, καθώς και ο εντοπισμός των δυνητικών γεω- 

περιβαλλοντικών μηχανισμών που συμβάλλουν στην εκδήλωση των εδαφικών 

διαρρήξεων που πλήττουν την περιοχή. Σε αυτό το πλαίσιο, αξιοποιήθηκαν δεδομένα 

συμβολομετρίας σταθερών σκεδαστών, τα οποία προέκυψαν από την επεξεργασία ενός 

συνόλου εικόνων ραντάρ, που λήφθησαν κατά την περίοδο 1995-2003 από τους 

δορυφόρους ERS1 και ERS2 του Ευρωπαϊκού Οργανισμού Διαστήματος (ESA). Ακόμα, 

αξιοποιήθηκαν δεδομένα στάθμης του υδροφόρου ορίζοντα από τρεις γεωτρήσεις, 

παρέχοντας τιμές για τη μέση πτώση και το μέσο ετήσιο ρυθμός ανάληψης. Επιπλέον, 

πραγματοποιήθηκε μια ποσοτική σύγκριση μεταξύ του ρυθμού καθίζησης και του 

πάχους των συμπιεστών ιζημάτων της περιοχής έρευνας. Τα αποτελέσματα έδειξαν μια 

σαφή συσχέτιση ανάμεσα στην εδαφική καθιζήση και τη διακύμανση του υδροφόρου 
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ορίζοντα καθώς και τη σαφή επίδραση του βάθους του βραχώδους υποβάθρου στο 

ρυθμό και την ένταση των παραμορφώσεων. Συμπερασματικά, με τη χρήση δεδομένων 

συμβολομετρίας σταθερών σκεδαστών αναδεικνύεται η σφοδρότητα με την οποία τα 

φαινόμενα των εδαφικών υποχωρήσεων πλήττουν την περιοχή μελέτης. 

Λέξεις κλειδιά: Εδαφικές παραμορφώσεις, τεχνικές τηλεπισκόπησης, διακύμανση 

υδροφόρου ορίζοντα. 

1. Introduction 

Ground subsidence is considered among the most frequent geological hazard worldwide that usually 

occurs as a consequence of a number of phenomena, namely; natural compaction of unconsolidated 

fine-grained deposits, groundwater over-exploitation, urbanization and load imposition, presence of 

great thickness of young, peat-rich materials and finally, tectonic activity (Ziaie et al., 2009; 

Loupasakis and Rozos, 2009). The evolution of such phenomena is related with damages observed 

in buildings and linear infrastructure over large areas that extent from ten to hundreds km2. 

Numerous studies have been contacted during the last decades in Greece concerning areas that 

experience ground subsidence phenomena especially due to aquifers over-exploitation. The 

Thessaly Plain is among the well-known areas in Greece presenting ground subsidence related to 

reservoir compaction with cases observed since the early 90’s (Soulios, 1997; Kaplanidis and 

Fountoulis, 1997; Marinos et al., 1997; Salvi et al., 2004; Ganas et al., 2006; Apostolidis and 

Georgiou, 2007; Kontogianni et al., 2007; Rozos et al., 2010; Vassilopoulou et al., 2013; Apostolidis 

and Koukis, 2013; Modis and Sideri, 2015). According to Apostolidis and Georgiou (2007) and later 

confirmed by Rozos et al. (2010), the over-exploitation of the groundwater resources activates the 

subsidence mechanism and subsequently leads to the evolution of surface deformations and raptures. 

Despite, the efforts of numerous researchers that have been involved in the investigation of the land 

subsidence phenomena, a clear understanding of the subsidence mechanism is not always easy to 

formulate. However, the geoscience community share a common belief; the multi-parametric nature 

of the subsidence mechanism can only be evaluated by the holistic and in depth study of the 

geological, hydrogeological, morphological and tectonic settings of the area along with the 

examination of the human activities and the land use data. In recent years, synthetic aperture radar 

interferometry (SAR) technology has been enabled in order to enhance the ability of the researchers 

to resolve the spatial distribution and temporal evolution of displacements. Specifically, Persistent 

Scatterer Interferometry (PSI) has been developed as an advanced remote sensing technology, with 

application in areas that are affected by land subsidence (Dixon et al., 2006; Herrera et al., 2009; 

Osmanoglu et al., 2011; Chaussard et al., 2013; Raspini et al., 2013, 2014). In this context, the main 

objective of the present study was to investigate land subsidence in the wider area of Farsala, western 

Thessaly basin, by means of remote sensing techniques and identify potential geo environmental 

mechanisms that contribute to the development of the observed phenomena. 

2. Study area  

2.1. General settings 

The Thessaly water district is located in central Greece covering approximate an area of 13.700 km2. 

It is a plain region divided into two large basins, the Pinios basin and the Almirou - Piliou basin. 

Elevations range from sea level at the eastern coastal area to more than 2.800m at the eastern and 

western mountain areas. The current study focuses on the western part of the plain as illustrated in 

figure 1. 
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Figure 1 - The study area. 

According to the Köppen climate classification system (Aguado and Burt, 2012), the wider area of 

research is characterized as Mediterranean type (Csa) with heavy winters and cool summers. During 

the winter, the temperature reaches low levels, rainfall and snowfall is abundant with a notable 

prolonged snow cover. The cloud coverage is high, while frost occurs from October to May. Summer 

is cool, with several local rainstorms. The rainy season is from October to May accounting to almost 

90% of the total amount of annual rainfall which approximately reaches 31.7 to 87.7 mm/month. 

December appears the rainiest month (87.7mm) followed by November (86.2mm), while the driest 

month appears to be August (10.4mm) followed by July (14.1mm). The annual average mean 

temperature is 15.130C with the highest and lowest average temperature being 20.940C and 9.390C 

respectively (Fig. 2). The climate data were obtained from the University of East Anglia Climate 

Research Unit (CRU) and referred to a period over 107 years between 1901 and 2008 (Jones and 

Harris, 2008). 

 

Figure 2 - Climate data of the wider area. 

According to the data derived from the meteorological stations of Skopia, Loutropigi and Karditsa, 

the mean annual rainfall showed significant fluctuations during the last twenty years. A significant 

drop at the mean annual values have been observed during the year 2000 (Loutropigi 630mm, 

Karditsa 400mm, Skopia 380mm) while 1994 appears as the year with the highest rainfall values 

(Loutropigi 1380mm, Karditsa 820mm, Skopia 790mm). 
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2.2. Geological and tectonic settings 

Concerning the geotectonic evolution of Thessaly, the eastern part of Thessaly belongs mainly to 

the Pelagonian zone of the Internal Hellenides, while western Thessaly belongs mainly to the Pindos 

zone. According to Robertson et al. (1991), the Pelagonian zone is considered as a micro-continent 

that rifted from Apulia during the Permo-Triassic period, and formed two oceanic basins, Pindos 

Ocean in the west and Axios-Vardar Ocean in the east. Caputo and Pavlides (1993), reported that 

the physiography of Thessaly plain is the result of the older orogenic tectonism (Oligo - Miocene) 

and post - orogenic collapse (Pliocene - Lower Pleistocene). Furthermore, the last tectonic phase 

(Middle Pleistocene to present) that also affected the Thessaly area generated a new system of 

relatively small basins with a general E-W trend. This graben system has been superimposed onto 

the inherited NW-SE trending, causing the complex block pattern observed today (Caputo, 1995). 

The wider area of research is characterized by a great variety of geological formations. Specifically, 

the western Thessaly basin compromises of Mesozoic Alpine formations that belong to the 

Pelagonian, Sub-Pelagonian, Ultra-Pindic and Pindos geotectonic zone and post - Alpine deposits 

that are located in the lowland of the basin (Apostolidis and Koukis, 2013). The Mesozoic Alpine 

formations constitute the bedrock of the Quaternary deposits that appear in the wider area of Farsala. 

These formations consist of Schist-chert formation, Ophiolites, Limestones and Flysch sediments, 

while the post-Alpine deposits include Neogene, Pleistocene and Holocene deposits (Mariolakos et 

al., 2001; Rozos and Tzitziras, 2002). The geological formations appear as follows (Fig. 3): a) 

quaternary deposits (cl-sl, gr-sd, sd-gr, sc-cs), b) neogene sediments (Ne), c) limestones (Le), d) 

shale and chert formations (sh) and e) basic and ultrabasic igneous rocks (o) (Apostolidis, 2014). 

 

Figure 3 - Geological settings of the wider research area (Apostolidis, 2014). 

2.3. Hydrogeological settings 

Thessaly consists of two main hydrogeological basins, east and west that are divided by a range of 

hills. In western Thessaly where our research focuses, based on the hydrolithological properties of 

the Quaternary and Pliocene deposits and their bedrock tectonic features, four sub-basins, have been 

identified, namely (Kallergis, 1971; Kallergis, 1973; Manakos, 2010; Apostolidis, 2014): (a) 

Kalambaka sub-basin, (b) Trikala sub-basin, (c) Karditsa - Sofades sub-basin and (d) Zaimi - 

Sofiadas - Farsala sub-basin. The most productive aquifers οf the study area are developed in the 

Zaimi - Sofiadas - Farsala sub-basin. Generally, the aquifer systems develop mainly in Quaternary 
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deposits and secondly in the karstic systems extending at the perimeter of the plain area. However, 

additional aquifers of local importance are developed in the metamorphic formations, with numerous 

springs covering the local water demand. The dynamic of the groundwater systems varies and 

depends mainly on the surface runoff and secondly, on the grain size characteristics for the alluvial 

systems, on the degree of karstification for the karstic systems, and on the tectonic fragmentation 

and the thickness of the weathering mantle for the groundwater system developed in the 

metamorphic formations. 

Regarding the narrow study area the main aquifer is located in the Quaternary deposits, constituting 

a system of unconfined shallow aquifers that extend through the upper layers and successive 

confined artesian aquifers developing in the deeper permeable layers (Apostolidis and Koukis, 2013). 

These systems are recharged mainly from the infiltration of the surface water but also through the 

lateral infiltration of the karstic aquifers that are developed in the carbonate formations that outcrop 

in the margins of the plain basin (Rozos et al., 2010). 

3. Materials and Methods 

3.1. The followed methodology 

During the present study three main investigation processes were conducted: a) defining the 

geological, hydrogeological and tectonic settings of the wider research area, b) analysing the PSI 

data and c) evaluating the groundwater table level from existing boreholes. Based on the outcomes 

of each analysis, the main goals were to examine any potential correlation between PSI 

measurements and groundwater table levels and also to compare the PS velocities with the thickness 

of the compressible Quaternary deposits. 

Concerning the PSI data, they come from a descending data set provided by the German Space 

Agency (DLR), acquired in 1995-2003 by the European Space Agency (ESA) satellites ERS1 and 

ERS2. This set of data were processed within the framework of the Terrafirma project, that was 

supported by the Global Monitoring for Environment and Security (GMES) Service element 

Program, promoted and financed by the European Space Agency (ESA). Within the ESA Terrafirma 

project a Wide Area Product (WAP) has been developed by DLR (Adam et al., 2011). It involved 

processing nine satellite image frames in order to produce a PSI ground motion map covering a 

65000 km2 wide area of Greece. For the interpretation of the final product it should be noted that, 

the negative sign indicates a movement away from the sensor that measures the displacement, while 

positive values represent a movement towards the sensor. Concerning the colour scale, green 

indicates points that are characterized as stable, while the gradation from yellow, orange to dark red 

represents movement away from the sensor (subsidence), and the gradation from light blue to dark 

blue represents movements toward the sensor (uplift). 

Groundwater table level was evaluated by processing measurements from three nearby boreholes 

(SR4, Pz6 and LB119) referring to the years 1995 to 2003, providing data for the mean piezometric 

level drawdown and mean annual drawdown rate concerning the research area. The water table level 

data were obtained from the department of Hydrology of the Thessaly Prefecture. Finally, 81 

boreholes obtained from the Ministry of Agriculture with data concerning the depth of the bedrock 

for the Thessaly basin was also analysed (SOGREAH, 1974). The processing of the spatial data was 

conducted with the use of SURFER 11 and ArcMap 10.1. 

4. Results 

The wider area of Farsala is mainly founded on Quaternary deposits and only a small part at the 

south of the town is founded on the Alpine bedrock formations. These Quaternary deposits consist 

of talus cones and scree with cobbles and rubbles of carbonate, sandstone and chert composition 

(Apostolidis, 2014). As reported earlier, the main objective of the current research was the 

correlation of the PSI data with the groundwater level fluctuation. Concerning the PSI analysis, 
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about 5848 PSs were identified in the data set acquired at the descending orbit of ERS1/2 from 

19/6/1995 to 18/10/2003. The Line of Sight (LOS) displacement rates vary from +14.861 to -20.339 

mm/year and are relative to a reference point, located at 4398839.50, 659935.19 (Coordinate system 

WGS 1984, UTM Zone 34N), assumed motionless. The analysis of the velocity of the PSI data 

showed that with a threshold of ±1.50 mm/yr, the stable PSs are 94.19% of the total. About 5.06% 

of the PSs shows a downwards velocity greater than -1.50 mm/yr, indicating subsiding movement. 

Subsiding movements can be clearly identified in the wider area of Farsala. Specifically, the northern 

parts of the town shows significant movements, while the highest LOS velocities have been observed 

in the Dendraki and Vasilis village, north of Farsala (Fig. 4a). Figure 4b illustrates locations of 

surface ruptures identified through field investigations and previous studies within Farsala town 

(Apostolidis and Georgiou, 2007; Rozos et al., 2010). 

 

Figure 4 - Contours of PSI deformation rate measurements. 

Concerning the third processing objective, the piezometric level monitoring data of three nearby 

water wells, SR4, Pz6 and LB119 were plotted in relation to the time (Fig. 5). According to the 

measurements conducted between 1995 and 2003, it appears that there is a temporal trend in the 

levelling of the water table; a sufficient drawdown of the ground water level takes place, reaching 

up to values of 37m. It seems that even if a significant recharge of aquifers takes place every year 

during the wet season (October to May), the overall tendency is a constant drawdown. The mean 

piezometric level drawdown for the period of measurements was approximately 17.0m and the mean 

annual drawdown rate during the same period of time was estimated to be 2.0m/year. 

Figure 6 provides the results of a series of two water level measurements (wet and dry season) that 

have been performed during the years 1995-2003 corresponding to the highest (May) and lowest 

(September) ground water level period respectively. It’s clear that for LB119 and SR4 from the year 

2000 a drop in both seasons can be observed. The same trend is observed in the year 2003 for Pz6. 
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Figure 5 - Piezometric level variation (1995-2003) for water wells SR4, Pz6 and LB119. 

 

Figure 6 - Piezometric level variation between dry and wet season for water wells SR4, Pz6 

and LB119. 

The compaction of an aquifer system depends not only on the piezometric level variations, but also 

on the geometrical and geotechnical characteristics of the aquifer deposits, namely the thickness and 

its compressibility. In this context, a quantitative comparison between the deformation subsidence 

rate and the thickness of the compressible sediments has been performed. Figure 7 provides the 

generated contours concerning the depth of the bedrock. 

 

Figure 7 - Contours of bedrock depth. 

From the analysis it was concluded that almost 65% of the PSs with deformation rate greater than -

3.00mm/yr appear to be located in areas where the thickness of the loose deposits was less than 50m, 
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while almost 64% of the PSs with deformation rate less than -3.00mm appear to be located in areas 

where the thickness of the loose deposits was greater than 50m. 

5. Discussion and Conclusion  

According to Manakos (2010), the inrational management of water resources in the plains of western 

and eastern Thessaly from 1974 up to date, has resulted in the systematic groundwater table drop 

and also the degradation of the quality of the majority of the aquifer systems. The irrigated crops, 

especially those of cotton, have increased in the last 30 years in relation to the available for irrigation 

water, while cultivation has been extended in areas where limited water resources are available. 

Moreover, as reported in the present study the amount of precipitation during the time of 

measurements (1995-2003) was low in relation to the water demands, resulting in even further 

overexploitation of the aquifers. 

Manakos (2010) also reported the presence of local water depression cones distributed almost 

throughout the wider area of research for the year 2007, located mainly in areas that are far away 

from the regional infiltration and recharge zones of aquifers. As suggested by the author, this 

element was a sign of over-exploitation in those areas. Following the above conclusion, Modis and 

Sideri (2015) have examined and analysed PSI data and water table levels in order to estimate the 

spatiotemporal correlation and cross-correlation of those variables in the research area. They have 

estimated that these variables are spatiotemporally correlated, enabling the use of the uniformly 

sampled water level as an auxiliary variable for the estimation of surface deformations. 

In the present study, a clear trend has been observed between the thickness of the loose Quaternary 

deposits and the deformation rate. Specifically, areas with thickness of loose Quaternary deposits 

greater than 51m are more likely to have deformation rate less than -3.00mm/yr. The outcome is in 

agreement with the theory suggesting that an excessive lowering of the ground water level leads to 

the radical change of the geostatic loads triggering or accelerating the consolidation of compressible 

ground layers. Concerning evidence of ground disruption, beside the available PSI data, surface 

ruptures and earth fissures where also reported. The spatial distribution of the observed surface 

ruptures extent mainly in areas where the analyses of PSI data also indicated strong deformation rate. 

In each case, the severity of the damages recorded on buildings and linear infrastructure was in 

accordance with the deformation rate. 

From the conducted analysis of the groundwater table from existing nearby water boreholes it was 

estimated that the mean piezometric level drawdown for the period of measurements was 

approximately 17.0m. The mean annual drawdown rate during the same period of time was 

estimated to be approximately 2.0m/year. 

The outcomes of the Persistent Scatterer Interferometry analysis provided important information 

about the extent and timing of surface deformation. It is most certain that the continuing irrational 

management of water resources would further influence the dropdown of the groundwater table that 

as a result will trigger subsidence phenomena and expand the affected areas. The followed analysis 

along with the detection of areas with reported ground disruptions it also detected areas that exhibit 

deformation without any reported damages. This early detection of surface deformations allows 

taking measures before the outbreak of severe subsidence phenomena and therefore allows for 

timely protection of the affected areas. 
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Abstract 

Land subsidence is a common phenomenon occurring in several regions worldwide. 

