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SUMMARY 

 

The purpose of the current Master thesis is to evaluate the performance of a seismic array 

that was deployed in the area of Nafpaktos (Magoula region) during the period of November-

December 2014. The array is composed by the following stations (MG00, MG01, MG02, MG03, 

MG04, MG05, MG06 and MG07). In order to perform the current research two different techniques 

were applied: beamforming and F-K analysis. Applying those techniques, two parameters of the 

wave’s propagation were studied in detail and these are Slowness (u) and Backazimuth (Φ). 
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1. Introduction 
 

1.1 The tectonic setting of Greece 
 

From a geological point of view, Greece is bounded by a stable continental plate (Eurasian) 

to the north, the Adriatic Sea to the west, the Anatolian plate to the east and finally the 

Mediterranean oceanic plate to the south, which is the upper limit of the African plate.  In general, 

Greece is located on the active convergent boundary between the African and the Eurasian plates 

(Figure 1) (Pearce et al., 2012). 

 

Figure 1. Greece. The convergent boundary between the Eurasian and the African plate along with 

the west and east geographical boundaries (Adriatic Sea and Anatolian plate respectively) (Pearce et 

al., 2012). 

The main tectonic characteristics of the broader area of East Mediterranean are the 

aforementioned tectonic boundary and the Arabic plate, both of which have greatly influenced the 

morphology and the tectonics of Greece. More specifically, based on a wide variety of geological 

data, the Arabic plate seems to be moving with respect to the Eurasian plate by 18mm per year, 
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having a N-NW direction for the last 3 million years. Based on similar geological data, the African 

plate is moving with respect to the Eurasian plate at a rate of 6mm per year towards north. These two 

discrete tectonic moves (that correlate with a 8-15mm per year time lag) have resulted in the 

formation of a great sinistral strike slip fault among the region of the Dead Sea which in turn shoves 

the Anatolian plate to the west. Based on that mechanism, one can say that the Anatolian plate is 

rotated anticlockwise relatively to the Eurasian plate (Pearce et al., 2012). 

Another great tectonic feature of the area, created by those procedures, is the North Anatolian 

fault which is located in the northern part of the Anatolian plate (Figure 2). This dextral strike slip 

seems to have changed aspects of the convergent boundary while based on that tectonic feature, the 

Anatolian plate seems to rotate anticlockwise relatively to the Eurasian plate with a rate of 

24mm/year (Pearce et al., 2012). 

 

Figure 2. Schematic presentation of the relative tectonic motions that form the current tectonic 

model of Greece and especially of the Aegean Sea. The arrows indicate the plates’ direction 

relatively to the, considered as stable, Eurasian plate. The number next to each arrow indicates the 

rate of motion of each plate in mm/year (Pearce et al., 20112). 

The aforementioned conclusions about the relative motion of the Anatolian plate towards the 

east and its rate of motion, are also confirmed by GPS data (Figure 3) (Kreemer and Chamot-Rooke, 

2004). Apart from this, GPS data can also confirm the anticlockwise motion of the African plate 

relatively to the Eurasian plate which occurs for the last 92 million years.  The fact that the African 

plate also subducts beneath the Eurasian plate is also indicated both by the existence of the volcanic 
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arc in the Aegean region and by the spatial distribution of the area’s earthquakes. Detailed 

tomography that has taken place along this region also confirms the existence of this subduction zone 

(Pearce et al., 2012). 

 

Figure 3. The vectors correspond to GPS data that indicate both the direction and the rate of 

movement. Those movements are representative both for the Anatolian plate and the Aegean 

microplate, when considering the Eurasian plate as stable. The different colours correspond to data 

derived from different papers (Kreemer and Chamot-Rooke, 2004). 

Due to the subduction that takes place in Greece, the area with the most geological interest is 

the Aegean. The volcanic arc and the island arc in the Aegean are typical effects of that subduction. 

This subduction lies from the coast of North Greece-Albania, characterizes the south coast of Crete 

and ends at the big clockwise strike-slip fault of Rhodes (Figure 4) (Pearce et al., 2012). The 

subduction’s rate is not the same along the zone. Contrary to the subduction under the Aegean, the 

subduction under the Hellenides is characterized by a smaller rate (2-4mmper year) and is separated 

by the area of the faster subduction with a clockwise strike slip in Kefalonia, which moves almost 

14mm per year (Figure 5) (Vassilakis et al., 2011). 

 

Figure 4.The Greek subduction arc and the major tectonic settings of Greece (Pearce et al., 2012). 
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Most of the Greek region is characterized by an extensive tectonic setting (Figure 4). This 

extension causes a reduction in the lithosphere’s thickness which has a N-S direction and increases 

towards the East (Pearce et al., 2012). The Aegean microplate moves with a rate of 30-35mm per 

year towards SW, in relation to the stable Anatolian microplate (Vassilakis et al., 2011; Pearce et al., 

2012). 