The current work focus on the industrial-commersial area of Eleonas, Athens, where 

vertical displacements were identified by Persistent Scatterer Interferometry (PSI) 

analysis. The rate of deformation in the study area according to the PSI results, during 

the period from May 1992 to December 2000, ranged between -1.5 and -10 mm/yr. 

The evaluation of the geological, geotechnical and hydrogeological conditions of the 

area combined with the PSI data provided substantial information for the 

interpretation of the land subsidence phenomenon. Also, the knowledge of the land 

use distribution and the activities taking place in the area helped the detection of its 

causal factors. 

Keywords: Geohazard, Aquifer overexploitation, PSI technique. 

Περίληψη 

Οι εδαφικές υποχωρήσεις είναι ένα συνηθισμένο φαινόμενο που συμβαίνει σε αρκετές 

περιοχές σε όλο τον κόσμο. Η παρούσα εργασία εστιάζεται στη βιομηχανική – εμπορική 

ζώνη του Ελαιώνα , στην Αθήνα, όπου ανιχνεύτηκαν κατακόρυφες παραμορφώσεις από 

την αξιολόγηση δεδομένων συμβολομετρίας σταθερών σκεδαστών. Ο ρυθμός εξέλιξης 

των κατακόρυφων παραμορφώσεων στη περιοχή μελέτης κυμαίνεται από -1.5 έως -10 

mm/yr για τη περίοδο μεταξύ Μαΐου 1992 έως Δεκεμβρίου 2000.  Η αξιολόγηση των 

γεωλογικών, γεωτεχνικών και υδρογεωλογικών συνθηκών της περιοχής σε συνδυασμό 

με τα δεδομένα συμβολομετρίας  σταθερών σκεδαστών παρέχουν σημαντικές 

πληροφορίες για την ερμηνεία του φαινομένου των εδαφικών υποχωρήσεων. Επίσης, η 

γνώση της κατανομής των χρήσεων γης και των δραστηριοτήτων στην περιοχή 

συμβάλλει στην ανίχνευση των αιτιολογικών παραγόντων του φαινομένου. 

Λέξεις κλειδιά: γεωκίνδυνος, υπερεκμετάλλευση υδροφόρου, τεχνική PSI. 

1. Introduction 

Land subsidence due to the overpumping of aquifers is an important geohazard closely related with 

the development of urban and industrial areas. The comprehension of the subsidence mechanism 

can be contributed to prevent or reduce the negative effects of such risk on buildings and 

infrastructures. Actually, hundreds of cities are affected by land subsidence phenomena worldwide. 
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In Greece the well-known areas presenting ground subsidence are the Thessaly Plain (Rozos et al., 

2010; Kontogianni et al., 2007; Kaplanides and Fountoulis, 1997), Kalochori village in the east 

sector of Thessaloniki plain (Costantini et. al., 2016; Raspini et. al., 2014; Loupasakis and Rozos, 

2009; Raucoules et al., 2008; Psimoulis et al., 2007; Stiros, 2001; Andronopoulos et al., 1991), the 

region extending at the west-southwest of the Anargyri opencast coalmine in west Macedonia 

(Loupasakis et al., 2014; Soulios et al., 2011) and the Messara valley in Crete (Mertikas and 

Papadaki, 2009). 

The current study focuses on the land subsidence phenomena manifesting at the industrial-

commersial area of Eleonas. Available land motion mapping data, produced by Persistent Scatterer 

Interferometry (PSI) analysis, revealed incipient vertical displacements. The main objectives of the 

current work are to co-evaluate all available data provided by the studies conducted in the area, in 

order to identify the main causes of the observed ground deformations and to validate the 

contribution of the remote sensing data on the study of the phenomena. 

2. The study area 

The current study focuses on the industrial-commersial area of Eleonas extending over the 

municipalities of Athens, Tavros, Ag. Ioannis Rentis and Aegaleo (Fig.1). The Kiffisos River basin 

has experienced both an increasing urbanization trend and significant population growth in the last 

few decades. 

The study area is occupied by the Athens schist formation overlapped by Neogene and Quaternary 

sediments. The Athens schist formation is a highly heterogeneous flysch-like formation of 

Cretaceous age (Marinos et al., 1971). This includes schists, shales, sandstones, marls and 

limestones of a low-grade metamorphism. The Neogene deposits consist mainly of marls, marly 

limenstones and sandstones. Their lower sequence consists of conglomerates (pebble size 5-20cm) 

with sandstones and sandy marls intercalations. The upper sequence consists of lacustrine and 

terrestrial formations alternations, mainly conglomerates. The dilluvial deposits consist of red sandy 

loams alternating with breccio-conglomerates of low cohesiveness. The alluvial deposits covering 

the study area, consist of recent torrential deposits, clays, sand and gravels (Fig.2). 

 

Figure 1 - Location map of the study area. The yellow dotted-line polygon indicates area of 

interest. 
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Figure 2 - Geological map of the study area. Black circles indicate geotechnical boreholes 

drilled. The red dotted lines indicate probably faults. 

Considering the aquifers two systems can be distinguished in the abovementioned formations: a) the 

shallow phreatic aquifers system occupying the alluvial and the dilluvial deposits extending to a 

maximum depth of 25m and b) the semi-confined aquifer occupying the Neogene deposits, 

characterized by very low hydraulic conductivity. 

Thanks to the availability of deep geotechnical boreholes and geophysical surveys a detailed profile 

down to the depth of 240m was established. According to this data the top 20m are occupied by fine-

grained recent deposits. These deposits are composed by brown, sandy, stiff clay of low to medium 

plasticity (CL). Clayey-silts (CL-ML), clayey-sands (SC), silty sands (SM) and clayey-silty gravels 

(GM, GM-GC) are also encountered. Underneath the fine-grained recent deposits extend a red-

brownish sandy clay (sandy loam) horizon of low to high plasticity (CL, CH) with fine gravels and 

pisolites intercalated with loose conglomerates. The deeper horizon, reaching down to a maximum 

depth of 60m, consists of marls intercalated by sandstones and conglomerates. The marls are 

whitish-yellow, very stiff to hard, clayey (CL, CH). Grey, silty marls are also encountered. Although 

there is not any available geotechnical information for depths over 60m, the geophysical 

investigation data showed that the lower horizon consist of Athens schist at least up to the depth of 

240m. 

3. Data and Methodology 

The land subsidence phenomenon in the study area was detected by the PSI technique, a remote 

sensing technology based on multi-temporal satellite SAR (Synthetic Aperture Radar) imagery. The 

PSI (Persistent Scatterer Interferometry) techniques are based on the processing of several multi-

temporal satellite SAR imagery (at least 15-20, or more) of the same target area. The current 

technique uses long stacks of radar dataset and analyzes the signals backscattered from the observed 

scene aiming to estimate and remove atmospheric artifacts (Adam et al., 2011). The electromagnetic 

returns of electromagnetically stable, highly reflective point wise targets (the so-called Permanent 

Scatterers, (PS) is statistically processed and analyzed to retrieve estimates of the displacements 

occurred between different acquisitions (Ferretti et al., 2000, 2011). PSs usually correspond to 

manmade structures (i.e. buildings, roads, bridge, monuments, pylons), as well as natural reflectors, 
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such as outcropping rocks. Thanks to this multi-interferometric approach the LOS velocity can be 

estimated, at each Permanent Scatterer, with unprecedented accuracy, sometimes even better than 

0.1 mm/year. Displacement time series can be retrieved, acquisition by acquisition, with accuracy 

on single measurements usually ranging from 1 to 3mm (Colesanti et al., 2003). 

A set of 38 Synthetic Aperture Radar (SAR) images, acquired in 1992-2000 by the European Space 

Agency (ESA) satellites ERS1 and ERS2, were used for the investigation of land subsidence in the 

study area. 

Besides the space measurements data were also collected geological, hydrogeological and 

geotechnical data. Available records of piezometric level measurements were also used for the 

compilation of successive groundwater level contour maps. In order to create the appropriate 

information platform all available aforementioned data, in the form of maps, were used as the basis 

for the creation of GIS thematic layers. The data processing involved in their implementation the 

ArcGIS Desktop v.10 software environment. 

4. Discussion and Conclusions 

An overview of the displacements according to the PSI data is presented in Fig. 3, as measured by 

the SAR sensor along the satellite’s line of sight and expressed in mm/y. The green dots refer to 

stable areas. The yellow to red dots represent increasing deformation rates, moving away from the 

sensor (subsidence). In particular, land subsidence can be mainly identified at the area extending 

between the riverbeds of Kifisos River and Profitis Daniil Stream with values ranging between -1.5 

and -10 mm/yr, during the period from May 1992 to December 2000. 

 

Figure 3 - The Line of Sight - LOS deformation rates in the study area. 

Displacements time series available for each PS target are ideally suited for monitoring temporal 

evolution of displacement for the investigated period of time. Characteristic graphs referring to four 

Permanent Scatterers affected by ground motion, are reported in Fig.4. 

The major part of industrial activity of Athens from the 50s until the 90s has been accommodated in 

the study area (Fig.5). Many of those industries are food and drink industries, while others are textile 

– fabric dyeing, chemical and skin processing industries. 
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Figure 4 - LOS displacement time series of PS A, B, C and D. 

Since the late 90s the activity gradually, but not entirely, changed from industrial to logistics. All 

afore mentioned activities are high demanding from the water supply point of view. Those needs 

have been diachronically covered mainly by water exploiting wells. At this point it should be noted 

that the deformations are entirely limited inside the industrial area. 

 

Figure 5 - Land use distribution in the study area (source: Corine, 2000). 

At the isopiezometric curves map (Fig.6) referring to the conditions of the shallow phreatic aquifers 

in March 1997, is presented that the higher ground deformation values occur within the limits of the 

wider depression cone covering the Eleonas industrial area. In particular the rapid drawdown of the 

piezometric surface as well as negative ground water level values occurring at the S to SE 

(morphologically lower) part of the study area verify the overexploitation of the aquifers. 
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Figure 6 - Isopiezometric map March 1997 (Koumantakis, 1997). 

 

Figure 7 - Equal depth curves of the bedrock basement from Koukis and Sabatakakis, 2000. 

A comparison between the equal depth curves of the bedrock Athenian schist formations and the 

distribution of the vertical displacements indicates that the greater subsidence values have been 

observed in the area where the thickness of the deposits exceeds over the depth of 20m (Fig.7). 

Obviously, the thickness of the fine-grained deposits contributes to the higher ground deformation. 

According to the laboratory data the compression index (Cc) of the fine grained layers range from 

0.080 to 0.213, indicating their compressibility potential. 
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Concluding from the primary examination of all the data, it appears that the occurring land 

subsidence phenomena could be attributed primarily to the overexploitation of groundwater 

reservoir resulting to the compaction fine-grain recent deposits. Furthermore, the natural compaction 

of the fine grained alluvial deposits cannot be entirely excluded. 

Further study of the phenomena can be of significant interest considering the plans for the future 

development of the area. 

5. Acknowledgments 

The Terrafirma Extension project has funded the SAR imagery processing. The Terrafirma project 

is one of the many services supported by the Global Monitoring for Environment and Security 

(GMES) Service Element Programme, promoted and financed by ESA. Τhe authors gratefully 

acknowledge the German Aerospace Centre (DLR) for having processed the SAR data. 

6. References  

Adam, N., Rodriguez Gonzalez, F., Parizzi, A. and Liebhart, W., 2011. Wide area persistent scatterer 

Interferometry, Proc. of IGARSS, Vancouver, Canada. 

Andronopoulos, V., Rozos, D. and Hatzinakos, I., 1991. Subsidence phenomena in the industrial 

area of Thessaloniki, Greece. In: Johnson, A., ed., Land Subsidence, 200, Wallingford, 

Oxfordshire, IAHS Publishers, 59-69. 

Colesanti, C., Ferretti, A., Prati, C. and Rocca, F., 2003. Monitoring landslides and tectonic motion 

with the Permanent Scatterers technique, Eng. Geol., 68, 3-14. 

CORINE land cover 2000 project, Commission of the European Communities. 

Costantini, F., Mouratidis, A., Schiavon, G. and Sarti, F., 2016. Advanced InSAR techniques for 

deformation studies and for simulating the PS-assisted calibration procedure of Sentinel-1 

data: Case study from Thessaloniki (Greece), based on the Envisat / ASAR archive, Int. 

Journal of Remote Sensing, 37, 729-744, doi: 10.1080/01431161.2015.1134846. 

Ferretti, A., Prati, C. and Rocca, F., 2000. Nonlinear subsidence rate estimation using Permanent 

Scatterers in differential SAR interferometry, IEEE T. Geosci. Remote, 38, 2202-2212. 

Ferretti, A., Fumagalli, A., Novali, F., Prati, C., Rocca, F. and Rucci, A., 2011. A new algorithm for 

processing interferometric data-stacks, SqueeSAR™, IEEE T. Geosci. Remote, 99, 1-11. 

Kaplanides, A. and Fountoulis, D., 1997. Subsidence phenomena and ground fissures in Larissa, 

Karla basin, Greece: their results in urban and rural environment. In: Marinos, P., Koukis, 

G., Tsiambaos, G. and Sambatakakis, G., eds., Eng. Geol. Environ., 729-735. 

Kontogianni, V., Pytharouli, S. and Stiros, S., 2007. Ground subsidence, Quaternary faults and 

vulnerability of utilities and transportation networks in Thessaly, Greece, Environ. Geol., 52, 

1085-1095. 

Koukis, G. and Sabatakakis, N., 2000. Engineering geological environment of Athens, Greece, Bull. 

Eng. Geol. Environ, 59, 127-135. 

Koumantakis, I., 1997. Research of hydrogeological conditions and of the operating procedures of 

the ground water in the basin of Attica, Main Issue, (Α΄ and Β΄ Phase), research program in 

the years 1996 and 1997 performed by the research team of the Section of Geological 

Sciences in cooperation with the Organization of Planning and Environmental Protection οf 

Athens. 

Loupasakis, C., Agelitsa, B., Rozos, D. and Spanou, N., 2014. Mining geohazards-land subsidence 

caused by the dewatering of opencast coal mines: The case study of the Amyntaio coal mine, 

Florina, Greece, Natural Hazards, Springer, 70, 675-691, doi: 10.1007/s11069-013-0837-1. 

Loupasakis, C. and Rozos, D., 2009. Land subsidence induced by water pumping in Kalochori 

village (north Greece) - simulation of the phenomenon by means of the finite element 

method, Q. J. Eng. Geol. Hydrog., 42, 369-382. 

Marinos, G., Katsikatsos, G., Georgiadou-Dikeoulia, E. and Mirkou, R., 1971. The Athens’ schist 

formation. I. Stratigraphy and structure (in Greek), Ann. Geol. Pays Hell., 22, 183-216. 



1710 

 

Mertikas, S.P. and Papadaki, E.S., 2009. Radar Intererferometry for Monitoring Land Subsidence 

due to over-pumping Ground Water in Crete, Greece, Proc. of the Fringe Workshop, Italy, 

30 November- 4 December. 

Psimoulis, P., Ghilardi, M., Fouache, E. and Stiros, S., 2007. Subsidence and evolution of the 

Thessaloniki plain, Greece, based on historical levelling and GPS data, Eng. Geol., 90, 55-70. 

Raspini, F., Loupasakis, C., Rozos, D. and Moretti, S., 2013. Advanced interpretation of land 

subsidence by validating multi-interferometric SAR data: the case study of the Anthemountas 

basin (northern Greece), Nat. Hazards Earth Syst. Sci. Discuss., 1, 1213-1256. 

Raucoules, D., Parcharidis, I., Feurer, D., Novalli, F., Ferretti, A., Carnec, C., Lagios, E., Sakkas, 

V., Le Mouelic, S., Cooksley, G. and Hosford, S., 2008. Ground deformation detection of the 

greater area of Thessaloniki (Northern Greece) using radar interferometry techniques, Nat. 

Hazards Earth Syst. Sci., 8, 779-788, doi: 10.5194/nhess-8-779(08). 

Rozos, D., Sideri, D., Loupasakis, C. and Apostolidis, E., 2010. Land subsidence due to excessive 

groundwater withdrawal, a case study from Stavros-Farsala site, west Thessaly Greece, Proc. 

of the 12th International Congress, Patras, Bull. Geol. Soc. Greece, 4, 1850-1857. 

Soulios, G., Tsapanos, T., Voudouris, K., Kaklis, T., Mattas, C. and Sotiriadis, M., 2011. Ruptures 

on surface and buildings due to land subsidence in Anargyri village (Florina Prefecture, 

Macedonia), Environ. Earth Sci., 5, 505-512. 

Stiros, S.C., 2001. Subsidence of the Thessaloniki (northern Greece) coastal plain, 1960-1999, Eng. 

Geol., 61, 243-256. 

  



1711 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 1711-1720 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 1711-1720 
Proceedings of the 14th International Conference, Thessaloniki, May 2016 

A COMBINED STUDY OF FLOOD PROPAGATION 

MAPPING, USING SENTINEL-1 AND LANDSAT-8 DATA. A 

CASE STUDY FROM RIVER EVROS, GREECE 

Kyriou A.1 and Nikolakopoulos K.1 

1University of Patras, Department of Geology, 54124, Patra, Greece, knikolakop@upatras.gr, 

geo11060@upnet.gr 

Abstract 

Floods are suddenly and temporary natural disasters, which influence equally 

important the society and the natural environment, affecting areas that are not 

normally covered by water. In the context of flood mapping, different remote sensing 

techniques may contribute in a sufficient and effective way. This paper deals with 

mapping the spread of water bodies from natural levees of the river Evros and 

therefore the flood event on the surrounding areas of the river. In this work, radar 

data from Sentinel-1 mission as well as optical data from Landsat-8 were utilized. 