 

Figure 5.The major geological structures of Greece. The red and green arrows correspond to the 

position of the volcanic arc today and during the Miocene, respectively. The big black arrows show 

the velocity based on GPS data with the Eurasian plate considered as stable. (CG): Corinth Gulf, 

(NAF): North Anatolian Fault, (KTF):Detachment fault of Kefalonia, (PA): Paxoi Zone and (NAB): 

North Aegean Basin, (Vassilakis et al., 2011). 

 

In general, the Aegean area appears to be an elevated plateau that lies between the Black Sea 

(minimum depth 1300m) and the Mediterranean (minimum depth 1500m), with a minimum depth of 

350m. It is also characterized by a relatively thick crust (25-30m) which appears to be thicker that 

the typical oceanic crust, yet thinner that a continental crust. The heat flow of high temperatures is 

also evident in the area due to the extension that takes place and makes the crust thinner (Pearce et 

al., 2012). This is the reason why the Aegean area is not only one of the most seismically energetic 

areas worldwide (Vassilakis et al., 2011;Pearce et al., 2012)but also one of the fastest deforming area 

(Pearce et al., 2012). Based on seismic data, the Benioff zone under the Aegean area reaches up until 
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180km depth under the volcanic arc and based on tomography one can say that it might extend even 

northern. Moreover, based on isotopes, little amount of sediments have already embodied in the 

volcanic formations, which leads to the conclusion that the subducted plate has not been at depths 

that melting takes place, yet. What is more, based on seismological data, there is a low velocity layer 

on the upper mantle in the middle of the Aegean, which is caused by the dehydration of the 

subducted plate (Pearce et al., 2012). 

As far as the mainland is concerned, its formation is highly related to the Tethys Sea. More 

specifically, during the last stages of Tethys’ subduction, several continental terranes cleaved off the 

African Continent, moved towards the north, merged and formed a mass between Eurasia and Africa 

(Pearce et al., 2012). This is why the highest areas of the mainland are not characterized by thick 

crust but by overthrusts and folds (Vassilakis al., 2012). This mass is now known as Hellenides. 

Hellenides have a NW direction and are near the subduction zone that lies in the Ionian Sea (Ring et 

al., 2010; Pearce et al., 2012). Despite the fact that the subduction has been continuous since the 

Jurassic era, the thrusts happened progressively from the internal to the external Hellenides (based on 

the terranes’ rate of movement). The geology of Hellenides is separated in units, each of which is 

characterized by specific petrology, tectonic history, deformation and preorogenic palaeogeography. 

The main units found in a cross-section along the Aegean (heading from the North to the South) are 

(Figure 6):  (a) the Srednogorie Block and Rhodope-Sakarya Block, (b) the Vardar-Izmir Oceanic 

Unit, (c) the Pelagonian-Lycian Block, (d ) the Pindos Oceanic Unit (including the Cycladic 

Blueschist Unit), (e) the Tripolitza Block, ( f ) the Ionian Block, and ( g) the East Mediterranean 

Ocean (Ring et al., 2010). 

 

 
Figure 6.Geological cross-section along the Aegean and the units of Hellenides (Ring et al., 2010). 
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 In general, the unit of Srednogorie and Rhodope were placed in that exact location about 100-

185 million years ago. The Vardar-Izmir Ocean was placed under the Srednogorie-Rhodope unit 

during the Cretaceous (145-65 million years ago) and is mainly composed of ophioliths from the 

Jurassic Era (145-200 million years ago). After that, the Pelagonian block, which consists of 

metamorphic rocks, was placed under the Vardar Ocean. Those metamorphic rocks have undergone 

a blueschist metamorphic phase about 85-125 million years ago. Under the Pelagonian block lies the 

ocean of Pindos which is mainly composed by condinetal sediments. The Tripoly unit occurs 

structurally beneath the ocean of Pindos, it has Eocene – Oligocene and is a part of the Triassic-

Eocene platform flysch.  The unit of Tripoli is separated from the Ionian with a tectonic detachment. 

The Ionian block is characterized by Eocene-Miocene flysch that indicates the time that the tectonic 

changes occurred. Last but not least, the ocean of the East Mediterranean was placed in its position 

about 19 million years ago (Ring et al., 2010). 

 In other indicative cross-sections along the Peloponnese and the central part of Greece one 

can find the following: Mani, Arna, Tripolis, Pindos and the units of Parnassos and Vardousia over 

the coat of Pindos and the coat of the internal Hellenides respectively (Papanikolaou and Royden, 

2007).  

 
 

1.2 The main geomorphologic features of Greece 
 

More specifically, some of the major geological features of Greece, which will be analyzed 

briefly later, are: the North Aegean Basin, the Corinth Gulf, the Greek volcanic arc and the Basin of 

Crete. 

 

1.2.1 The North Aegean Basin 

 

The North Aegean Basin is basically characterized by strike slips and an extensional tectonic 

setting with N-S direction (Figure 4). The basic morphological features of North Aegean are the 

Strymon Basin, the North Aegean Trough and the Skyros basin. The North Aegean Trough includes 

several smaller basins that are separated by faults. The largest basins of them are the Sporades basin 

(with NE-SW direction) and the Saros Basin (with ENE-WSW direction).  Many geologists consider 

that the faults separating those basins are a natural extension of the North Anatolian Fault (Pearce et 

al., 2012). 
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1.2.2 Corinth Gulf 

 

Corinth Gulf is a seismically active zone of 110km length that is characterized by an 

extensional tectonic field with N-S direction. The extensional rate in this area is about 15mm per 

year. Due to this tectonic setting, there are many normal faults (Tsodoulos et al., 2008) with E-W 

direction in the gulf, which make this area one of the most seismically active zone in Europe (Figure 

7). These faults raise the south part of the gulf with a rate of 1mm every year. Many geologists 

consider the faults in the Corinth Gulf as the western part of the North Anatolian Fault (Moretti et al., 

2003). 

 

Figure 7.Tectonic map of the Corinth Gulf (Moretti et al., 2003). 

 

 The eastern part of the gulf is wider with layers of coherent sediments thicker than those 

found in the western part. On the other hand, the rate of the extension appears to be faster on the 

western part of the gulf, especially on the Aigio and Rio-Antirio areas where the gulf is narrower. 

From a geomorphological point of view, the maximum depth of the east part of the gulf reaches 

860m, the maximum width is about 30km and the thickest layer of sediments is 2,4km. As far as the 

western part is concerned the maximum depth is 60m (Rio-Antirio area) and the 400m in the Aigio-

Trizonia area where the gulf is 6km wide (Figure 8) (Moretti et al., 2003). 



13 

 

 

Figure 8.Cross sections of the Corinth Gulf (Moretti et al., 2003). 

 

1.2.3 The Aegean’s Volcanic Arc 

 

The volcanic arc is located in the south Aegean and is created due to the subduction of the 

African plate beneath the Aegean’s microplate (Pe-Piper and Piper, 2005) and is composed by the 

following volcanoes: Kromionia, Sousaki, Methana, Aigina, Poros, Milos, Kimolos, Santorini, Kos 

and Nisyros (Figure 9) (Morris, 2000; Drouza et al., 2007). It can be separated into two distinctive 

volcanic arcs that have differences in the magmatic type, the age, the spatial distribution of the faults 

and the petrogenesis (Pe-Piper and Piper, 2005). 

 

Figure 9.The Volcanic Arc of the south Aegean (Drouza et al., 2007). 
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More specifically, the western part of the arc, which includes Aigina and Methana, produces 

andesitic-dacitic magma of Pliocenic age and is characterized by listric faults with E-W direction and 

small displacement. However, the central and eastern part of this volcanic arc (Milos, Santorini, 

Nisyros etc.) has tholeitic and calc-alkaline basalts, andesites, dacites and rhyoliths and many 

pyroclastic materials. Their age is middle-upper Quaternary. The younger magma that is produced in 

that part of the volcanic arc is a result of the melting of both the dehydrated mantle (calc-alkaline 

composition) and the asthenospheric mantle (tholeitic magma) which is affected by the extensional 

tectonic setting of the broader area (Pe-Piper and Piper, 2005). 

Apart from these two types of magma, there is also a third one, appearing in a much smaller 

rate, which indicates the existence of Pliocenic felsic lava in the islands of Kromionia (area near the 

canal of Corinth) and Kos (Pe-Piper and Piper, 2005). 

 

1.2.4 The Cretan Basin 

 

The Cretan basin is located between the outer arc formed by the islands of Kythira, 

Antikythira, Crete, Karpathos, Rhodes and the active volcanic arc. The basin’s tectonic setting is 

extensional (Figure 4) and the whole region moves towards the south. From a geomorhological point 

of view, the depth of the basin increases to the east while its northern part is controlled by a big fault. 

Finally, based on models focusing on the relation between the thickness of the basin’s crust and the 

existing extensional tectonic field, the Cretan basin seems to have been detached from the Cyclades 

area (Pearce et al., 2012). This is attributed to the big detachment fault that lies in the basin and 

seems to be extended under the Cyclades area (based on the big relocations that took place in the 

Aegean before the early Miocene) (Ring and Reischmann, 2002).  

In general, the tectonic field of Greece indicates extension with NW-SE direction in the area 

of north Peloponnese and western Crete and E-W among the central and eastern Crete. Peloponnese 

is characterized by two huge faults with NNW direction, Crete has faults with E-W, ESE-NWN and 

NA-SW direction and finally Rhodes is characterized by faults with NNE-SSW direction. Those 

faults are normal and are parallel to the Greek arc (Pearce et al., 2012).  
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2. The Seismological and Geological Setting of the west part of the Corinth 

Gulf 
 

 

2.1 Seismology in the Corinth Gulf 
 

The seismicity in Gulf of Corinth is monitored with detail by two separate and densely 

established seismological networks; the Corinth Rift Laboratory Network (CRLN) which is a rather 

local network aiming at monitoring the western part of the Gulf since 2000 (Kapetanidis et al., 2015; 

Kaviris et al., 2017) near Aigion and the Hellenic Unified Seismological Network (HUSN) (Kaviris 

et al., 2017). 

The CRL network is a semi-permanent network located at the area of Aigion aiming at 

monitoring the microseismicity of the Corinth Gulf, recording events down to 1. In this way 

researchers can provide us with more details concerning the active structures in the broader area. 