Specifically, Sentinel-1 data before flood events were treated with respectively during 

flood, yielding an image which reflects the propagation of the event. Moreover, 

Landsat-8 data were acquired with the aim of identifying and mapping of flooded 

areas, utilizing the Normalized Difference Water Index calculation. The results of the 

two methods were compared and flooded areas were evaluated. 

Keywords: flood expansion, remote sensing, radar data, optical data, NDWI. 

Περίληψη 

Οι πλημμύρες αποτελούν έκτακτα φυσικά φαινόμενα, τα οποία επηρεάζουν εξίσου 

σημαντικά την κοινωνία και το φυσικό περιβάλλον, πλήττοντας περιοχές οι οποίες υπό 

κανονικές συνθήκες δεν καλύπτονται από νερό. Στα πλαίσια της χαρτογράφησης 

πλημμυρικών γεγονότων είναι δυνατόν να συμβάλλουν διαφορετικές τεχνικές 

τηλεπισκόπησης με τρόπο επαρκή και αποτελεσματικό. Η παρούσα εργασία 

πραγματεύεται την χαρτογράφηση της εξάπλωσης των σωμάτων νερού από τα φυσικά 

αναχώματα του ποταμού Έβρου και κατ’ επέκταση την εκδήλωση πλημμύρας στις 

παρόχθιες περιοχές του ποταμού. Στην εργασία αξιοποιήθηκαν τόσο δεδομένα ραντάρ 

της αποστολής Sentinel-1 όσο και οπτικά δεδομένα της αποστολής Landsat-8. Πιο 

συγκεκριμένα, δεδομένα ραντάρ πριν την εκδήλωση των πλημμυρικών γεγονότων 

επεξεργάστηκαν με αντίστοιχα κατά τη διάρκεια της πλημμύρας, αποδίδοντας μια 

εικόνα με την εξάπλωση του φαινομένου. Παράλληλα, δεδομένα Landsat-8 

αποκτήθηκαν με στόχο τον εντοπισμό και τη χαρτογράφηση των πλημμυρισμένων 

περιοχών αξιοποιώντας τον υπολογισμό του Κανονικοποιημένου Δείκτη 

Διαφοροποίησης του Νερού. Τα αποτελέσματα των δύο μεθόδων συγκρίθηκαν μεταξύ 

τους και εκτιμήθηκαν ποσοτικά οι πλημμυρισμένες περιοχές. 

Λέξεις κλειδιά: Χαρτογράφηση πλημμύρας, τηλεπισκόπηση, ραντάρ, οπτικοί δέκτες, 

NDWI. 
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1. Introduction 

Floods are natural disasters and one of the most common hazards all over the world, erupting 

suddenly and affecting local communities. A flood covers by water land which is normally dry by 

overtopping the natural boundaries of the river due to increasing accumulation of rainwater or snow 

melt water that cannot handle by the capacity of the river channel. Due to the criticality of flood 

events, several studies have been front with the issue of flood propagation mapping and different 

techniques have been developed exploiting optical data as well as radar data. Regarding flood 

mapping utilizing optical data, the procedure is based on the calculation of Normalized Difference 

Water Index (NDWI). First approaches were associated the Normalized Difference Vegetation Index 

(NDVI) calculation with the NDWI estimation on farmland areas, in order to distinguish the dry 

parts and the saturated with water parts (Gao, 1996). In respective studies, the relevance of NDWI 

and NDVI indexes on mapping of flooded areas was examined, proving that the indexes extract 

satisfactory results, which are related to canal density (Sahu, 2014) and their exploiting could 

provide significant information about vegetation water content on agriculture (Jackson et al., 2004). 

A similar study focused on the correlation between NDWI and NDVI using Landsat-8 data and took 

into consideration different intensities of precipitation in each season of the year (Nascimento et al., 

2015). In general, NDWI estimation could lead to different results depending on the different band 

combinations as well as different proportions of subpixel water/non-water components. In that 

context, data from Landsat ETM+, SPOT-5, ASTER, and MODIS were obtained with the aim of 

NDWI computation. The results were demonstrated that the use of green-SWIR band combination 

was efficient for NDWI calculation (Ji et al., 2009). A later approach was exploited the development 

of MIR band instead of a NIR band on NDWI estimation and the new index was known as Modified 

Normalized Difference Water Index (MNDWI). MNDWI gave the possibility of discrimination of 

water and non-water features, while it was more suitable in built-up land areas, since it can detract 

built up land noise (Xu, 2006). Additional, evaluation of NDWI using ALI, Thematic Mapper (TM), 

and Enhanced Thematic Mapper Plus (ETM+) data for land surface water mapping was applied in 

the Yangtze River Basin, China, investigating the higher mapping  accuracies that run out of the 

green-SWIR band combination on the calculation (Li et al., 2013). These results are in line with 

corresponding of a relative study, which proved that the specific Landsat-8 bands provide better 

results on Xu’s NDWI computation than McFeeter’s NDWI (Du et al., 2014). Another new approach 

for surface water mapping was developed. The method was based on Principal Components of 

NDWI, using Landsat ETM+, TM and OLI data and the results were turned out the effectiveness of 

the technique (Rokni et al., 2014). 

Concerning flood propagation mapping utilizing radar data several studies have been implemented, 

also. In one of the early attempts, ERS-1 satellite images were used in combination with digital 

elevation models and previous ancillary data, in order to map the flooded areas in Northern Italy. 

The satisfactory results were revealed the fitness and the rapidness of the method (Maggi et al., 

1998). In later periods, new missions, like COSMO-Skymed provide data for real time creation of 

flood maps. A related study exhibited a detailed description of the methodology of the flood maps 

using COSMO-Skymed data and several case studies were referred, demonstrating the suitability of 

the approach for flood propagation mapping, but also noting some critical aspects (Pierdicca et al., 

2012; Pulvirenti et al., 2009). In a respective study, an algorithm was created with the aim of 

discrimination of the flooded areas. The algorithm, working on X frequency band, distinguished the 

area in flooded and non flooded parts and it takes into consideration forest and agricultural flooded 

areas (Pulvirenti et al., 2011). Also, Radarsat data were utilized for flood mapping of forested 

wetlands of Roanoke river, North Carolina. The effectiveness of the data was confirmed with data 

of local wells, provided by U.S. Geological Survey (Townsend, 2001). In addition, COSMO-

Skymed data were combined with a hydrodynamic model with the view of the interpretation of the 

dynamics of a flood in January 2010 in Albania, revealing the agreement between the two 

approaches (Pulvirenti et al., 2014). Another procedure combined ALOS PALSAR images and 

GDEM ASTER for assessing potential flood hazards in Vietnam. On the advantages of the method 



1713 

 

belongs the effectiveness when hydrological and meteorological data as well as remote sensing 

images are inadequate (Huong et al., 2014). Surface water maps are possible to extract from an 

automatic processing algorithm, using ASAR and MODIS data and improving the final results with 

applying height above nearest drainage (HAND) index (Westerhoff et al, 2013) or otherwise using 

spaceborne radar data in combination with multialgorithms (Schumann et al., 2009). Furthermore, 

flood hazard management may be accomplished utilizing radar data in comparison with a simulation 

of a valid hydraulic flood model (Schumann et al., 2007). 

This work combines optical and radar data for flood propagation mapping, utilizing radar data from 

Sentinel-1 and multispectral data from Landsat-8. Due to the fact that intense rainfalls during the 

wet season caused the eruption of flood events at the wider region of Evros, that area was defined 

as the study area. A similar approach of Evros flood events had been investigated though 

classification of flooded areas utilizing Landsat TM imagery (Ireland, 2015). The following paper 

is structured of four sections. Specifically, in the first part of the paper a few about Evros’s study 

area and flood events are presenting.  In the middle part flood mapping methodologies are going to 

be analyzed and flooded areas were estimated. Finally, results and conclusions are listed. 

2. Floods and Study area 

2.1. Study Area 

Evros Prefecture is located in the north-eastern part of Greece and it represents a natural border of 

Greece with Bulgaria to the north and Turkey to the east (Figure 1). Evros river is the largest in the 

Balkans and the second larger in Europe, due to the facts the river offers its name to Evros Prefecture. 

In addition, it springs from Rila, Western Bulgaria and it flows southeast with a total length of about 

530 km. Concerning the Greek part of the river, the length of Evros is calculated about 206 km and 

the main tributaries are Tonzos (Tountzas), Ergina, Ardas and Erythropotamos. Evros empties into 

the northern Aegean Sea, in the so called Thracian Sea, developing a huge and labyrinthine delta at 

its estuary area.  That delta is one of Europe’s most important wetlands and it is under protection. 

Generally, Evros Prefecture is mainly lowland with a smooth relief. Specifically, only 424 sq. km 

of 4.242 sq. km of land area are mountainous, covering the western parth of the Prefecture, while 

the lowlands are 2.578 sq km and 1.240 sq. km are hilly, occupying the eastern part. 

2.2. Evros’s Floods 

The climate of Evros is characterized as continental with harsh winters and hot summers. The annual 

temperature range higher than 20o C and in the cold season snow and frost are common for many 

days. Furthermore, due to an anticyclone system, continental polar or arctic masses moved and as a 

result, the winter temperatures are too low, contrary to the summer temperatures that reach to 40 ° 

C. Rains tend to be distributed evenly though out the year but they don’t disappear during the warm 

season and several times they are turned into thermal storms. The hydrological year of 2014-2015, 

three major flood events were struck Evros’s region, during December, February and March (Table 

1). The intense rains were caused an increase on the amount of water bodies, which are normally 

identified at Evros channel and as a result water overtopped the natural levees of the channel, so 

floods were erupted. 

Table 1- Floods Events of 2014-2015, Related with Rainwater. 

A/A Flood events Date Average Monthly Precipitation 

1 12/12/2014 85.0 mm 

2 22/02/2015 56.5 mm 

3 06/03/2015 48.6 mm 



1714 

 

 

Figure 1 - Evros Prefecture. 

3. Flood Mapping Methodologies 

3.1. Flood Mapping from Radar Data 

The capable of receiving data regardless weather conditions, is the main advantage of the radar 

sensors which makes the use of their data as satisfactory approach in flood mapping studies. In 

particular, the reflectance of radar’s backscatter with the roughness water’s surface constitutes the 

basic principle of flood propagation mapping. Water bodies create a smooth and homogeneous 

surface, which imprint with black or very dark colors in the radar image, while the surrounding dry 

land produces a stronger return, so the colors are brighter. Sentinel-1 mission provides timely data, 

therefore Sentinel-1 data were utilized for mapping Evros’s floods (Table 2). 

Table 2 - Sentinel-1 Data. 

Satellite Mode Date 

Sentinel-1 IW_SLC__1SDV 25/10/2014 

Sentinel-1 IW_SLC__1SDV 12/12/2014 

Sentinel-1 IW_SLC__1SDV 17/01/2015 

Sentinel-1 IW_SLC__1SDV 22/02/2015 

Sentinel-1 IW_SLC__1SDV 06/03/2015 

One of the major steps of the specific procedure is the distinction between the permanent water 

bodies and the flooded areas. On this, an image acquired during the flood event, called “crisis image” 

was compared with an another image obtained before the flood event, named “archive image”. In 
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case of Evros floods, five images were obtained, four of them during the wet period and one of them 

was acquired at the beginning of the hydrological year with the same sensor geometry. Flood 

propagation mapping process took place for each flood event in separate, following specific steps. 

Specifically, in an initial level of the procedure, Sentinel-1 data were submitted to Terrain 

Observation with Progressive Scans SAR (TOPSAR) technique in order to provide large swath 

widths by joining the bursts and improve radiometric performance by reducing the scalloping effect. 

Additional, the data were orthorectified utilizing a DEM and then a stacked image was created with 

the aim of comparison the images. Quantification of the magnitude of the flooding requires 

determining thresholds for categorization the area in flooded and non-flooded parts. That 

categorization arises from the definition of a logical math expression. The results of flood mapping 

for each flood event present in Figure 2, Figure 3, Figure 4 and Figure 5. 

 

Figure 2 - Sentinel-1 data from Evros before the flood event in October of 2014 (left). 

Sentinel-1 data during December’s flood and the final product of flood mapping (right). 

 

Figure 3 - Sentinel-1 data from Evros before the flood event in October of 2014 (left). 

Sentinel-1 data during January’s flood and the final product of flood mapping (right). 

 



1716 

 

 

Figure 4 - Sentinel-1 data from Evros before the flood event in October of 2014 (left). 

Sentinel-1 data during February’s flood and the final product of flood mapping (right). 

 

Figure 5 - Sentinel-1 data from Evros before the flood event in October of 2014 (left). 

Sentinel-1 data during March’s flood and the final product of flood mapping (right). 

3.2. Flood Mapping from Optical Data 

On the other hand a different approach for flood propagation mapping recommends the use of optical 

data. Landsat-8 mission is equipped with a two sensor payload, the Operational Land Imager (OLI) 

and Thermal InfraRed Sensor (TIRS), which give the opportunity to gather nine spectral bands from 

the OLI, seven of them are multispectral, one Panchromatic band and a cirrus band. In addition the 

mission characterized of continued acquisition, availability, a spatial resolution of 30m and a small 

revisiting period, that make Landsat-8 data ideal for earth monitoring. In Evros case, four Landsat-

8 data, which are shown in Table 3, were obtained in order to implement a flood expansion research. 

In order to detect and map flooded areas, using optical data, Normalized Difference Water Index 

(NDWI) was calculated. First steps of calculation require the conversion of digital numbers (DN) to 

radiance values through equation 1. 
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Equation 1 - Formula for conversion of digital numbers (DN) to radiance values 

(Analysis of Landsat-8 OLI imagery for land surface water mapping, Du et al., 2014)  

1AQcalML L 
 

where Lλ is the top-of-atmosphere (TOA) spectral radiance, ML is band specific multiplicative 

rescaling factor from the metadata, Al is the band specific additive rescaling factor from the metadata. 

Then, aiming to remove cosine effect, compensate the exo-atmospheric solar irradiance and rectify 

variation in the earth-sun distance, TOA was evaluated by equation 2. 

Equation 2 - Top-of-atmosphere evaluation 

(A comparison of land surface water mapping using the normalized difference water index from 

TM, ETM+ and ALI, Li et al., 2013) 
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where ρλ is the TOA reflectance of wavelength λ, d is the earth-sun distance, ESUNλ is mean exo-

atmospheric solar irradiance, θs is the solar zenith angle and Lλ is the spectral radiance at the sensor. 

Subsequently, two spectral water index methods were applied, NDWI and Modified NDWI 

(MNDWI). The NDWI is defined as it can be noted in equation 3. 

Equation 3 - Normalized Difference Water Index Calculation 

(A comparison of land surface water mapping using the normalized difference water index from 

TM, ETM+ and ALI, Li et al., 2013) 

NIRGREEN

NIRGREENNDWI







  

where ρGreen and ρNIR are the reflectance of the green and NIR bands and in case of Landsat-8 this 

bands are band 3 and band 5 respectively. While MNDWI is defined as it can be noted equation 4. 

Equation 4 - Modified Normalized Difference Water Index Calculation 

(A comparison of land surface water mapping using the normalized difference water index from 

TM, ETM+ and ALI, Li et al., 2013) 

SWIRGREEN

SWIRGREENMNDWI







  

where ρSWIR is the reflectance in the SWIR band and for Landsat-8 the corresponding band is band 

7.Aiming flood propagation mapping, NDWI models were created and they are presenting in figure 

6, while MNDWI models were generated also and they are showing in figure 7. The NDWI was 

calculated using green and NIR bands, specifically band 3 and band 5 of Landsat-8 were utilized 

(NDWIT3,5). The MNDWI was estimated using green and SWIR bands, namely band 3 and band 7 

of Landsat-8 were exploited (NDWIT3,7). As it seems, MNDWI produces better and clearer results 

than NDWI, because open water absorbs more intense MIR light than NIR light, as much as soil and 

vegetation reflect more MIR than NIR light. 

In the context of a better visual flood expansion, a model that subtracts MNWDI images was used. 

From the MNDWI image of October 2014 the respective MNDWIs images of the wetland period 

were subtracted and the results are presented in figure 8. As it seems, December flood was greater 
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than November one, while April’s flood was affected by snowmelt in Bulgaria and in the image was 

presented more intense. Additionally, flooded areas of each event were digitized. 

 

a.                                   b.                                      c.                                   d. 

Figure 6 - NDWI model of October (a), November (b), December (c) and April (d). 

 

a.                                   b.                                      c.                                   d. 

Figure 7 - MNDWI model of October (a), November (b), December (c) and April (d). 

  

Figure 8 - Left: Difference of MNDWI(November 2014)- MNDWI(October 2014), Middle: 

Difference of MNDWI(December 2014)- MNDWI(October 2014), Right: Difference of 

MNDWI(April 2015)- MNDWI(October 2014). 
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Table 3 - Landsat-8 Data. 

Satellite Sensor Date Path Row Format 

Landsat-8 OLI TIRS 19/10/2014 182 31 Geotiff 

Landsat-8 OLI TIRS 04/11/2014 182 31 Geotiff 

Landsat-8  OLI TIRS 22/12/2014 182 31 Geotiff 

Landsat-8 OLI TIRS 13/04/2015 182 31 Geotiff 

4. Flooded area estimation 

Finally, flooded areas of every method were computed and a few of the results are presented in table 

4. It worth mentioning that calculated flooded areas of the radar data were similar to the respective 

areas of optical data during the same month. Due to the cloudiness in March, it was not possible 

acquiring optical data, so comparing comprises radar data from March and optical data from April. 

Results appeared close but it should not be forgotten that April’s water bodies are expanded by 

snowmelt water in Bulgaria. Regarding differentiations in results, they could be arising of the 

different features or the remote sensing sensors (orbit, acquisition etc.) as much as differentiated 

processing. 