More specifically the CRLN is comprised of 12 stations, 5 of which are located north of the Gulf and 

the other seven south of the Gulf. The velocimeters of the stations are in depths of 60-130m in 

boreholes so as to be able to monitor microseismicity and avoid any noise produced by human 

activities (Lyon-Caen et al., 2004). Throughout their operation, these stations provide us with real-

time continuous waveforms and based on Kapetanidis and Papadimitriou (2011), from 2000 until 

2011 they have recorded over 10000 events every year. More specifically, during rest periods the 

network might record 10-20 events daily with magnitude that does not exceed 2, while in case of an 

unrest that number might raise to 150 (Bourouis and Cornet, 2009). 

 The broader area has suffered from several earthquakes even during the historical times, 

which have destroyed whole cities located around the Gulf. Such an event was the earthquake in 

Heliki in 373BC (Kaviris et al., 2010, Kapetanidis et al., 2015, Kaviris et al., 2017). 

 The seismic catalogues are complete for events greater than 6 for the past 300 years 

(Kapetanidis et al., 2015). Great seismic activity is evident in the area since 1911, including events 

with magnitude greater than 6. The majority of those earthquakes are attributed to normal focal 

mechanisms with N-S oriented extension (Hatzfeld, 2000). Such events took place in Corinth in 1928 

(Ms 6.3) (Kaviris et al., 2010), in Eratine of Phokida in 1965 (MW 6.3), in Antikyra in 1970 (Mw 

6.2) (Kapetanidis et al., 2015), in Galaxidi in 1992 (Mw 5.8) (Kaviris et al., 2017) and in Aigion in 

1995 (Ms 6.2) (Bernard et al., 1997; Kaviris et al., 2010; Kaviris et al., 2017). The latter two are 

attributed to shallow northdipping offshore faults (Kapetanidis et al., 2015). In the years after 1995, 

the most important earthquakes that were recorded were both located in the Efpalio earthquake in 

2010 and they both had a magnitude of Mw 5.1 (Kaviris et al., 2017). 

The seismicity of the western part of the gulf is mostly characterized by seismic swarms 

(Kaviris et al., 2017).  Some of the most recent swarms took place in 2008 and in 2013. The first of 

those occurred four months before the great earthquake of Andravida in NW Peloponnesus and 
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included two rather moderate events with magnitude M4.6 (Kaviris et al., 2010). The other one 

started on May 21, 2013 in the SE of Aigion and included several earthquakes of approximately 3.5 

magnitude. That went on until 15
th

 July when the western part of the swarm was suddenly activated. 

Until the end of the phenomenon on August 31
st
, more than 1500 earthquakes were recorded from 15 

different seismological stations (Kapetanidis et al., 2015).     

2.2 Geological Setting of the Corinth Gulf 

The Gulf of Corinth lies between the northern continental Greece and Peloponnesus (Chery, 

2001), in the fore-arc region of the Aegean Sea (Weiss, 2004). Its length is approximately 120km 

long with a N120°E trend and based on chronological data retrieved from sediments that were 

deposited during the rifting procedure, this rifting seems to have started 5Ma ago (Beckers et al., 

2015). The basin is also characterized by a sequence of active faults that extend the gulf (Chery, 

2001; Weiss, 2004) with a north-south direction (Weiss, 2004) and a rate of 10-15mm per year based 

on GPS data. This extension corresponds to 33% of the total displacement that takes place in the 

Aegean and reaches 30 ±1 mm per year. It is probably attributed to the African plate’s ‘rollback’ and 

the southwest displacement of the Anatolian plate (Weiss, 2004; McNeil et al., 2005; Beckers et al., 

2015). This extension seems to be amplified towards the western tip of the gulf (Weiss, 2004). 

The basin’s faults are either high angle or low angle normal ones (Figure 10) (Chery, 2001). Any 

other type of focal mechanism is attributed to smaller fracture zones that are located close to the 

major faulting zones extremities (Rigo et al., 1996). Supposing that the high angle faults (that are 

dominant in the southern part of the basin, like the Helike fault or the Aigion fault) reach a depth of 

10-15km, based on morphological features, the basin’s extension should have been 7mm yearly. 

Comparing the predicted rate of extension with the real one, one can conclude that the extensional 

field that characterizes the area is attributed to high angle faults by 50-75% (Chery, 2001). The 

remaining percentage has not been attributed to a specific king of faulting so far, even though focal 

mechanisms in the area have revealed the existence of a detachment fault which is characterised by a 

dip of 15° (±10°) towards the north. That fault was recorded at depths of 8-12km, north of the high 

angle faults, and plays a really important role in the overall extension (Rigo et al., 1996; Chery, 

2001; Weiss, 2004; Beckers et al., 2015). Based on Chouliaras et al, 2015 the detachment’s 

minimum depth offshore is 6km. A very important evidence for the existence of that detachment 

zone was an extended research that took place in the area after the Aigion earthquake in 1995. That 

study proved, through focal mechanism modeling the existence of that low- angle dipping fault near 

the brittle crust. More specifically, that specific event was attributed to a low-dip angle (33°) normal 

offshore fault 15km from the city of Aigion (Bernard et al., 1997).  Apart from that, the extension 

seems to be currently controlled by several offshore faults with a dip of 0 or 180° (Beckers et al., 

2015). 
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Figure 10.Cross section from south to north of the western part of the Gulf of Corinth. The cross 

section depicts the two high angle faults that are active (Helike and Aigion) as well as the suggested 

low angle detachment that is evident through the focal mechanisms from the area’s microseismicity 

(Chery, 2001). 