Table 4 - Calculation of flooded areas. 

Data Flooded area  

Sentinel-1 (December 2014) 990.793 km2 

Landsat-8 (December 2014) 821.970 km2 

MNDWI difference of December-October 889.505 km2 

Sentinel-1 (March 2015) 597.701 km2 

Landsat-8 classification (April 2015) 557.854 km2 

Landsat-8 digitized (April 2015) 538.329km2 

 MNDWI difference of April-October  330.851km2 

5. Results 

In conclusion, flood propagation mapping is possible to achieve so utilizing radar data, as much as 

multispectral data. Both methodologies provide satisfactorily results and could be applied in flood 

hazard management, as well as in emergency situations. Concerning radar flood mapping with 

Sentinel-1, the data were obtained independent of weather condition, so the user has the opportunity 

of timely data. However, flood mapping using radar data is based on researcher judgment since he 

sets the math expression that classify the area in flooded and non-flooded parts. On the other hand, 

Landsat-8 multispectral data are affected from weather conditions may not be available due to the 

cloud cover of the study area. Nevertheless, flood mapping process using multispectral Landsat-8 

data, is more automated and is independent of researcher crisis, permitting a wide range of 

comparison. Furthermore Landsat-8 data were more operational and handy than Sentinel-1 data. 

Also, it was noted that MNDWI provided better results on flood mapping process, since the flooded 

areas were revealed more clearly. Finally, the estimated flooded areas of the two techniques seemed 

to agree with minor variations arising primarily from the characteristics of each mission. 
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Abstract 

Tourism development in Greece has led to increasing pressure on coastal areas, 

which makes the study of sensitive coastal areas essential, in order to find appropriate 

solutions for their shielding. The aim of this study is an estimation of the effects of an 

anticipated sea level rise for the touristically developed part of Pieria Prefecture, 

which includes the settlements Paralia, Skala of Katerini, Olympic Beach, Korinos 

Beach and extends north to the area of the Kitrous saltworks and south to the mouth 

of Mavroneri river. Therefore the Coastal Vulnerability Index (CVI) is applied, in an 

attempt to determine the susceptible parts to the potential sea level rise. CVI depends 

on the following parameters: (a) coastal geomorphology, (b) coastal slope, (c) 

shoreline erosion/accretion rate, (d) relative sea-level rise fluctuations, (e) mean tidal 

range and (f) mean significant wave height. The classification of the coast, which is 

of particular socio-economic significance since it hosts urbanized areas, into five CVI 

classes (from very low vulnerability to very high vulnerability), showed that 43.6% of 

the entire coastline is of very high vulnerability. 

Keywords: erosion, climate change, sea level rise, Coastal Vulnerability Index. 

Περίληψη 

Η ελληνική ανάπτυξη έχει οδηγήσει σε αυξανόμενες οικιστικές πιέσεις στον παράκτιο χώρο, 

γεγονός που καθιστά αναγκαία τη μελέτη των ευαίσθητων παράκτιων περιοχών, 

προκειμένου να βρεθούν οι κατάλληλες λύσεις για τη θωράκισή τους. Στόχος της 

συγκεκριμένης εργασίας είναι η προσπάθεια εκτίμησης των επιπτώσεων από μια ενδεχόμενη 

άνοδο της θαλάσσιας στάθμης για το τουριστικά αξιοποιημένο τμήμα του Νομού Πιερίας, 

που περιλαμβάνει τους οικισμούς Παραλία Κατερίνης, Σκάλα Κατερίνης, Ολυμπιακή Ακτή 

και Παραλία Κορινού και εκτίνεται βόρεια ως την περιοχή των αλυκών του Κίτρους και 

νότια ως τις εκβολές του χειμάρρου Μαυρονερίου. Εφαρμόστηκε, επομένως ο Δείκτης 

Παράκτιας Επικινδυνότητας – Coastal Vulnerability Index (CVI), με σκοπό τον εντοπισμό 

των επιρρεπών στην αναμενόμενη άνοδο της θαλάσσιας στάθμης περιοχών. Ο ΔΠΕ 

αποτελεί μαθηματικό τύπο που συνεκτιμά τις παραμέτρους που σχετίζονται με: (a) τα 

παράκτια γεωμορφολογικά χαρακτηριστικά, (b) την παράκτια κλίση, (c) την 

οπισθοχώρηση/προέλαση ακτογραμμής, (d) τη σχετική άνοδο της θαλάσσιας στάθμης, (e) 

το μέσο παλιρροιακό εύρος, (f) το μέσο σημαντικό ύψος κύματος. Για κάθε μια παράμετρο 

η ακτή βαθμονομήθηκε σε πέντε κατηγορίες επικινδυνότητας από πολύ χαμηλή (κατηγορία 

1) έως πολύ υψηλή (κατηγορία 5). Η συνεκτίμηση των παραμέτρων οδήγησε στη 

διαπίστωση ότι 43.6% του συνόλου της ακτογραμμής, η οποία φιλοξενεί κυρίως αστικές 

χρήσεις (ακτές οικισμών) και βοσκότοπους, χαρακτηρίζεται ως πολύ υψηλής τρωτότητας. 

Λέξεις κλειδιά: διάβρωση, κλιματική αλλαγή, άνοδος της θαλάσσιας στάθμης, Δείκτης 

Παράκτιας Επικινδυνότητας. 
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1. Introduction 

Coastal areas have always been attractive settling grounds for human population. They constitute 

the transitional zone from terrestrial to marine area, a particular area with unique natural and socio-

economic characteristics which encourages the concentration of people and activities and the 

development of significant civilizations. At present, coastal zones continue to be areas of many 

possibilities, of paramount importance on local, regional, national and international scale. However, 

the socio-economic activity characterizing coastal areas in recent years has been growing rapidly 

and in an uncontrolled manner, putting severe pressure on natural resources. At the same time, the 

changing climatic and socioeconomic conditions, increasingly threatens the productive and 

ecological balance of coastal zones. 

One of the major problems concerning the coastal area and its habitation is determining the physical 

response of the shoreline to a potential sea level rise. The prediction of land loss and retreat of the 

coastline is vital to future coastal management strategies and to the evaluation of future impact of 

any variation of the coastline. For this reason, it is of vital importance to identify areas, and mainly 

coastal settlements, that are vulnerable to a potential sea level rise, by applying various indicators 

that give such results. 

One of the commonly used methodologies of first assessment of flooding or erosion hazards in 

coastal areas is the calculation of the Coastal Vulnerability Index (CVI). CVI was initially applied 

to US shores (Gornitz, 1991) and Canada (Shaw et al., 1998), and has recently been applied in 

coastal areas of Greece (Alexandrakis et al., 2010; Gaki-Papanastassiou, 2010; Chatzieleftheriou et 

al., 2007; Karymbalis et al., 2012; Karymbalis et al., 2014). CVI provides a first order 

approximation of the temporal variability that may be expected in landform components of the 

shoreline system, thus allowing management to provide more realistic objectives for long-term 

sustainability in response to both natural and artificial forces. In the present study CVI was estimated 

for the touristically developed part of Pieria Prefecture, an area of particular socio-economic 

importance, since it hosts numerous coastal settlements with touristic beaches. 

2. Materials and Methods 

Katerini is a fairly dynamic city located in the geographic centre of Pieria Prefecture. Part of the 

municipality of Katerini is the settlement of Paralia, the driving force of the economy of the entire 

Prefecture. The village of Paralia constitutes an attraction for tourists because of its characteristic 

sandy beach. The settlement was founded in 1923 and today has become the main tourist resort of 

Pieria Prefecture and one of the top resorts in northern Greece. However Paralia is one of the most 

characteristic areas in Greece suffering from coastal erosion. 

By utilizing aerial photos of the National Cadastre and Mapping Agency S.A. for the years 1978, 

1985, 2000 and recent Google Earth images for the year 2015, the coastline was digitalized in GIS 

environment, in an effort to record the pressures and problems that the region is facing, due to 

various implemented structures. 

Subsequently, the Coastal Vulnerability Index (CVI) proposed by Thieler and Hammar - Klose 

(1999) was applied on the basis of field data, existing topographic and geo-environmental 

information, and utilizing GIS technology. This approach constitutes a relatively simple and 

objective way to quantify vulnerability of Pieria Prefecture’s coastline. CVI is calculated as the 

square root of the product of six variables, ranked from 1 to 5 according to Table 1, and divided by 

their total number (equation 1): 
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Equation 1 - Formula for CVI calculation 

 

Where: (a): geomorphology, (b): coastal slope, (c): rate of relative sea-level rise, (d): rate of 

shoreline erosion / accretion, (e): mean tide range, and (f): mean significant wave height 

The coast’s classification limits in five categories were proposed by Pendleton et al. (2004) (Table 

1). For the parameters (c), (e) and (f) the limits proposed for Greek coasts by Karymbalis et al. 

(2012) were used (Table 1). The non-numeric variable of geomorphology was classified taking into 

account qualitative criteria associated with the resistance of each coastal landform to erosion. 

Table 1 - Ranges for vulnerability ranking of the six variables used in equation 1 (Pendleton 

et al., 2004; Karymbalis et al., 2012). 

Vulnerability Categories 

Variables Very Low 

(1) 

Low 

(2) 

Medium 

(3) 

High 

(4) 

Very High 

(5) 

(a) Coast 

occupied by 

limestones and 

dolomites. 

Coast  

occupied by 

ultramafic 

rocks 

Coast occupied 

by cohesive 

conglomerates 

Coast  

occupied by 

phyllitic  

series 

Coastal  

alluvial plains 

and seashores 

loose materials 

(b) (%) >12 12-9 9-6 6-3 <3 

(c) (m/y) >(+1,5) (+1,5)-(+0,5) (+0,5)- (-0,5) (-0,5)- (-1,5) <(-1,5) 

(d) (mm/y) <1,8 1,8-2,5 2,5-3,0 3,0-3,4 >3,4 

(e) (m) <0,2 0,2-0,4 0,4-0,6 0,6-0,8 >0,8 

(f) (m) <0,3 0,3-0,6 0,6-0,9 0,9-1,2 >1,2 

Data concerning the geomorphology variable were derived from geological maps of the Institute of 

Geology and Mineral Exploration of Greece (IGME) at the scale of 1:50.000, while coastal 

landforms were recorded using recent Google Earth images. The geological formations along the 

shoreline were identified and mapped utilizing GIS environment (ArcGis 10.1 software). 

The regional slope of the coastal zone was calculated using the Digital Elevation Model (DEM) of 

the area, obtained from the National Cadastre and Mapping Agency S.A. 

Shoreline erosion or accretion rates were derived using a topographic diagram of scale 1: 5,000 and 

an orthophotomap of the region, obtained from the Hellenic Military Geographical Service and from 

Google Earth, respectively. After digitizing the shorelines of the two different periods, they were 

superimposed in order to detect shoreline changes during the period 1979-2015. 

Although relative sea-level change is the combination of both global eustatic sea-level rise as well 

as local isostatic and/or tectonic land movements, for this study this variable only includes the 

eustatism component, since the area is not affected by active Neotectonic faults (Caputo et al., 2010). 

Bibliographic data regarding the pace of the recent eustatic sea level rise in the Aegean region 

(Vouvalidis et al., 2005), were taken into account for the assessment of this parameter. 

Tidal range was deduced from available data for the region of Northern Aegean (Hellenic Navy 

Hydrographic Service, 2005). 

Finally, mean significant wave height is used as an indicator of the incoming wave energy. The 

mean annual values of significant wave height have been abstracted from the Wave and Wind Atlas 
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of the Hellenic Seas (Soukisian et al., 2007), which is based on offshore measurements for the period 

1999-2007 (POSEIDON program). 

3. Results 

After digitizing the coastline, using aerial photographs of the National Cadastre and Mapping 

Agency S.A. for the years 1978, 1985, 2000 and recent Google Earth images for the year 2015, its 

shifting was reflected (Figure 1). This change was mainly brought about by various structures 

implemented in the region without adequate planning. 

 

Figure 1 - Maps of comparison of coastline for the years 1979, 1985, 2000, 2015. 

3.1 Coastal Vulnerability Index |Variables 

The variables for each coastal segment were ranked from 1 (very low vulnerability) to 5 (very high 

vulnerability), according to the values provided by Pendleton et al. (2004) and Karymbalis et al. 

(2012) and are presented in Table 1. Subsequently the CVI value for each coastal segment was 

calculated using equation 1. In order to have a preliminary assessment of the impacts of the 

anticipated sea-level rise on the socio-economic activities along the investigated shoreline, land 
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cover along the coastal zone below the 20 m elevation was defined. This was achieved by utilizing 

the relevant map of the Ministry of Agriculture and was checked in detail during the field mapping. 

Land cover was compared with the higher vulnerable areas of higher CVI values. 

As a non-numerical variable, geomorphology expresses the relative response of different types of 

coastal landforms to sea level rise. It is ranked qualitatively according to the relative resistance of 

the coastal landforms and rocks to marine erosion. The main coastal landforms (25, 02 km) at the 

study area are sandy beaches along the aprons of alluvial and coastal plains. Therefore regarding 

this specific parameter the area has very high vulnerability in its majority (Figure 2). 

The total region (32 km) has coastal slopes lower than 3 %, and therefore is characterized as of very 

high vulnerability (Figure 2). 

Regarding coastline change rates, 10.39 km of the coastline have an average variation rate (+0, 5) - 

(-0, 5) m / y, and thereby are classified as of moderate vulnerability (Figure 2). The coastal zone of 

Paralia in Katerini, is a sandy beach that stretches along the north-south direction approximately. 

The area has been suffering from coastal erosion issues for more than 30 years. The problems began 

after the construction of a fishing port and until today, two coastal protection projects were 

implemented in an effort to control the retreat trends of the coastal front. Due to the rapid tourist 

development that took place in the study area, a small harbor for fishermen was built during the 

period 1980-1984. This construction however, destabilized the existing hydrodynamic 

characteristics of the area, as constructions disturbed the balance of the natural flow and catering of 

the coast with material from torrent Mavroneri, which lies south of the harbor (Kombiadou et al., 

2012). Specifically sand accumulation was observed in the area south of the harbor, while northern 

strong erosion and gradual retreat of the coastline was caused. In an attempt to reverse the erosive 

phenomena, a groin field was constructed during the period 1990-1997, consisting of 13 emerged, 

rubble mount groins. Nonetheless the result of this coastal defense project was to transfer coastal 

recession northwards and, in some cases even intensify it locally (Kombiadou et al., 2012). The 

groin field, which was created in the period 1990-1997 in order to solve the phenomenon of erosion, 

was replaced by a set of three submerged breakwaters, each of approximately 200m length, that 

were placed at a distance of around 200m from the coast. The gaps between the breakwaters were 

approximately 110m. However, the erosion problem was not solved, since the response of the 

breakwater-system to the shore was the progradation of the shoreline on the leeward side of the 

projects, combined with the retreat of the coastline in the gaps between the breakwaters (Figure 1). 

Relative sea-level change is considered to have the same value along the entire coastline. Due to the 

fact that  the area is not affected by active Neotectonic  faults (Caputo et al., 2010), bibliographic 

data regarding the pace of the recent eustatic sea level rise in the Aegean region (Vouvalidis et al., 

2005), were taken into account for the assessment of this parameter. According to the eustatic curves 

of the above, the relative change in sea level in the Aegean region in the last 2000 years shows a 

steady average increase rate equal to approximately 1mm / yr and so was evaluated as a factor of 

very low vulnerability for the entire study area (Figure 2). 

From measurements of the average fluctuation of sea level from the Hydrographic Service of the 

Navy (Hellenic Navy Hydrographic Service, 2005), it appears that in the northern Aegean relative 

variation is 0,9m (Alexandrakis et al., 2010). Therefore, the variable is evaluated as of very high 

vulnerability factor across the entire coastline (Figure 2). 

Wave heights are proportional to the square root of wave energy, which is a measure of the capacity 

for erosion. The wave climate is dominated by offshore significant wave heights of 0.2 m (Soukisian 

et al., 2007), according to the output of the wave model (POSEIDON program), which has been 

calibrated with the use of offshore field measurements from the Aegean Sea for a nine years period 

(1999-2007). Thus the entire coastline was ranked as of very low vulnerability (Figure 2). 
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Figure 2 - Coastal Vulnerability Index (CVI) map of Pieria Prefecture’s coastline. The 

coastline is divided into five ranges of vulnerability (from very low to very high). 

The calculated CVI values along the coastline of Pieria Prefecture range between 0.17 and 9.12. These 

values were then categorized into five risk classes from 1- Very Low to 5-Very High. The classification 

method was natural breaks with five classes. A large central part of the coastline of the study area, with 

a length of 13.9 km (43.6%), is classified as having very high vulnerability due to: low regional slope, 

sensitivity of the coastal landforms, and the highly erodible lithology. Respectively 21.69%, a total 

length of 6.79 km, is classified as having high vulnerability. This area is mainly located in the southern 

part of the study area. A rate of 6.51%, corresponding to a length of 1.93 km is designated as moderate 

vulnerability. These coastline segments are located north of the study area. Sections of the coastline in 

the northern part of the study area (Alyki Kitros) and south of the fishing port in the settlement of 

Paralia were classified as of low vulnerability. The percentage of low vulnerability coastline amounts 
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to 21.9% (7.5km). Finally 6.3% corresponding to 1.88 km was characterized as of very low 

vulnerability and is located at the northern part of the study area (Figure 2). 