2.2.1 Onshore faults 
 

As far as the western Corinth Gulf is concerned, the basin seems to be extended by 16mm every 

year.  The main percentage of this extension is clearly attributed to offshore active faulting, yet there 

have also been identified some onshore faults (Beckers et al., 2015). More specifically, the 

northwestern coastline of Peloponnesus is characterized by the Eliki-Aigion-Kamarai-Psathopyrgos 

fault system (Figure 11). The slip rates of those faults, resulting from trench analysis, seismic data, 

drilling, uplifted coastlines and dislocation modeling are presented in table 1 (Beckers et al., 2015).  

The Eliki fault system is located in the southern coats of the Corinth Gulf and it is a north-

dipping structure (Weiss, 2004). It is segmented into two major parts, known as the Eastern and the 

Western Eliki north-dipping faults.  The length of those faults reaches the 15-20km and they are 

divided by a wide transfer zone at the Kerynites River. The age of that fault has been calculated at 

07-1.1Ma. It can be inferred by measurements that took place in the uplifted terraces in the Eastern 

segment of the Eliki fault that the uplift rates of the fault in the East are approximately 1 -1.5mm per 

year and they are reduced towards the eastern tip of the fault. Also, based on superficial 

measurements the dip angle of the fault seems to be 50° at least up until the depths of 1-2km (Mc 

Neill et al., 2005; Ford et al., 2012) where there are indications that it transforms into a low angle 

listric fault (Bernard et al., 2006) with a dip of 22°-15° (Ford et al., 2012). The fault has ruptured 

carbonate sediments that have been exposed locally on the coastline (Collier and Jones, 2004). This 

eastern tip of the Eliki fault was most recently activated in the 1861 earthquakewith Ms=6.6 (Mc 

Neill et al., 2005). The Western part of the Eliki fault seems to be deactivated due to the existence of 

the Kamarai fault zone close to it (Bernard et al., 2006).  

The Aigion fault is 10±1km long and 10±2km wide (Bernard et al., 2006) and has a NW-SE 

direction (Palyvos et al., 2005). It is divided into two major faults and several smaller ones with less 

significance. Although the Aigion fault is mapped onshore, several authors have suggested that it 

continues further to the east, having an offshore segment (Palyvos et al., 2005; Mc Neill et al., 2007). 

The offshore segment is composed by two major faults that form a graben and several minor ones 

into the graben. Those offshore segments are traced up until a distance of 3km from the shore and 



18 

 

have a dip angle of 50-60°. The average slip rate throughout the Holocene and the late Quaternary 

period is approximately 2.5-4.5mm/y (Mc Neill et al., 2007).  

The Kamari fault zone is 9±2 km long and 7±1km wide and it lies between the Psathopyrgos and 

the Aigion fault systems, connecting them. Its geometry suggests a possibility of generating an 

earthquake with a magnitude up to 6.2 (Bernard et al., 2006). 

The Psathopyrgos normal fault is the westernmost onshore fault of the western Gulf. It has an E-

W direction and a dip of approximately 60° to the north (Bernard et al., 2008; Sokos et al., 2012). Its 

length is approximately 15±2 km and it is 9±2km wide (Bernard et al., 2006). The Psathopyrgos fault 

is separated from the offshore faults with the Selianitika fault while it is also linked to the Rion-

Patras faults to the south (Sokos et al., 2012). Despite being an active fault it hasn’t produced any 

significant earthquake for the last 300 years. Yet in November-December 2002 a large seismic 

swarm took place on that fault, recording earthquakes with magnitude up to 3.5 (Bernard et al., 

2008). 

 

Fault system Slip rate (mm/year) 
Eliki 1-1.5 

Aigion 2.5-4.5 

Kamari  1.9-2.7 

 

Table 1. The onshore fault systems of the Corinth Gulf along with their slip rate. 

  

Another onshore faulting system is the Marathias fault that lies in the southern part of the 

continental Greece (northern shoreline of Corinth Gulf) (Figure 11). Despite the fact that it is 

mapped in detail, its current activity has not been proven (Beckers et al., 2015). It is 12km long and 

it has a dip of 55° to the south (Sokos et al., 2012). 
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Figure 11. Map of the western and central segment of the Gulf of Corinth with several offshore and 

onshore faults (Beckers et al., 2015). 

 Based on the interpretation of the area’s seismic activity, it is suggested, as already 

mentioned, that the onshore faults of the southern coast of the Gulf (Western Eliki fault, Aigion 

fault) seem to be connected in depth, creating a detachment formation (Figure 12) (Rigo et al., 1996; 

Bernard et al., 2006).  
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Figure 12. Proposed fault geometry based on the microseismicity that took place in the area during 

2000-2001 (Bernard et al., 2006). 