In terms of the socio-economical implications related to the anticipated sea-level rise, most of the 

coastal urban areas (cities and settlements as well as tourism activities and facilities) of the coastline 

are concentrated in the above mentioned highly and very highly vulnerable coastal segments. Thus, 

a length of 8.1 km along the coastline (25.39 % of the highly and very highly vulnerable coast) is 

characterized by the presence of human activities (Figure 3). The settlement of Paralia belongs to 

the high vulnerability zone, which has already been expressed by the continuous erosive phenomena 

encountered in the region. Additionally, a significant length of the high and very high vulnerable 

coastal zone is associated with grazing land of economic significance. Therefore 7.58 km, 

corresponding to 23.68 % of the total very high vulnerable coastline, hosts grazing land (Figure 3). 

4. Discussion - Conclusion 

Without effective treatment and the adoption of specific planning policies, fragmentary reference to 

the phenomenon of climate change on various spatial plans can not lead to a viable and sustainable 

future. The integration of climate change as a key parameter in designing is therefore necessary, and 

must be reported at all levels of planning. Sea level rise is considered to be one of the most serious 

effects of climate change, which mainy coastal areas have to face. 

The aim of this study is an estimation of the effects of an anticipated sea level rise for the touristically 

developed part of Pieria Prefecture, which includes the settlements Paralia, Skala of Katerini, Olympic 

Beach, Korinos Beach and extends north to the area of the Kitrous saltworks and south to the mouth 

of Mavroneri river. Therefore the Coastal Vulnerability Index (CVI) is applied, in an attempt to 

determine the susceptible parts to the potential sea level rise. The calculated CVI values along the 

coastline of Pieria Prefecture range between 0.17 and 9.12. The classification of the coast showed that 

43.6% of the entire coastline is of very high vulnerability. The study area, especially the settlement of 

Paralia in Katerini is the driving force for the economy of Pieria Prefecture. As a result of mass tourism, 

the unorthodox and rapid development of the settlement during the past years has led to major 

environmental problems, such as the intense erosion of the coast, leading the settlement to decline. 

Respectively 21.69% is classified as having high vulnerability. This area is mainly located in the 

southern part of the study area. A rate of 6.51%, corresponding to a length of 1.93 km is designated 

as moderate vulnerability. These coastline segments are located north of the study area. Sections of 

the coastline in the northern part of the study area (Alyki Kitros) and south of the fishing port in the 

settlement of Paralia were classified as of low vulnerability. The percentage of low vulnerability 

coastline amounts to 21.9% (7.5km). Finally 6.3% corresponding to 1.88 km was characterized as 

of very low vulnerability and is located in the northern part of the study area. 

In terms of the socio-economical implications related to the anticipated sea-level rise, most of the coastal 

urban areas (cities and settlements as well as tourism activities and facilities) of the coastline are 

concentrated in the above mentioned high and very high vulnerable coastal segments. Thus, a length of 

8.1 km along the coastline (25.39 % of the high and very high vulnerable coast) is characterized by the 

presence of human activities. The settlement of Paralia belongs to the high vulnerability zone, which has 

already been expressed by the continuous erosive phenomena encountered in the region. 

In similar studies held in Greece using the same ranges to categorized the parameters of the index, 

as in the case of the southern coast of the Gulf of Corinth, CVI values were estimated between 0.6 

and 9,1 (Karymbalis et al., 2012). Similarly in another study for the island of Salamina CVI ranges 

were estimated between 0.6 and 5.0 (Karymbalis et al., 2014). In addition to Elafonisos CVI values 

were estimated between 1.2 to 7.1 (Karymbalis et al., 2014). This indicates that part of Pieria 

Prefecture’s shoreline (study area) is of high vulnerability to an expected sea level rise. Such identification 

will be useful for coastal management and could find immediate application in many strategies regarding 

coastal development in both short and long term time scales. 
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Figure 3 - Coastal Vulnerability Index (CVI) map of Pieria Prefecture’s coastline and land 

cover of the area. 
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Abstract 

SAR earth observation data can provide high quality flood maps and information to 

better assess the flood risk accordingly planning as well as to support civil protection 

authorities during emergency phase. The scope of this paper is to create flood extent 

maps from a series of SAR scenes of the Evros basin which represents a transboundary 

floodplain. The study uses time series SAR images of Sentnel-1 ESA’s Copernicus 

satellite system covering the period October 2014 to May 2015. 

The methodology tries to identify the flood that occurs in three main land cover 

classes, such as urban areas, bare or poorly vegetated soil and vegetated areas, taking 

advantage of co- and cross-polarized SAR backscattering channels, and the InSAR 

coherence to better characterize the landscape. Dual-pol SAR data provides the 

opportunity to have a better understanding and interpretation of flood detection due 

to way different land cover react to different polarizations. Thus, with the 

implementation of InSAR coherence estimation we may achieve a better record and 

knowledge of the flooded areas, over time, in the specific region. 

Keywords: Flood mapping, SAR, Evros, Hydrology. 

Περίληψη 

Τα SAR δεδομένα παρατήρησης της Γης μπορούν να προσφέρουν χάρτες πλημμυρικής 

έκτασης και πληροφοριών υψηλής ποιότητας για την καλύτερη εκτίμηση του κινδύνου 

πλημμύρας κατά συνέπεια το σχεδιασμό, καθώς και για την υποστήριξη των πολιτικών 

αρχών υπέρ της προστασίας κατά τη φάση έκτακτης ανάγκης. Το πεδίο εφαρμογής του 

παρόντος εγγράφου είναι να δημιουργήσει χάρτες πλημμυρικής έκτασης από μια σειρά 

εικόνων SAR της λεκάνης του Έβρου, που αντιπροσωπεύει μια διασυνοριακή κοίτη 

πλημμυρών. Η μελέτη χρησιμοποιεί χρονολογικές σειρές εικόνων SAR του Copernicus 

δορυφορικού συστήματος Sentinel-1 που καλύπτει την περίοδο Οκτώβριος 2014-Μάιος 

2015. 

Η μεθοδολογία προσπαθεί να προσδιορίσει την πλημμύρα που συμβαίνει σε τρεις κύριες 

κατηγορίες κάλυψης γης, όπως είναι οι αστικές περιοχές, γυμνά ή κακώς βλάστηση 

εδάφους και περιοχές με βλάστηση, εκμεταλλευόμενοι τα  εναλλασσόμενη πόλωση SAR 

κανάλια backscattering, και τη συνάφεια συμβολομετρίας για τον καλύτερο 

χαρακτηρισμό του τοπίου. Χρησιμοποιώντας εναλλασσόμενη πόλωση SAR δεδομένα 

παρέχει την ευκαιρία να υπάρχει μια καλύτερη κατανόηση και ερμηνεία της ανίχνευσης 

πλημμύρας λόγω του διαφορετικού τρόπου που αντιδρά η κάλυψη γης σε διαφορετικές 
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πολώσεις. Έτσι, με την εφαρμογή της εκτίμησης της συμβολομετρικής συνάφειας 

μπορούμε να επιτύχουμε ένα καλύτερη καταγραφή και γνώση των πλημμυρισμένων 

περιοχών, στη πάροδο του χρόνου, στη συγκεκριμένη περιοχή. 

Λέξεις κλειδιά: Χάρτης καταγραφής πλημμυρών, SAR, Υδρολογία. 

1. Introduction 

Presently, the most common approach for using EO data for flood mapping is based on SAR images. 

SAR is characterized by a good sensitivity to water and is able to provide data day and night, 

regardless of cloud cover. Several past studies demonstrated that SAR systems are suitable tools for 

flood mapping so that the use of SAR data is presently well-established in operational services for 

flood management. For the purpose of a timely and effective flood management, a number of 

algorithms published in the literature are available to produce near real time (NRT) flood maps 

(Chini et al., 2013; Pulvirenti et al., 2011; Chini et al., Under Review). In spite of this progress in 

the development of NRT flood mapping procedures, the detection of inundation in vegetated and 

urban areas still represents a critical issue (Chini et al., 2012; Pulvirenti et al., 2013; Pulvirenti et 

al., 2016). This is due to the fact that radar signatures of such targets are often ambiguous. As a 

matter of fact, there is clearly a necessity to make use of the enhanced observational capabilities of 

Sentinel-1 in order to find better ways for detecting floodwater in vegetated and urban areas. Indeed 

the dual-pol acquisitions mode, the medium spatial resolution (20m) with a huge swath width (250 

Km), the high repeat cycle (small temporal baseline) and relative narrow orbit tube (small 

perpendicular baseline in case of interferometric acquisitions) are all characteristics that make 

momentum for the development of new automatic flood mapping algorithms in more complex land 

cover environment. 

In the present work, the high sensitivity of the interferometric coherence to detect small changes has 

been exploited to detect the presence of water in urban area, but also to reduce possible false alarms 

caused by soil moisture effects in case of base soil and also to extract information about land cover, 

replacing in this respect optical data features such as Normalized Difference Vegetation Index 

(NDVI). Instead, the polarimetric characteristics of Sentinel-1 have been used to detect flood in 

vegetated area, since the cross- and co-polarized backscattering behave differently respect to the 

double-bounce between vertical structures and the water on surface. All these effects have been 

taken into account making use of a change detection approach where changes of the backscattering 

at the different polarizations, co- and cross-, and the interferometric coherence respect their dry-state 

have driven the detection of flooded pixels in a statistical based framework. The test case is the 

Evros River, the second largest river in Eastern Europe after Danube River, flowing through 

Bulgaria, Greece and Turkey discharging into the north Aegean Sea. 

2. Methods 

The approach tries to identify the flood that occurs in three main land cover classes, such as urban 

areas, bare or poorly vegetated soil and vegetated areas, taking advantage of co- and cross-polarized 

SAR backscattering channels, and the InSAR coherence to better characterize the landscape. 

In a SAR image, the amplitude and phase of the backscatter field depends on the physical (i.e., 

geometry, roughness) and electrical (i.e., dielectric constant) properties of the target. The presence 

of floodwater changes these properties because the ground roughness tends to become smoother and 

the real part of the dielectric constant becomes considerably larger than that of both dry and moist 

soils. As a result, the surface reflectivity increases. 

In bare soil the decreased roughness let the backscattering decrease and this behaviour is the same 

in both co- and cross-polarized channel, thus we identify the insurgence of flood taking into account 

just the backscattering intensity. 
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In urban area, the double bounce effect is typically represented in SAR images by a very bright line 

that appears on the side of the wall that is illuminated by the radar (Franceschetti et al., 2002). It is 

worth mentioning that double bounce paths all have the same length as the range of the intersection 

between the ground and the front wall of the building. In this case, even if the building is surrounded 

by smooth asphalt surfaces, so that the change in soil roughness may be negligible, the increase of 

reflectivity due to the increase of the dielectric constant implies, in principle, a considerable increase 

of the double bounce effect. If we consider the angle between the flight direction and the street 

alignment, the increase is high for small angles while is reduced for higher angles. As a consequence, 

even in an ideal situation of an isolated building surrounded by a homogenous ground surface, the 

increase of the double bounce due to the presence of floodwater is not very high if buildings are not 

parallel to the SAR flight direction. This increase can be hardly detected using only the backscatter 

intensity in a complex urban environment. Hence, the idea is to integrate intensity data with the 

InSAR coherence, which is basically a measurement of the degree of correlation between two 

complex SAR images. It is defined as the normalized cross correlation between the images and it is 

related to the change in the spatial arrangement of the scatterers within a SAR image pixel (Chini et 

al., 2015), and thus to geometric changes in the scene. An interferometric pair can be built using 

two images taken before and after the flood, and it is expected that flooded areas exhibit low 

coherence, typical feature to distinguish the presence of water, especially in urban areas where this 

feature is usually very high regardless the images temporal baseline. 

Concerning vegetated areas, which are more complex environment, are usually characterized by low 

coherence due to changes in plant growing stage. Subsequently, coherence can help distinguishing 

increases of backscatter due to soil moisture variations, in case of bare soil, from those due to the 

presence of water beneath vegetation, double-bounce phenomenon, where coherence is considerably 

lower. In this case the coherence plays basically the role of replacing optical data to detect vegetation. 

Furthermore, we can take advantage of the two polarization available. Indeed the cross-polarized 

backscatter is more sensible to volume scattering, while is the co-polarized one the more sensible to 

the double bounce. As a matter of fact, in vegetated areas we should detect a sensible backscatter 

increase in the VV polarization and not in the VH one (Hess et al., 1990). 

3. Results 

As already mentioned in the introduction, the test case is the Evros River, which flows through 

Bulgaria, Greece and Turkey discharging into the north Aegean Sea. The river has a total length of 

about 515 km of which 218 flowing along the Greece - Turkey border and the rest in Bulgaria. The 

Evros river catchment, of 52,900 km2 is one of the most intensively cultivated areas in the Balkans 

with a high socioeconomic and environmental (Evros Delta is protected under Ramsar Convention) 

importance. Although the last fifty years significant hydraulic works have been constructed several 

severe floods events struck the catchment and particularly the southern part the most severe of them 

happen during 2004, 2005, 2006, 2009 and during the current year causing severe damages to 

agriculture, transport and water supply networks. In particular, in the period between October 2014 

and August 2015 have been collected more than twenty dual-pol Sentinel-1 images (VV/VH) 

making possible to monitor the flood evolution. The flood is present in almost all images, except 

two, which have been taken as reference, the images acquired on October 13 and 25, 2014. 

The available SAR data have been calibrated and geocoded by means of the ESA-SNAP Toolbox 

software to derive the backscattering coefficient (σ0). For this purpose, the SRTM 3sec DEM has 

been used (Farr et al.). The products have been multilooked, 5 looks in range and 1 in azimuth, as 

well as a pixel size of 20x20 m2 has been chosen for the Sentinel-1A calibrated data. As for the 

coherence, it has also been extracted through the ESA-SNAP Toolbox software considering a 

moving window size of 7x7 pixels.  All products have been co-registered as a first step of the data 

processing. 
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In Figure 1 is shown an example of the detection of flood in bare soil and vegetated areas, such as 

marshes. In particular it is highlighted the advantage of using dual-pol data (VV/VH).  It is worth to 

note how in base soil areas the decrease of the backscatter occurs for both polarizations (red areas) 

while for the vegetated ones the increase is evident only in VV (light blue areas). 

In Figure 2 is shown an example of the role of the coherence for detecting flood in urban and 

vegetated areas. There are highlighted two different RGB colour composition representations: 

- Left: coherence between images pre-flood (October 25, 2014) and post-flood (November 6, 2014) 

(R), intensity VV pre-flood (G) and intensity VV post-flood (B). White areas are representative of 

unchanged areas, while green and blue regions are where the flood occurred in bare soil and 

vegetated areas respectively. 

- Right: coherence pre-flood (October 13, 2014-October 25, 2014) (R), and coherence post-flood 

(October 25, 2014-November 6, 2014) (G and B). Red areas represent where the coherence is high 

in the pre-event coherence map while the light blue ones those ones where the coherence is higher 

in post-flood one. 

Moreover, in Figure 2 the examples of bare soil (upper panel), vegetated areas (central panel) and 

urban areas (lower panel) are shown. 

In the bare soil class the flood is depicted in green (left, low coherence and higher backscattering in 

the pre-event image), the pre-event coherence is higher as well (right). 

In the vegetated areas the flood is highlighted in blue (left, low coherence and higher backscattering 

in the post-event image), while in this case the pre-event coherence is low as well (right, dark areas). 

Finally, urban areas, that fortunately were not affected by flood, are quite bright (left, high coherence 

and high intensity in both images), and as well high coherences in the pre- and post-event maps 

(right). 
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Figure 1 - RGB combination involving the October 25, 2014 intensity image (R), the March 

3, 2015 intensity image (G and B), VV (left) and VH (right polarization. The red areas in the 

image represent bare soil which are flooded in both polarizations in the second date. Light 

blue areas represent the flooded vegetation, the increase of backscatter is quite evident in the 

VV polarization (left). In the lower panel a detail of the upper one is shown in both 

polarizations, VV (left) and VH (right). 
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Figure 2 - RGB colour composition. Left: Coherence between image pre-flood (October 25, 

2014) and post-flood (November 6, 2014) (R), intensity VV pre-flood (G) and intensity VV 

post-flood (B). Green and blue regions are where the flood occurred in bare soil and vegetated 

areas respectively. Right: Coherence pre-flood (October 13, 2014-October 25, 2014) (R), and 

coherence post-flood (October 25, 2014-November 6, 2014) (G and B). Red areas represent 

where the coherence is high in the pre-event coherence map while the light blue areas those 

ones where the coherence is higher in post-flood one. 
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Abstract 

The main objective of the present study was to develop a landslide susceptibility model 

by combining Fuzzy logic and Information Theory in order to estimate the spatial 

probability of landslide manifestation, in the mountains of central Tzoumerka, 

Greece. Specifically, Fuzzy logic was enabled for weighting the landslide related 

variables based on expert knowledge and in respect to landslide susceptibility, while 

the Shannon’s entropy index, an index from Information Theory, was calculated to 

weight the significance of each landslide related variable based on the available data. 

The final landslide susceptibility map was produced by applying the weighted sum 

method. Engineering lithological units, slope angle, slope aspect, distance from 

tectonic features, distance from river network and distance from road network were 

among the six landslide related variables that were included in the landslide database 

used in the training phase. The landslide inventory map was constructed by 

interpreting aerial photographs, satellite images and field surveys and was separated 

into two datasets, one for training and one for validating the model. The outcomes of 

the validation process illustrated that the developed methodology efficiently provided 

the most susceptible areas and was in good agreement with the actual landslide 

locations. The area under the curve was estimated to be for the training and validating 

datasets 0.7575 and 0.7828 respectively. The produced landslide susceptibility map 

could be regarded from local and national authorities as a valuable mean to evaluate 

strategies or to prevent and mitigate the impact of landslides. 

Keywords: slope stability, fuzzy weighting, Shannon’s entropy index, Tzoumerka, 

Greece. 

Περίληψη 

Ο κύριος στόχος της παρούσας μελέτης ήταν η ανάπτυξη μιας μεθοδολογιάς για την 

εκτίμηση της κατολισθητικής επιδεκτικότητας η οποία συνδυάζει την ασαφή λογική και 

τη Θεωρία της Πληροφορίας, στα βουνά της κεντρικής περιοχής των Τζουμέρκων. 

Συγκεκριμένα, η ασαφής λογική χρησιμοποιήθηκε για την εκτίμηση των συντελεστών 

βαρύτητας των κλάσεων των μεταβλητών που επιλέγθηκαν στην οποία εκτίμηση 

λαμβάνεται υπόψη η γνώση των εμπειρογνωμόνων. Ο δείκτης εντροπίας του Shannon, 

χρησιμοποιήθηκε για τον υπολογισμό των συντελεστών βαρύτητας της κάθε μεταβλητής 

με βάση τα διαθέσιμα δεδομένα. Ο χάρτης κατολισθητικής επιδεκτικότητας 

κατασκευάστηκε με εφαρμογή της μεθόδου του σταθμισμένου αθροίσματος. Οι 

τεχνικογεωλογικές ενότητες, η γωνία κλίσης, η διεύθυνση της γωνίας κλίσης,η 

απόσταση από τα τεκτονικά χαρακτηριστικά, η απόσταση από το υδρογραφικό δίκτυο 

και η απόσταση από το οδικό δίκτυο ήταν μεταξύ των έξι μεταβλητών που επιλέγθηκαν. 
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Η βάση δεδομένων με τη καταγραφή των κατολισθητικών φαινομένων έγινε μετά από 

τη σχετική ερμηνεία αεροφωτογραφιών, δορυφορικών εικόνων καθώς και τη 

διεξαγωγή ερευνών πεδίου. Χωρίστηκε σε δύο σύνολα δεδομένων, ένα για εκπαίδευση 

και ένα για επικύρωση του μοντέλου. Τα αποτελέσματα της διαδικασίας επικύρωσης 

έδειξαν ότι η μεθοδολογία που αναπτύχθηκε ήταν σε καλή συμφωνία με την πραγματική 

θέση των καταγεγραμένων κατολισθήσεων. Συγκεκριμένα, η περιοχή κάτω από την 

καμπύλη (AUC curve), ένας στατιστικός δείκτης, εκτιμήθηκε ότι είναι για την 

εκπαίδευση 0.7575 και για την επικύρωση και 0.7828. Ο παραγόμενος χάρτης 

κατολισθητικής επιδεκτικότητας θα μπορούσε να θεωρηθεί από τις τοπικές και εθνικές 

αρχές ως ένα πολύτιμο μέσο για την αξιολόγηση των στρατηγικών ή για την πρόληψη 

και τον μετριασμό των επιπτώσεων των κατολισθήσεων. 

Λέξεις κλειδιά: Κατολισθητική επιδεκτικότητα, ασαφής λογική, Θεωρία της 

Πληροφορίας, Τζουμέρκα, Ελλάδα. 

1. Introduction  

Landslides involve a wide variety of processes that result in the gravitational movement of slope-

forming materials that may occur in offshore, coastal or/and inland areas. They are considered 

among the most frequent natural hazards with significant consequences to human life and 

incalculable social - economic consequences. Its general accepted that natural hazards cannot be 

prevented; however their impacts can be reduced. In this context, the spatial distribution of future 

landslides that is estimated during a landslide susceptibility analysis provides information and 

knowledge that aids land – use planning, decision making and overall landslide risk reduction. Thus, 

the estimation of the likelihood of a landslide occurring in an area is a fundamental process defined 

by a set of geological, tectonic and hydrologic conditions, morphological characteristics, soil and 

vegetation features, land use and human practices. The analysis of landslide phenomenon is 

attempted through qualitative or expert - driven models and quantitative or data - driven models. 

Relatively recently, new techniques and methods derived from the domain of Machine Learning and 

Data Mining where utilized as promising tools to evaluate the susceptibility and risk against 

landslides (Korup and Stolle, 2014). These methods are characterized by the ability of learning and 

discovering hidden and unknown patterns from large multi-thematic databases. Numerous papers 

could be found through the scientific literature that take advantage of their ability to sufficiently 

assess data, including: the logistic regression approach (Pourghasemi et al., 2013a; Regmi et al., 

2014), fuzzy logic method (Pourghasemi et al., 2012a; Tien Bui et al., 2012a; Feizizadeh and 

Blaschke, 2013; Zhu et al., 2014), artificial neural network method (Ermini et al., 2005; Ferentinou 

and Sakellariou 2007; Yilmaz 2010; Tien Bui et al., 2012b; Conforti et al., 2014; Tsangaratos and 

Benardos, 2014), Bayes theorem based on weights of evidence (Regmi et al., 2010a, 2010b; Kouli 

et al., 2014; Ilia and Tsangaratos 2015), neural–fuzzy method (Vahidnia et al., 2010; Oh and 

Pradhan, 2011), support vector machines (Yilmaz 2010; Tien Bui et al., 2012c; Pourghasemi et al., 

2013b; Pradhan 2013), index of entropy (Bednarik et al., 2010; Constantin et al., 2011; Pourghasemi 

et al., 2012b; Devkota et al., 2013; Youssef et al., 2015) and decision tree method (Saito et al., 2009; 

Yeon et al.,2010; Nefeslioglu et al., 2010; Tien Bui et al., 2012c; Pradhan, 2013; Tsangaratos and 

Ilia, 2015). The main objective of the present study is to produce a landslide susceptibility map based 

on the combination of Fuzzy logic and Information Theory. The Fuzzy logic approach was applied 

in order to weight the variables according to expert opinion, while the Information Theory was 

applied to estimate the influence of each variable has on the landslide susceptibility calculation based 

on the data. The study area covers the mountains of Central Tzoumerka, which are located at the 

administrative unit of Epirus Greece, where serious landslides events have been encountered. The 

computation process was carried out using SPSS 16.0 (SPSS, 2007) for validating the model, while 

ArcGIS 10.1 (ESRI, 2013) was used for compiling the data and producing the landslide 

susceptibility maps. 



1739 

 

2. Study area 

The main research area is located at the eastern part of the Pindus administrative unit covering 

approximately an area of 222 km2 clarified as the Kallaritikos watershed, a sub - basin of the Greek 

Water District Epirus (Fig. 1a). 

 

Figure 1a - The study area, 1b - The geology of the area. 

Concerning the topography of the area it’s characterized as mountainous, with the highest altitude 

observed in the area reaching 2354m while the lowest point is at 325m above sea level. The 

geological profile of the wider region consists of formations that are part of the Ionian tectonic zone, 

mainly constituted by Upper Eocene - Lower Miocene sedimentary sequences, as well as part of the 

Pindus tectonic zone, where Upper Cretaceous - Eocene sedimentary sequences outcrop (Brunn, 

1956; Aubouin, 1959). About 43.40% of the research area is covered by chert formations with 

limestone interbeds, 37.20 % covered by limestone formations and about 17.35% covered by flysch 

formations. The area is characterized by a dense dendritic drainage pattern, while large successive 

anticlines and synclines overthrusts to the west. 

3. Materials and Methods 

3.1. The developed methodology 

The developed methodology consisted of a four phase procedure; (a) classifying and weighting 

the predictor variables based on fuzzy logic and expert knowledge, (b) calculating the weight of 

each variable based on the Shannon’s entropy index, (c) applying the weigh ted sum model to 

produce the landslide susceptibility map and (d) validating the produced model. Details of each 

phase are provided in the following paragraphs. The first phase, involves the application of a 

fuzzy logic approach in order to estimate the weight of each predictor variable. The developed 

methodology collects the opinions of a group of experts in reference to the importance each 

predictor factor has to the estimation of landslide susceptibility. Each expert assigns a linguistic 

value (very important, quiet important, important, neutral, unimportant, quite unimportant and 

very unimportant) when asked about the importance of the factor that is transformed into a 

triangular fuzzy number (Table 1). 
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Table 1 - Scale of importance. 

Intensity of importance Fuzzy triangular number 

Very important (VI) (1, 2, 3) 

Quiet important (QI) (2, 3, 4) 

Important (I) (3, 4, 5) 

Neutral (N) (4, 5, 6) 

Unimportant (UnI) (5, 6, 7) 

Quite unimportant(QUnI) (6, 7, 8) 

Very unimportant (VUnI) (7, 8, 9) 

The aggregated triangular fuzzy number is calculated using the geometric mean model of mean 

general model proposed by Klir and Yuan (1995). The computing formula is illustrated as follows:  

Assume the linguistic value assigned to the jth predictor factor (j=1, 2... n) by the ith expert (i=1,2,..k) 

and the equivalent triangular fuzzy number that corresponds to that linguistic value ),,(
~

ijijijij cbav 

The aggregated triangular fuzzy number for the jth predictor factor is ),,(
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The next step is to use the simple centre of gravity method to defuzzify the aggregated triangular 

fuzzy number of each predictor factor and to estimate the Intensity of importance (Ij) (Equation 1), 

while the weighting of each predictor variable is obtained by the equation 2. 

Equation 1 - Intensity of importance  
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The next phase involves the estimation of weight of influence of each variable based on Shannon’s 

entropy index. The Shannon’s entropy index has been used in the Information Theory as a measure 

originally proposed by Claude Shannon to quantify the entropy, uncertainty or information content 

in strings of text (Shannon, 1948). It proposes that the more information one has the more certain 

one becomes, likewise we can postulate that the more diverse something is the more uncertain we 

become in knowing its decision or outcome. The information coefficient is an index that ranges 

between 0 and 1, with values closer to 0 indicating less influence of the variable while values closer 

to 1 indicating more influence. The equations used to calculate the information coefficient Wj 

representing the weight value for the parameter as a whole (Bednarik et al., 2010; Constantin et al., 

2011) are given in Table 2.  
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Table 2 - Equation for determining the Weight coefficient based on Shannon’s entropy 

index. 
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The third phase involves the application of the weighted sum method in order to calculate the 

landslide susceptibility index, according to equation 9: 

Equation 3 - Landslide susceptibility index 

ijc

n

j

ijpi wiw
j

LSi  
1

1  

The result of the summation is a continuous interval of values which represent the various levels of 

susceptibility and forms the landslide susceptibility map that is reclassified according to the natural 

break method for the determination of the class intervals (Feizizadeh and Blaschke, 2013). Classes 

identified are described as follows: very high susceptibility (VHS), high susceptibility (HS), 

moderate susceptibility (MS), low susceptibility (LS) and very low susceptibility (VLS). The final 

phase involves the validation of the developed model by means of the success-rate and prediction-

rate methods (Fawcett, 2006). Using the landslide grid cells in the training dataset, the success-rate 

results were obtained, while the validation dataset were used for the construction of the prediction-

rate curves (Chung and Fabbri, 2003). The area under the ROC curve (AUC) has been used as a 

metric to access the overall quality of the predictive models by evaluating the models ability to 

anticipate correctly the occurrence or non-occurrence of predefined events (Hanley and McNeil, 

1982; Fawcett, 2006). If AUC is close to 1, the outcomes of the analysis are excellent, while if the 

AUC is closer to 0.5, the less accurate the result of the analysis is. 

3.2. Data 

Concerning the landslide inventory which includes information about the location, features and 

abundance of landslide areas, it was based on historical information concerning landslide incidence, 

the interpretation of aerial photos, the use of satellite imagery and extensive field observations. A 

total of 116 sites where identified and partitioned into two datasets, one for training and one for 

validating purpose, containing 93 and 23 sites, respectively. The landslide related variables that was 

selected for the assessment of the landslide susceptibility of the research area are described by the 

following six variables: engineering geological units, slope angle, slope aspect, distance from 

tectonic features, distance from river network and distance from road network. Particular, the 
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geological formations that cover the research area were grouped into four categories based on their 

engineering geological behavior, the spatial distribution of failures identified in the region, but also 

the experience and knowledge that has been recorded in related studies. Specifically, the following 

were found and classified: A) quaternary loose, fine grained deposits that consist mainly of cobbles, 

pebbles, grits and sands with low proportions of fines, such as clayey silts and sandy silts; B) 

limestones formations, that are characterized as Pelagic, thin to medium – bedded, often micro - 

brecciated with nodules or lenticular silica layers and local thin intercalations of shales; C) flysch 

formations with alternating siltstones and sandstones and frequent participation of conglomerates 

and intermediate lithological types, and D) chert formations with limestone interbeds. The fault 

density maps were also constructed based on the geological map (IGME, 1961) and was classified 

into three zones of influence: A) < 250m, B) 251-500m and C) > 501m. A digital elevation model 

(DEM) with a spatial resolution of 20x20m was generated from national topographic maps in scale 

1:50.000. Based on the DEM data, slope angle, slope aspect and distance from the river network 

were constructed. Specifically, five classes for slope angle have been identified and classified: A) 

00-150, B) 160-300, C) 310–450, D) 460–600 and E) slopes greater than 610. In accordance to the 

previous, five classes for slope aspect have been identified and classified: A) 2260-2700, B) 460-900, 

C) 910-1350, 2710-3150, and D) 3160-450, 1360-2250 (Fig.4d). Concerning the river network density 

map, it was formed using the DEM data and further classified into three zones of influence: A) < 

100m, B) 101-300m, and C) > 301m. Finally, the distance from the road network was constructed 

based on the national topographic maps and classified into three zones of influence, characterizing 

the distance of landslide incidence from the road network: A) < 100m, B) 101-300m, and C) > 301m. 

4. Results 

According to the weighting process conducted in the first phase (Table 2), that was based on fuzzy 

logic and expert knowledge, the most susceptible class was estimated to be class A (<100m) in the 

variable Distance to road network (0.5714), followed by the class A (<100m) in the variable 

Distance to river network (0.5000). The least susceptible class was class A (<150) in the variable 

Slope (0.0667), followed by the class A (2260-2700) in the variable Aspect (0.1000). From the 

analysis performed during the second phase (Table 3), that was based on the Information Theory 

and the Shannon index, the most uncertain variable was estimated to be Distance to river network 

(0.0133), followed by Aspect (0.0307), Engineering lithological units (0.0490), Slope (0.1426), 

Distance to tectonic features (0.3995 ) and Distance to road network (0.4087).   

Table 4 - Weight of variables according to expert knowledge and Information Theory. 

Landslide related variable Class 
Fuzzy Logic  

Wj  

Information Theory  

wij 

Engineering lithological units A 0.1176 0.0490 

 B 0.1765  

 C 0.3529  

 D 0.3529  

Slope A 0.0667 0.1426 

 B 0.1667  

 C 0.2000  

 D 0.3000  

 E 0.2667  

Aspect A 0.1000 0.0307 

 B 0.1667  

 C 0.2000  
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Landslide related variable Class 
Fuzzy Logic  

Wj  

Information Theory  

wij 

 D 0.2667  

 E 0.1333  

Distance to tectonic features < 250m 0.4737 0.3995 

 251- 500m 0.4211  

 > 501m 0.1053  

Distance to river network < 100m 0.5000 0.0133 

 101-300m 0.3571  

 > 301m 0.1429  

Distance to road network < 100m 0.5714 0.4087 

 101-300m 0.4286  

 > 301m 0.2143  

The third phase involved the application of the weighted sum method in order to calculate the 

landslide susceptibility index, according to equation 9. The outcome of the estimation is illustrated 

in Figure 2a in which the various levels of susceptibility are presented and reclassified according to 

the natural break method for the determination of the class intervals. Following the developed 

methodology five classes of susceptibility where identified. Very high susceptibility (VHS) that 

covered approximately 8.59%, high susceptibility (HS) covering 20.42%, moderate susceptibility 

(MS) covering 29.65%, low susceptibility (LS) covering 27.29% and very low susceptibility (VLS) 

covering 14.05% of the total research area. As illustrated in figure 2b, the landslide probability 

density within the zones high and very high susceptibility was calculated to be over 81.00%, while 

within the zones very low and low susceptibility was calculated to be less than 5%. The results of 

the implementation of the developed methodology was validated using the training and validation 

dataset through the use of the ROC graphs and the success and prediction rate curves, which are 

summarized by the calculation of AUC values. Figure 2b shows the results indicating that the model 

has good prediction capabilities. In particular, the AUC value for the training and validating datasets 

was calculated to be 0.7575 and 0.7828 respectively. 

5. Discussion and conclusion  

It is well established that for the assessment of landslide phenomena, the majority of the applied 

methods are based either on the experience and knowledge provided by experts or on statistical or 

probabilistic theories or even the use of deterministic models (Aleotti and Chowdhury, 1999). Each 

procedure has advantages and disadvantages that are influenced by the quality and quantity of the 

available data and also the experience, judgment and the time engagement of the expert. In this 

context, the development of a hybrid method that combines the two procedures can be thought as a 

valuable tool in order to produce more accurate predictive models. Particularly, in the present study 

a landslide susceptibility map was produced by applying Fuzzy logic and Information Theory. The 

Fuzzy logic approach was applied in order to weight the variables according to expert opinion, while 

the Information Theory was applied to estimate the influence of each variable has on the landslide 

susceptibility calculation based on the data. 
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Figure 2a - The landslide susceptibility map, 2b - Validation graphs. 

The study area covers the mountains of Central Tzoumerka, an area considered as one of the 

historical centres of the Vlach culture in Pindus, Greece, with a cluster of significant historical 

villages, such as Sirako, Killarites and Pramanda. From the visual inspection of the produced 

landslide susceptibility map it is obvious that the spatial pattern of susceptibility mainly follows the 

spatial distribution of the landslide conditioning variable, Distance to tectonic features. Furthermore, 

major sections of the road network that connect those historical villages intersect areas of very high 

landslide susceptibility. Concerning the accuracy of the developed model, the combination of the 

two procedures produced highly accurate predictive models. Specifically, the AUC value for the 

training and validating datasets was 0.7575 and 0.7828 respectively. In conclusion, the produced 

landslide susceptibility map could be regarded from local and national authorities as a valuable mean 

to evaluate strategies or to prevent and mitigate the impact of landslides. 
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Abstract 

The long term change of the shoreline is a phenomenon, which is factored in the 

design of construction projects along the coastal zone. This study presents a 

methodology that aims to quantify the shoreline displacement rate. The described 

methodology involves the interpretation of different remote sensing data types, which 

make up a quite dense time series of representations for the coastline spanning from 

1987 to 2012. The representation of the shoreline is based on geometrically corrected 

(ortho-rectified), historical, analogue, panchromatic, high resolution aerial photos of 

the area (1987, 1996) and latest generation, digital, multispectral, high resolution 

satellite images (2000, 2008, 2012). In all cases the images were digitally processed 

and optically optimized in order to produce a highly accurate representation of the 

shoreline in each time period. All the data were imported in a Geographic Information 

System platform, where they were subjected to comparison and geo-statistical 

analysis. A large number of sections perpendicular to the coast (every 100 meters) 

was drawn and the relative motion of the coastline was calculated for each of them. 