 

2.2.2 Offshore faults 
 

In order to study and map the tectonic setting of the area, the Gulf of Corinth has been 

divided into 5 different sectors depending on the characteristics of each one. Starting from the west, 

there is the westernmost sector, the west sector, the central sector, the east sector and the easternmost 

sector. Each of those sectors is characterized by different fault systems (Figure 13). Yet, it can be 

said that along the south coast of the Corinth Gulf there is a dominance of north-dipping normal 

faults, whereas the north coast is mainly characterized by their antithetic south-dipping normal faults 

(Westaway, 2002; Chouliaras et al., 2015). Apart from these, several studies concerning focal 

mechanisms in the western part of the gulf based on microseismicity, suggest many mechanisms that 

happen to be antithetic when compared to the dominant ones in the north and south part respectively. 

Such events may provide us with reverse or even strike slip faults. Those can be attributed to small 

fracture zones or faults in the areas close to the larger faults, explaining the observed deviations 

(Rigo et al., 1996).  
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Figure 13. The Gulf of Corinth subdivided into 5 major sectors, i.e. Westernmost, western, central, 

eastern and easternmost (Beckers et al., 2015). 

So far, scientists have mapped three major fault systems spread in the western part of the 

basin. More specifically, the Eratini-West Channel fault system is located in the East, the Nafpaktos 

fault system is situated in the west and the Trizonia fault system (TZFS) lies in the northern region of 

the basin. These three fault systems along with other submarine systems are depicted in Figure 11 

(Beckers et al., 2015). 

Analyzing the seismotectonic setting of the Gulf, starting from the westernmost boundary, 

there is no active fault today while the seismic data of the area are inadequate. Moving towards the 

NE, at the Nafpaktos basin, scientists have identified the Nafpaktos fault system with several dextral 

oblique-slip faults and some normal faults with SE dipping direction. Those faults can be subdivided 

into two major categories of faults that cross each other throughout the basin, forming a morphology 

that seems like a staircase (Figure 13) (Beckers et al., 2015). 
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Figure 14. Map of the offshore and onshore faults identified in the area (Beckers et al., 2015). 

As clearly shown in Figure 13, the first category of faults includes the F1 and F3 fault 

systems. Those faults, have a NE direction, almost parallel to the Rion-Patras fault zone. The F3 fault 

system seems to create a flower-type structure. The F1 fault system has a 5,5km length and its 

central part is characterized by 1.3-2.1mm vertical slip per year. It is mainly composed by strike-slip 

faults, as several of the F3 faults (Beckers et al., 2015).  

The second category of faults, include the F2 and F4 normal fault systems. Both of these 

systems have an E-W direction, almost parallel to the onshore Psathopyrgos fault. In fact, the F4 

fault zone seems to have been identified as the offshore part of the Psathopyrgos fault. The length of 

the F2 fault zone is approximately 6km and its average vertical slip is 1.8-2.9mm yearly (Beckers et 

al., 2015). 

Moving to the east, the next major fault zone that is identified is the Trizonia fault zone 

(TZFS). The TZFS is located east of the Mornos Delta, spreading along the northern part of the gulf 

and is composed by the F6, F7 and F8 faults and several horsts bounded by those faults (H3 and H4). 

All of these formations are located west of the Trizonia Island. More specifically, the H3 horst is the 

biggest one with 4km length. Southern of that fault system, there are only some minor faults. The 

TZFS is 10-11.5km long and its eastern tip (in contrast to the western one) is well identified based on 

several data sets. The F6 normal fault zone has a NW-SE direction and it is south-dipping. On the 
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other hand the F7 fault zone seems to be north-dipping. Yet, both of those normal faults have a 

strong strike slip component. The F8 fault zone, includes north-dipping normal faults and has a 

length of 3.4km. It is almost parallel to horst H4 and can be divided into two major segments.  The 

F6, F7 and F8 fault zones form the Managouli fault zone, which has 7km length, lying with a NW-

SE direction. The Managouli fault zone is located between the main Trizonia fault and the Mornos 

delta. Between the onshore Marathias fault and the offshore Managouli zone lies the F5 fault which 

has NE-SW direction and has a strong strike-slip component (despite its central part appears to be 

normal) (Beckers et al., 2015). 

The third major fault zone that has been identified in the western part of the Corinth Gulf is 

the Eratini-West Channel fault zone which is mainly composed by normal faults with E-W direction 

(Beckers et al., 2015).  The major characteristic of the Delphic Plateau (as the area is named) is the 

existence of three horsts that are subdivided into two categories: the bedrock horst (north) and the 

Eratini-West Channel horsts.  Between those horsts, scientists have mapped 4 major fault formations. 