The average rate of the calculated erosion is in the order of 24mm/year whilst extreme 

rates of 1m/year were also observed in specific positions. 

Keywords: Ikonos, Worldview, photogrammetry, DSAS. 

Περίληψη 

Το φαινόμενο της έντονης μεταβολής των ακτογραμμών σε βάθος χρόνου αποτελεί έναν 

από τους σημαντικότερους παράγοντες στο σχεδιασμό τεχνικών έργων κατά μήκος της 

παράκτιας ζώνης. Στην παρούσα εργασία περιγράφεται μια μεθοδολογία που έχει στόχο 

την ποσοτικοποίηση του ρυθμού της μεταβολής μιας ακτογραμμής. Η μεθοδολογία που 

αναπτύσσεται στην παρούσα εργασία, περιλαμβάνει το συνδυασμό διαφορετικών τύπων 

δεδομένων τηλεπισκόπησης, που συνθέτουν μια χρονοσειρά από το 1987 μέχρι το 2012. 

Προέρχονται από την ορθοαναγωγή ιστορικών αναλογικών παγχρωματικών 

αεροφωτογραφιών υψηλής ευκρίνειας (1987, 1996) και σύγχρονων ψηφιακών 

πολυφασματικών δορυφορικών εικόνων με υψηλή διακριτική ικανότητα (2000, 2008, 

2012). Σε κάθε περίπτωση έγινε ψηφιακή επεξεργασία των δεδομένων και 

βελτιστοποίηση του οπτικού αποτελέσματος για τη χάραξη της ακτογραμμής κάθε 

χρονικής περιόδου με μεγάλη ακρίβεια, ενώ έγινε εισαγωγή, σύγκριση και γεω-
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στατιστική ανάλυσή τους σε ένα Σύστημα Γεωγραφικών Πληροφοριών. 

Κατασκευάστηκε ένας μεγάλος αριθμός τομών κάθετα προς την ακτή (ανά 100 μέτρα) 

σε κάθε μία από τις οποίες υπολογίστηκε η μετατόπιση της ακτογραμμής, 

αποκαλύπτοντας τη απώλεια ή την απόθεση ιζήματος κατά μήκος της παραλιακής 

ζώνης. Υπολογίστηκε ότι η μέση τιμή του ρυθμού απώλειας της παραλιακής ζώνης είναι 

της τάξης των 0.24 m/έτος, ενώ εντοπίστηκαν και περιοχές με ακραίες τιμές της τάξης 

του 1 m/έτος, αυξάνοντας κατακόρυφα την επικινδυνότητα κάποιων σημείων. 

Λέξεις κλειδιά: Ikonos, Worldview, φωτογραμμετρία, DSAS. 

1. Introduction 

The radical change of the shoreline during time is one of the most important factors to be taken into 

consideration when designing structures along the coastline (De Pippo et al., 2008; Anthoff et al., 

2010; Nicholls and Hoozemans, 1996). Given that a large number of human activities take place 

near or along the coastline (Salman et al., 2004) it is important to point out the dangerous areas and 

quantify beach erosion with the highest possible accuracy (Evans et al., 2004). A change in the 

topography along the shoreline, as well as severe erosion phenomena have been observed in large 

areas due to human presence and activities (Kloehn et al., 2008; Rijn, 1998). The study of these 

changes during the last decades can give the scientists a chance to calculate the rate of shoreline 

change using various methods (Zuidam and Van Zuidam-Cancelado, 1979; Alhin and Niemeyer, 

2009). In order to estimate this rate of evolution, a long time series of data going back in time is 

needed (Malthus and Mumby, 2003; Boak and Turner, 2005). These data usually involve remote 

distance observations, such as aerial photographs or digital satellite images. Digital processing of 

the aforementioned data can provide important information on the sampling period. The process of 

digital interpretation of such data is of utmost importance so as to create ortho-corrected data-sets 

for each period and results in the derivation of comparable data and implications for the 

environmental impact of the phenomena (Vassilakis, 2010). Moreover, the collection of field data 

and their validation is important in order to specify the real causes of the changes in the shoreline, 

which can be related to physical processes, human activity or both (Valaouris et al., 2014). 

2. Investigation area 

The area of interest is situated at the southern shoreline of the Gulf of Corinth where the beach zones 

are under neotectonic control. A large number of active fault zones with general inclination towards 

the north develop parallel to the current shoreline and contribute to the constant widening of the gulf. 

The widening happens along NNW-SSE direction and the rate of displacement is 14mm/year 

according to GPS measurements (McClusky et al., 2000; Hollenstein et al., 2008; Vassilakis et al., 

2011). This phenomenon has a direct impact on the change of the shoreline position. The severe 

changes in the position of the shoreline in the long term are one of the most important issues due to 

hazard assessment at the selected area of the Gulf of Corinth. 

A significant number of either small or larger river mouths are located along the entire area of the 

southern coastline of the Gulf of Corinth, feeding it up with large quantities of eroded material since 

Pleistocene. The deposited beds at the estuaries are usually found tilted towards upstream (Vassilakis 

et al., 2007). The result of these tectonic movements is the continuous uplifting of the northern 

beaches of Peloponnesus and consequently intensive erosion in depth along with canyon 

development. This, in turn, contributes in the constant input of sediment in the deltaic areas. In that 

sense, alluvium and contemporary material transported through rivers consisting of coarse material 

like sand and breccia can be found along the shoreline. Some berms of small thickness have also 

been observed in specific areas. 

The morphological slopes along the beach zone are mild with values up to 5%. The in situ 

measurements verify the mild slopes and the lack of scarps, at least in the area described in this 

paper. The area selected for the application of the specific methodology has an overall length of 14.5 
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km and lies between the Town of Sikyon and the Town of Xilokastro, where large residential and 

tourist development has occurred during the last decades, whilst along the shoreline various works 

have been constructed to protect the beach from erosion. 

3. Methodology 

This study was conducted using two different types of data. Historical analog panchromatic aerial 

images of high resolution (Zuidam and Van Zuidam-Cancelado, 1979) and contemporary digital 

high resolution multi-spectral satellite images. The acquisition of the aerial photographs took place 

during 1987 and 1996, while the satellite images where acquired during 2000, 2008 and 2012 (Fig.1). 

The geometrically corrected data were projected in the same reference system, covering a total time 

period of 25 years. At all stages of the described methodology the Greek Geodetic Reference System 

of 1987 (GGRS ’87) was used (Mugnier, 2002). The panchromatic aerial photographs were scanned 

with a high resolution scanner (1200 dpi) (Chaaban et al., 2012) and were ortho-rectified using 

photogrammetric software (Vassilakis and Papadopoulou-Vrynioti, 2014). During the ortho-

rectification procedure of both the scanned aerial photographs and the digital satellite images, a high 

resolution digital elevation model was used. The latter reached the spatial resolution of 10 meters 

and was created using contours and height measurements from topographic maps of scale 1:5,000. 

The photogrammetric software was used to identify tie points among the aerial and satellite images 

as well as control points (Moore, 2000). The selected control points are points of known coordinates 

(X, Y) and elevation (Z). 

The process of ortho-rectification led to the production of two panchromatic mosaics with 1 meter 

spatial resolution, one for each year of aerial data acquisition (1987 and 1996). In a similar manner, 

the satellite images were ortho-rectified to create three multi-spectral mosaics for the years 2000, 

2008 and 2012. The satellite images which were used in this work were Ikonos-2 (for the years 2000 

and 2008) with a spatial resolution of 1 meter and Worldview-2 (for the year 2012) with a spatial 

resolution of 0.5 meter. The ortho-rectification procedure was based on the initial data and resulted 

16-bit images. 

The use of the visible part of the electro-magnetic spectrum for the collected data of remote sensing 

provides a uniformity and objectivity in the methodology. Using image processing techniques for 

interpreting all images, the shoreline was digitized for all the different time periods. The most 

difficult part was to identify with high accuracy the separation points between the waterbody and 

the land (Gens, 2010). In order to accurately project the shoreline, the histogram of each image was 

equalized and in some cases a weight coefficient was used. The latter was different for every aerial 

photograph, taking into account the details of the flight and the relative position of the sun. 

An important feature of the present study was the implementation of a methodology capable of 

providing comparable results. To achieve this, an extension of the ESRI ArcGIS v.10 software was 

employed as published by USGS-(Digital Shoreline Analysis System v.4.3). The DSAS extension 

lets the user define a constant straight line in a specific distance from the shoreline and take cross-

sections perpendicular to it among the evolving coastlines (Fig.2). The measurements give 

quantitative information on the change of the position of the shoreline, as well as more useful 

statistical data. The distance between cross-sections was set at 100 m. 
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Panchromatic Mosaic – Year 1987  

 

Panchromatic Mosaic – Year 1996  

 

Satellite Image IKONOS-2 - Year 2000  

 

Satellite Image IKONOS-2 - Year 2008  

 

Satellite Image WORLDVIEW-2 - Year 2012  

  

Figure 1 - Sample of the remote sensing data for the area between Xylokastro - Sykia. 

Changes regarding the shoreline as well as the land are visible. All data have been referenced 

into GGRS'87 projection system. 

A total number of 145 cross-sections were created covering a 14.5 km waterfront, in order to 

estimate the evolution of the shoreline and quantify the rate of change between 1987 and 2012. For 

each section five measurements were conducted, one for each time series regarding the absolute 

distance between every digitized shoreline and a given baseline, which was digitized 50 meters 

offshore the oldest shoreline trace. The table containing the statistical data can be used either to 

produce graphs (Fig.3) or visualize them in a GIS environment. 



1751 

 

 

Figure 2 - Location of the 145 cross-sections which were used for calculating the shoreline 

change. The coastline traces for each time period are also presented. The inset shows the 

exact location of the study area in Greece. 

 

 

Figure 3 - Statistic charts showing the deposition rates (+) or erosion rates (-) in each section 

along a 14.5 km coastal front (exact location is presented at the top of the graph). The colour 

group is based on the R-squared of Linear Regression (Blue:>0.95, Green:0.90-0.94, 

Red:<0.90). 
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4. Field Observations 

At the easternmost part of the study area, at the coastal front of the village Melissi (cross-sections 

1-36), the phenomenon of beach erosion is severe. This was clearly observed after the interpretation 

of the aerial images of 1987 and 1996, as well as the satellite images and it was verified during the 

ground truth procedure. The shoreline analysis resulted impressively well correlations yielding that 

the coastline has been retrograding significantly since 1987 with an average rate of 0.48 m/yr, while 

the maximum well correlated erosion rate (0.74 m/yr) was calculated at transect 17 (fig. 3). This is 

partly due to the growth of Melissi village on the shore without any initial coastal protection 

constructions. 

Even if the seaside structures have been reinforced in order to avoid foundation failures, the severe 

damages at the seaside road are considered quite important, as the specific road is the main 

transportation route in the wider area. Along the westernmost coastline of this area a retaining wall 

of 150m total length has been constructed as an erosion protection measure. The wave erosive action 

is obvious both at the base of the retaining wall, as well as along the coastal road which has been 

seriously damaged (fig. 4). 

  

Figure 4 - Damages at the retaining wall at the location of transect 13, where the erosion rate 

was calculated at 0.58 m/yr. 

Moving westwards, along the beach front of the village Sykia (cross-sections 37-54), we find the 

only coastline part where progradation is observed. The main reason is because at the borders 

between the villages Melissi and Sykia, break water piers have been constructed using natural 

boulders. The boulders were installed across the sea side as an erosion protection measure (fig. 5). 

At some points the piers have been submerged in the seawater due to severe wave erosive actions 

but a great amount of transported material is deposited at several parts between the piers. The most 

effective results were found at the location of transect 37, where the calculated rate was at 0.53 m/yr 

(fig. 3), but this seems to be a very local exception, as the most well correlated results were calculated 

at transect 44 with erosion rate of the order of 0.27 m/yr. 

The cross-sections 55-81 are located at the Xilokastro beach-side zone where sediment is 

accumulated by the river Sythas, but it seems that it is not enough for keeping the coastline from 

retrograding. Therefore a retaining wall has been gradually constructed for the protection of the sea 

side road at a total length of 1.5 km. The construction of the first and second section of the retaining 

wall was completed during 1969 and 1985, respectively. Later on, the wall was reinforced 

furthermore by installing natural protective boulders (fig. 6). During 1993, break water piers were 

constructed along the seaside up to the main square of Xilokastro in order to create a tombolo by 

using the large sediment quantities of Sythas River, but the shoreline along the coastal zone kept 
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receding. The latter was caused either by the eroding action of waves as well as because the potential 

material transfer by the river has been decreased due to the use of large amounts of river sediment 

in several constructions and as replacement material in highly eroded areas of the beach. The best 

correlated measurements were observed at transect 68, where the erosion rate was calculated at 0.89 

m/yr and it seems that if no protection measures were taken (despite their efficiency) another 30 

meters of retrogradation would have been observed till 2045. 

  

Figure 5 - Break water piers using natural boulders across the waterfront of Sykia village do 

not seem to have solved the retrogradation phenomenon, as at the location of transect 44 the 

erosion rate was calculated at 0.27 m/yr. 

  

Figure 6 - Inefficient constructions did not prevent the severe damages at the location of 

transect 68 where the erosion rate was calculated at 0.89 m/yr. 

Westward of the yacht marina of Xilokastro (transects 83-84), which was completed during 1987, 

lies the beach zone of Kamari (cross-sections 87-145). In the boundary between those areas two 

river estuaries are located. However, Spartilas River and Kolones River are quite small with reduced 

capability of sediment transportation. Additionally, at the beach of Kamari another river, called 

Arachovitikos joins the gulf, but in every case the potential sediment transportation is not enough to 

replenish the erosion induced by the wave action. The erosion phenomena are apparent even along 

the estuary zone. The average erosion rate observed along the westernmost 6 km of the study area 

reaches the order of 0.26 m/yr, but the maximum calculated retrogradation rate was found at the 

location of transect 104 (0.82 m/yr with 0.91 R-squared of Linear Regression). It should be 
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highlighted that the building activity has been expanded on the beach in many cases and the seaside 

has been reinforced using natural boulders, especially on building areas (fig. 7). 

  

Figure 7 - Location of transect, 104 at the beachfront of Kamari, where coastal erosion along 

with failures to infrastructures are observed. 

5. Conclusions 

The analysis of historic analog panchromatic aerial images and contemporary digital high-resolution 

multi-spectral satellite images, combined in a Geographic Information System platform proved to 

be a useful tool in determining and quantifying the shoreline displacement rate and especially the 

erosion rate at developing suburbs. 

By employing the methodology described above, at the area of investigation we have calculated the 

displacement rate of the coastline position over the past 30 years. The rates of change that were 

calculated were not homogeneous along the full length of the coastline. Specifically, the average 

value of the rate of receding is 24 mm/year, while extreme values of order 1 m/year were also 

observed, increasing the riskiness of specific positions. In those positions it has been estimated that 

the shoreline has receded over 20 m in the last 25 years and is strongly affected by the human activity. 

Thus, taking protective measures are of highest importance. 
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Abstract 

A relevant hazard in mountainous regions is the steep rock slopes concentrating rock 

falls. Although rock falls are characterized by smaller rock volumes compared to 

other landslide types, can also provoke severe damage to buildings, infrastructures 

and human life due to their sudden and highly fast movement. The key to understand 

the processes that result in rock fall onset is an integrated study of the major causing 

parameters that affect slope stability. A rock slope may be subjected to many forms of 

triggering factors including tectonic, geomorphic, seismic, climatic or even human 

induced damages. This contribution provides an overview of the previous and current 

research related to rock falls and uses case studies of North Peloponnese in order to 

prove the usefulness of these methods in the Greek territory. Collecting data and 

production of thematic maps by means of field and remote sensing investigations can 

yield far more updated results incorporated in hazard assessment techniques and 

protection measures. 

Keywords: rock slope stability, triggering factors, rock fall hazard assessment. 

Περίληψη 

Στις ορεινές περιοχές ένας κίνδυνος που ενσκήπτει είναι οι απότομες βραχώδεις 

κλιτύες, οι οποίες σε μεγάλο βαθμό ελέγχονται από πτώσεις βράχων. Αν και οι πτώσεις 

βράχων χαρακτηρίζονται από μικρούς όγκους ολισθαίνουσας μάζας πετρωμάτων σε 

σύγκριση με τους υπόλοιπους τύπους κατολισθήσεων, μπορούν να προκαλέσουν 

σημαντικές βλάβες σε κτήρια, υποδομές εξαιτίας της ξαφνικής και της πολύ γρήγορης 

κίνησής τους. Βασική παράμετρος στην κατανόηση της διεργασίας που οδηγεί στην 

εκδήλωση πτώσεων βράχων αποτελεί η μελέτη των κυριότερων αιτιών που επηρεάζουν 

την ευστάθεια της κλιτύος. Η εξέλιξη της βραχώδους κλιτύος μπορεί να συσχετίζεται με 

πολλά γενεσιουργά αίτια όπως τεκτονικά, γεωμορφολογικά, σεισμικά, κλιματολογικά ή 

ανθρωπογενή. Η παρούσα εργασία παραθέτει σε σύνοψη μεθοδολογίες που σχετίζονται 

με το φαινόμενο της πτώσης βράχων. Επιπλέον χρησιμοποιεί παραδείγματα από την 

περιοχή της Βόρειας Πελοποννήσου ώστε να καταστεί σαφής η χρησιμότητα των 

μεθόδων ανάλυσης του φαινομένου στην ελληνική επικράτεια. Συλλέγοντας δεδομένα 

και παράγοντας θεματικούς χάρτες και συνδυάζοντας την υπαίθρια παρατήρηση με την 

τηλεπισκόπηση, είναι δυνατή η απόδοση βέλτιστων αποτελεσμάτων τα οποία μπορούν 

να ενταχθούν σε τεχνικές σκιαγράφησης της επικινδυνότητας και τη λήψη 

προστατευτικών μέτρων. 

Λέξεις κλειδιά: ευστάθεια βραχωδών κλιτύων, γενεσιουργές αιτίες, προσδιορισμός 

επικινδυνότητας αστοχίας βραχωδών κλιτύων. 
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1. Introduction 

Landslides are located on a variety of lithological and geological domains throughout the world. 

They encompass a variety of failure types, can be very slow to very fast moving, and pose different 

hazards and risk. Their impacts on structures, human activity and loss of life can be substantial, 

ranging from slow deformation of buildings and roads, to sudden damage of developed areas. 

Geological evolution (Ballantyne, 2002), lithology and structure (Ambrosi and Crosta, 2006), slope 

relief and shape (Molnar, 2004), weather and climate (Ballantyne, 2002), seismicity (Keefer, 1984; 

Crosta et al., 2005) and human activity (Cruden, 1976) are the most important causative factors of 

slope stability in general (Fig. 1). Geomorphology, structural and engineering geology enable the 

specification of the main characteristics of a slope in distinct ways that can be combined to provide 

a complementary view of the operative slope processes. 

Slope tectonics as an earth science discipline focuses on gravity - driven mass wasting processes 

caused by unique rock and soil fabrics, internal and external structures of the moving landmasses 

and topographic features. Although the studies of deformation features related to slope failure have 

been century old, integrated approaches employing methods from engineering geology, structural 

geology, geodesy and geomorphology emerged only recently as the scientific community introduced 

the digital ages. A key issue in the studies of slope tectonics is to distinguish the features related to 

active tectonics (driven primarily by tectonic forcing) to features that were purely generated by 

gravity and climatic conditions and its induced rock failure on topographic slopes. 

Aim of this paper is to present and discuss the inventory of distribution of slope instabilities in the 

north Peloponnese area with respect to some of the most important geological and geomorphological 

features and variables. Note that this area is prone either to tectonic (Koukouvelas et al., 1996, 2015) 

or meteorological forcing (Lainas et al., 2015). This will give the chance to discuss the most 

important features associated with these phenomena and their criteria for their recognition and to 

provide a broad, even though not complete, overview of the predisposing and controlling factors, as 

well as the relationships of sliding distribution with the main landscape topographic characteristics. 

In addition, we will evaluate the actual impact of such phenomena at a regional scale correlated with 

field evidence and the various suggested models from the world experience. Especially, in the Greek 

literature only few inventories have been presented (i.e. Antoniou and Lekkas, 2010; Papathanassiou 

et al., 2013; Sabatakakis et al., 2013; Koukouvelas et al., 2015; Lainas et al., 2015; Saroglou et al., 

2015). Finally, we will test the applicability of rock fall models in two Greek case studies where 

climatic and tectonic forcing is acting at constantly developed and populated areas of the Northern 

Peloponnese. 

2. Rock fall process 

Rockfall is a slope process in which a rock mass detaches from a steep face of a rock cliff and 

descends extremely fast by falling and subsequently rolling, sliding or bouncing and finally stopping 

(Varnes, 1978). Commonly rockfalls are concentrated where screes are developed. Rockfall activity 

depends primarily on geological, tectonic and topographical factors but commonly these processes 

are sensitive to the meteorological conditions (Fig. 1). Rockfalls are common in mountain areas and 

represent a serious threat due to their high propagation velocity that, independently from the volume 

involved, can be extremely dangerous to buildings, roads and people. Therefore, it is necessary to 

preliminarily identify those areas, most vulnerable to this type of process, in order to pursue a 

territorial planning with consciousness of hazards and risks. Rockfall hazard analysis over wide 

territories is rather difficult, because many variables, which are difficult to identify at that scale, 

have to be taken into account (i.e., rock fracturing, water presence etc.). Hence, there is a need for 

identifying methodologies capable of reproducing complex processes involved in rockfall 

occurrence and propagation and to preliminarily identify the areas prone to this type of hazard. 

Methodological contributions contain rockfall susceptibility together with hazard assessment and 

zoning, rockfall initiation and runout modeling, design and performance evaluation of rockfall 
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protection systems such as fences, ditches or forests (Piacentini and Soldati, 2008). Although 

rockfalls involve smaller rock volumes compared to other landslide types (e.g. deep gravitational 

slides), rock fall events also cause severe damage to buildings, infrastructures and lifelines due to 

their unexpected frequency, their easily release and high kinetic energy (Rochet, 1987). 

 

Figure 1 - a) Basic parameters influence slope stability (modified after Volkwein et al., 2011). 

b) Slope failures related to geological structures (modified after Clastonburry and Fell, 2000; 

Stead and Wolter, 2015). 

To highlight that local geology is one of the major factors for slope instabilities, the individual 

characteristics of two selected sites are presented, the Skolis Mt and the Acrocorinthos study-sites. 

These localities can represent a prominent risk for inhabitants and infrastructure and have therefore 

been the subject for field analyses (Koukouvelas et al., 2015; Zygouri and Koukouvelas, 2015). Both 

areas are controlled by large scale tectonic features and have experienced strong earthquake shaking 

and consist of similar lithological units. 

3. Material and Methods 

Classification of slope mass movements is mainly based on materials and types of mechanism. The 

study of slope instabilities requires a complete collection, organization and interpretation of 

historical, geomorphological and geological data, both from field and remote sensing surveys. There 

have always been two different kinds of approach in the study of slope instabilities: the 

geomorphological and the structural prospect (Fig. 1). By the integration of these two kinds of 

approach it is possible to describe their geometry and their controlling factors in order to evaluate 

susceptibility of rock slope instabilities and estimate the hazard originated from such phenomena. A 

detailed characterization and interpretation of slope instability phenomena is possible through 

analysis and synthesis of a complete series of field data integrated with remote sensing information. 

The comparison of different data sources (archival searches, eye - witness accounts and aerial or 

satellite photo interpretation) allows enriching the cartographic database and precisely confining a 

certain instability phenomenon verified in the past (Giardino et al., 2004). 

3.1. Rockfall release areas 

Various techniques have been implemented on rock slopes to characterize and examine them, 

ranging from field surveys to remote sensing. Traditional rock slope investigations often initiate 

with field observations of the rock mass, including intact rock descriptions and discontinuity 

measurements and characterization. The simplest way to detect a source area is to use the slope angle 

threshold (Guzzetti et al., 2003) or to add some other criteria as the presence of cliff areas, lithology 

conditions, i.e. lithology alternations, and tectonics (Jaboyedoff and Labiouse, 2003). We emphasize 

also the importance of tectonic damage on rock masses (i.e. Marinos and Hoek, 2002). This damage 

reduces the strength of rock masses and also provides the kinematics required for slope 

displacements (Fig.1b). Hence, the factors affecting a rock fall area are summarized by Jaboyedoff 

and Derron (2005): 
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 Morphology: slope angle, height of slope, exposure 

 Geology: rock types and weathering, variability of the geological structure, bedding, type of 

deposits 

 Fracturing: joint sets and their trace lengths, etc. 

Depending on the material, the morphology and the presence of weakness zones or other external 

factors the scale of rock falls can vary from small to large sections of slope to entire mountain flanks 

and ridges (i.e. Crosta et al., 2006). 

3.2. Rockfall trajectories – Empirical statistical models 

Rock mass commonly breaks up when impacting on the ground during its descent. This breaking 

produces individual rock blocks, or fragmental blocks, which can move independently when the size 

of the detached rock mass is roughly less than 105 m3 (Evans and Hungr, 1993). It is important, for 

practical purposes, to delineate the movement of a falling rock along a slope called its trajectory 

(Fig. 2). The trajectories of falling rocks can be described as an approximation of four types of 

motion free fall, rolling, sliding and bouncing of a falling block (Descoeudres, 1997). The distance 

that the fallen rocks cross, is referring as travel distance. The estimate of this distance is considered 

as important in terms of hazard analysis and is based either on field/empirical statistical or dynamic 

techniques (Okura et al., 2000; Legros, 2002; Corominas et al., 2005; Ruiz et al., 2015). The type 

of model to be applied for estimating travel distance, is chosen according to the mapping scale of 

the area and the purposes of the results. Empirical models suggest an easy way to assess and predict 

travel distances of fallen rocks. There are two basic empirical models widely implemented: the reach 

angle and the shadow angle. 

3.2.1. Reach angle 

The reach angle evaluation introduces the definition of the release point of a rock fall as it is 

described above. The concept of the reach angle is based on an energy line applied from the rock 

fall source point dipping downslope along its trajectory path (Fig. 2). The fallen rock will stop either 

when it loses its kinetic energy or when blocked on a barrier (e.g. a tree cluster), so the path 

constrains its downward course (Heim, 1932; Corominas, 1996; Jaboyedoff and Labiouse, 2003; 

Copons et al., 2009). The reach angle calculated by the H/L ratio (Fig. 2) is equivalent to the 

Fährböschung angle (Heim, 1932; Scheidegger, 1973), and travel angle (Cruden and Varnes, 1996) 

with the term reach angle being the most popular. 

 

Figure 2 - a) Simplified sketch showing the required calculated parameters for the 

determination of reach and shadow angle (modified by Copons et al., 2009). b) Example of 

the determination of both angles in a satellite image. 
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3.2.2. Shadow angle 

The shadow angle method defines the talus apex as the point that a fallen block can either travel down 

slope or can attain a stability mode by accumulating talus scree. Evans and Hungr (1993) proposed that 

the kinetic energy that rock blocks attain during their fall along the steep slope is significantly 

diminished immediately after the first impact on the ground. Thus, the travel distance of the fallen 

block after the ground impact does not depend on the height of the rock fall release point but 

incorporates the point that the farthest fallen blocks stop which shape the minimum shadow angle 

envelope. This angle is determined as a common geometrical problem where the arctangent of angle β 

is calculated (Fig. 2). It is also independent of time since it does not require the study of a single rockfall 

incident but the maximum point that a block can reach whenever and whatever way it occurred. 

4. Application of methods in North Peloponnese 

We selected two case studies in order to apply these two models that comprise a common toolbox 

in literature about rockfall phenomena. The area of North Peloponnese is significant for this kind of 

study. It combines weather conditions that favour flash floods and is dominated by steep slopes due 

to the presence of impressive carbonate fault controlled escarpments. Therefore, it highlights strong 

seismicity both onshore and offshore but on the other hand is constantly developed and populated. 

Thus, it favours the instability phenomena and its growing development assigns them as risk factors 

for its unhindered course. We chose the areas of Skolis Mt and Acrocorinthos in order to study slope 

instabilities. The first area has suffered a strong earthquake over the last decade that make known 

the problem that the west flank of Skolis Mt. is a rockfall terrain. The second area is an area of 

recognised cultural value that suffers from time to time strong earthquakes and from slope instability 

incidents as well. 

4.1. Rockfall release areas 

Heim (1932) suggested that the required treaty for rock fall initiation is the slope steepness. Apart from 

topography, Keefer (1984) charged moderate to strong earthquakes as responsible triggering factors 

for slope failures. Both studied areas present rock fall distribution related to faulting and induced 

seismicity. The steepness of the Skolis Mt. slope reaches up to 70°, whereas the Acrocorinthos cliff’s 

slope is almost 50°. The lithology of the rockfall source areas for both case studies is fractured 

Mesozoic carbonate rocks, whereas the orientation of analogue and digital air photos revealed that the 

rockfall source area elevation range from 450 m το 970 m for the Skolis Mt and from 350 m to 500 m 

for the Acrocorinthos and that both slopes are located within a 300 m buffer as Wagner et al. (1990) 

suggest for fault influence on slopes (Fig. 3). Structural surveys highlight at least three major sets of 

discontinuities for both areas including bedding planes. They form wedges whose axis dip down to the 

slope (Fig. 4). Thus, the geometry of the slope is favourable for slope failures. Especially the height 

and angle of slopes, the presence of convexity on its surface may be responsible for topographic site 

effects (Athanasopoulos et al., 1999; Bouckovalas and Papadimitriou, 2005). The progressive role of 

discontinuities has a major impact on the stiffness of the rock mass and can become potential sliding 

planes for the detachable blocks but is not enough for the initiation of a rockfall (Baillifard et al., 2003; 

Stead and Wolter, 2015; Mavrouli and Corominas, 2015). 

 

Figure 3 - Rock fall release areas in a) Skolis and b) Acrocorinthos steep rock slopes. 
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Figure 4 - Kinematic slope stability analysis accounting for planar and wedge sliding for a) 

Skolis Mt and b) Acrocorinthos. 

4.2. Rockfall trajectories 

The scree slope that is forming beneath the carbonate slope is the place where all fallen blocks are 

concentrated on a resting point. This means that they lose their kinetic energy that has been already 

partially lost since their contact to the ground. During their travel, fallen rock blocks can either break 

down into smaller fragments or bounce on the steep slopes and roll over the scree slope (Fig. 5a). 

During the 2008 earthquake eyewitnesses declared that large blocks of rock with volumes ranging from 

3 to 20 m3, rolled and toppled down at the Santomerion community boundaries with a couple of them 

entering into village (Fig. 5b). In Acrocorinthos as well, rock volumes less than 100 m3 are spread out 

across the scree of moderately to gently inclined slope (Fig. 5c). Several seismic events such as the 

1858, the 1924 and the 1981 events probably motivated the rockfall initiation. Isolated boulders and 

their correlated rockfall source areas recognized in air photo archives and satellite images were used 

in order to estimate reach and shadow angle values. Comparing our values with the values calculated 

in other areas of the Mediterranean area our case studies resembles similar slope behaviors (Fig. 6a, b). 

 

Figure 5 - a) Schematic representation of the travel of a fallen rock block. The inset figure 

shows an example of an isolated boulder bouncing in the recent Lefkas earthquake 

(November 2015). b, c) Propagation of fallen rock block terrains in Skolis Mt and 

Acrocorinthos. 
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Figure 6 - Plots of Mediterranean rock fall sites parameters. a) Plot of rock fall size vs. 

tangent of the reach angle. b) Plot of rock fall volume vs. tangent of the shadow angle. 

Our work revealed that the uniformitarianism, the guiding principle of geology, suggest that the 

same geologic and geomorphic situations that led to past and present instabilities will be responsible 

for future slope instabilities. Therefore, the minimum shadow angle of 24° consists a threshold value 

that captures the farthest travelled boulder and highlights the zone of potential rock fall hazard for 

both the Skolis Mt and the Acrocorinthos area (Fig. 7). 

 

Figure 7 - Shaded relief maps showing the evolution of rock fall sites in different dates for 

Skolis Mt (upper figures) and Acrocorinthos (bottom figures). 

5. Discussion and conclusive remarks 

It is obvious that hazard caused by boulders that spread beyond the talus deposit can be calculated. 

The calculated values can be implemented in GIS platforms. These platforms can become a valuable 

tool in order to estimate the hazard outlined by rockfalls in a given area. The vulnerability of people 

to rockfalls and to any natural hazard is identified by the relationship between the occurrences of 
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extreme events, the proximity of houses or life lines to these occurrences and the degree of public 

awareness and state of preparedness. The concept of the hazard as the intersection of the human 

system and the natural process, in our case the slope instability phenomena, is illustrated in fig. 8. 

The required condition to establish a hazard for public safety is the interaction between the above 

mentioned systems. The analysis by using aerial photography and satellite images comprises a quick 

and valuable technique, because it provides a three –dimensional overview both of the studied terrain 

and the human activities on it. In addition, the application of shadow angle does not require 

correlation of the release points with particular isolated boulders, but needs the identification of the 

farthest boulders that have fallen in the recent past. Today’s rockfall hazard issues and estimation of 

the risk of rock fall are considered essential. Recent earthquakes in Alkyonides islands (Marinos et 

al., 1986), Parnitha Mt (Pavlides et al., 2002), Movri Mt (Koukouvelas et al., 2010, 2015), Lefkada 

(Papathanassiou et al., 2013) and Cephalonia island (Papadopoulos et al., 2014) showed that Greek 

type earthquakes are usually accompanied by small to large scale slope instabilities, including 

commonly rockfalls. Taken together the recent impacts of ground shaking in Greece and the 

preliminary results from two areas of high seismic risk we identify that the method used can give 

reliable results. Our analysis indicates that the rockfall hazard over the north Peloponnese is almost 

homogenous in term of their geology, steepness of slope, and climatic and tectonic forcing. 

Especially, the evolution of the studied rockfall terrains shows that the seismic impact prevail the 

climatic impact in areas encountered tectonic forcing. Considering that more than 12% of the 

instability phenomena recorded in Greece is earthquake induced (Koukis et al., 2015) and their 

mitigation is cost and time consuming the need for objective and accurate tools is absolutely 

necessary. These results can better quantify the risk of rockfall and improve hazard and risk maps. 

However, it is becoming increasingly important that researchers from different disciplines should 

establish close collaboration in order to efficiently provide a supplementary view of the operative 

slope processes, since geomorphology, structural geology and engineering geology can provide 

different aspects in the examination of a rock slope process. 

 

Figure 8 - The impact of natural hazard on a vulnerable system as the human polulation. 
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