The first one is depicted in Figure 12 as F14. It has a really low dip angle and the deformation occurs 

towards the south. Based on the used data-set, this fault seems to be inactive for the last 130ka. At 

the eastern tip of the F14 fault starts the F15 active fault. Another south-dipping normal fault is the 

F10 fault which lies south of the F14 inactive fault and is 5km long. Depending on the location, the 

slip rate of that fault seems to be shifting from the west to the east since in the west it ranges between 

0.5-0.8mm annually while in the center it ranges between 0.9 and 1.4mm per year. Moving southern, 

towards the Selinous prodelta area, scientists have also identified one more fault dipping to the south 

with a non-defined extension. Last but not least, the Eratini-West Channel horsts are controlled by 

the Eratini-West Channel fault which is situated close to the south coast of the Gulf (Beckers et al., 

2015). 

 Moving to the east, the central Gulf of Corinth is basically characterized by the submarine 

eastern tip of the Eliki onshore fault, the Derveni fault system and the Galaxidi fault (Figure 14). The 

Eliki fault, as already mentioned, is divided into the onshore and the offshore segment. The offshore 

segment lies north of Akrata region and has a dip of 15° - 35°. Both the Eliki and the Derveni faults 

are north-dipping ones. The Derveni fault (DER) is located at the east of the Eliki fault, in the south 

part of the central Gulf. Near the surface its dip is approximately 35°, yet while moving deeper (up 

until 4km depth) it becomes a listric fault with an angle of 17-20°. The northern sector of the central 

part of the basin is characterized by another major formation, which is known as the Galaxidi fault. 

The Galaxidi fault is south-dipping but it does not reach the seafloor (Taylor et al., 2011). 

Yet, apart from the tectonic setting of the Central Gulf of Corinth, there is also a great 

difference in the geological and sediment setting between the western and the central sector. Moving 

towards the east, the crust seems to be thinning and there are several discontinuities in the basement. 

These changes along with the different rifting procedures of the area is partially attributed to the fact 

that the western part of the Gulf is characterized by the Pindos nappe, while the central part’s 

basement has sediments from the Gavrovo-Tripolitsa unit and a coat to the north from the Parnassos 

carbonate platform (Taylor et al., 2011). 
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The major faults mapped in the eastern sector of the Gulf are the eastern tip of the Derveni 

fault, the Sithas fault and the Xylocastro fault, all of which have an important overlap and are located 

at the southern margin of the Gulf (Figure 14). Based on several studies and unlike their superficial 

mapping, those faults seem to be emerging in depth (Taylor et al., 2011). 

The Sithas fault, or Likoporia fault as it is referred by many, lies south of the Antikyra Gulf, 

between the Derveni and the Xylocastro faults. It is named after the local Sithas River which is 

located east of the Xylocastro area, and it is a N-dipping fault that extends up to the basement.  

Contrary to several of the central and eastern faults that have both an offshore and an onshore 

segment, the Sithas fault has only an offshore component. Close to the seafloor it can be referred as  

a high angle fault (45-48°) but as extending towards the basement it transforms into a listric fault 

with an angle of 28° (Taylor et al., 2011). 

 

Figure 15. Fault zones of the western, central, eastern and easternmost sectors of the Gulf along with 

the depth to the basement for each position (Taylor et al., 2011). 

The Xylocastro fault is mainly a submarine fault southern from the Sithas fault which extends 

to the west for about 20km onshore (Taylor et al., 2011) (Figure 15), while its total length is over 

30km (Weiss, 2004). Just like the Sithas fault, it is considered to be a high-angle fault near the 

seafloor with a dip of approximately 45°, yet its angle seems to be decreasing close to the base, 

reaching the 20° (Taylor et al., 2011). 

Last but not least, at the easternmost section of the eastern sector of the Gulf lies the Kiato 

fault, named after the closest town. The Kiato fault is a normal south-dipping fault with a really high-
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angle that reaches 75°. It is proposed that this fault is the submarine continuation of an onshore fault 

that constitutes the southern margin of the Xylocastro horst (Taylor et al., 2011).   

 

Figure 16. Fault map of the Gulf of Corinth, depicting most of the onshore and offshore major and 

minor faults (Weiss, 2004). 

 

 The easternmost part of the Gulf of Corinth displays a really complex fault system since it is 

comprised by three main subsystems; the one on the Perahora Peninsula, the one in the Alkyonides 

basin and the one in the Lechaio basin. Apart from the rifting complexity of the area, there is also a 

great change in the geological setting due to the transition that takes place from the Parnassos unit to 

the Pelagonian coat (Taylor et al., 2011).  

 Starting from the north and moving southwards, the Alkyonides gulf is a 12-km-wide 

subbasin, with 24km length that is locates in the NE part of the Gulf of Corinth. This subbasin is 

composed of three major offshore faults that coincide with the southern margin of the basin (Figure 

16). The first fault, located in the SW of the Alkyonides basin is called the Strava fault and is 

subdivided into the northern and the southern Strava segment bounding the Strava graben to the 

north and to the south respectively. The high-angle South Strava fault has a length of 8km, with a 

100°N-110°E direction and a dip angle of 40-45°. The sediments that dominate the area are Triassic-
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Lower Cretaceous limestone and flysch deposits. The North Strava fault is a south dipping 6-km-

long fault with similar characteristics to its South component) (Sakellariou et al., 2007). 

 Moving eastwards in the Alkyonides Gulf (Figure 17), there is the north-dipping West 

Alkyonides Fault with a length of 7km. This fault is a low angle one with a dip angle of 25-30°. The 

difference in the dip angle between the West Alkyonides fault and the Strava fault is mainly 

attributed to the different mechanical properties of the lithology (Sakellariou et al., 2007).  

The south margin of the Alkyonides Gulf is lastly characterized by the NE-dipping high angle 

East Alkyonides Fault that has a length of 8km (Figure 17). The East Alkyonides fault lies in a N50-

60° direction and has a dip angle of 45°. Eastern of the East Alkyonides fault lies the north-dipping 

normal Psatha fault and a little northern there is the North and South Mytikas faults that bound the 

Pateras Mountain to the north and to the south respectively (Sakellariou et al., 2007).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Geological map of the Gulf of Alkyonides (Eastern Corintiakos Gulf Sector) (Sakellariou et al., 2007). 
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The northern part of the Alkyonides basin is basically composed by the Livastrova and the 

Germeno bays (Figure 17). These two bays are connected with the south-dipping Germeno fault 

which has a dip angle of 40-45°. At the western tip of the Germeno fault, southern of the Livadostra 

basin, there is a tectonic horst on the base of which lies a faulted basement ridge (Sakellariou et al., 

2007).  

West of the Livastrova basin lies the offshore extension of the Korombili fault which has a 

N30° direction and a SE trending dip. Yet the major fault that controls the northern margin of the 

Alkyonides basin is the Domvrena Fault. The Domvrena fault has a 12km length and it is a south-

dipping high angle (40-45°) fault. On the footwall of the Domvrena fault lies the Domvrena bay (a 

200m deep basin) which is limited by a north-dipping high angle fault and its opposite south-dipping 

one (Figure 17). On the other hand, the hanging wall of the same fault is controlled by several NW-

SE trending faults (Sakellariou et al., 2007).  

Apart from those major faults there are also several minor faults that characterize the 

Alkyonides basin with SW-NE direction and a total displacement that never exceeds a few tens of 

meters (Sakellariou et al., 2007). 

South-West of the Alkyonides basin lies the Perahora Peninsula. The Perahora Penisnula is 

bounded by the Loutraki and the Perahora fault (Figures 16 and 17). The Perahora fault has a NE 

direction and near the seafloor exhibits a high-angle of 54° that decreases greatly while moving to 

the basement, reaching the 33°. The Perahora fault continues further into the Lechaion basin. The 

Loutraki fault is a southdipping high-angle fault with a dip angle of 45-50°. Except from those two 

major faults, there are also several minor normal faults both north and south-dipping that are spread 

in the Perahora Peninsula. Many of those superficial faults are thought to have been activated during 

the 1981 earthquakes. Last but not least the Lechaion basin is composed of several south-dipping 

faults and thick north-dipping sediments. The Loutraki fault seems to be the geological boundary 

between the Perahora Peninsula and the Lechaion Basin (Taylor et al., 2011).   
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3. Introduction to seismic arrays 

 

3.1. Definition and Details 
 

A seismic array is defined as a set of seismometers placed at specific points in order to create 

the proper formation (Rost and Thomas, 2002; Havskov and Alguacil, 2004). In general, a seismic 

array should consist of at least three sensors deployed in a way so that their minimum distance 

always exceeds 1 km yet is always less than 200km and the minimum aperture between two 

successive seismometers is 2km. In this way, the ratio signal to noise is increased, producing 

coherent signal for analysis (Rost and Garnero, 2004). Of course, such array parameters are 

determined upon the budget and the purpose of the study (Schweitzer et al., 2002). All of the sensors 

should also be characterized by the same specifications in order to record in the same way and have a 

common time reference point so as to be synchronized (Rost and Garnero, 2004; Havskov and 

Alguacil, 2004).  

Based on the proposals made by Asten and Henstridge in 1984, an array’s configurations is 

considered to be effective only when the number of the sensors that are included in the array is 

higher than the number of the distinctive waveforms (both signal and noise) that can be recorded at 

the same time, while the sensors’ distance is smaller than the half of the shortest wavelength and the 

total diameter of the array is equal in length to the largest recorded wavelength (Havskov and 

Alguacil, 2004). 

As far as the shape of the configuration is concerned, it is greatly depending on the purpose 

of the study. For instance, if data are derived from a wide range of azimuths then the array’s shape 

should be like one circle or more than one in concentric shape. If the data are derived from a limited 

area, then the array may have a semicircular shape (Havskov and Alguacil, 2004).   

In practice, after carefully considering the above characteristics, one can say that the main 

difference between the results extracted by a seismic array and those extracted by a local network is 

attributed to the use of different analysis techniques. That is to say that the data derived from a 

seismic array can be analyzed with techniques used for local networks while every local network 

can, under certain circumstances, be used as a seismic array (Schweitzer et al., 2002).  

A seismic array is mostly used nowadays in order to detect a seismic epicenter using data 

without obvious P and S onsets (Rost and Thomas, 2002; Schweitzer et al., 2002; Havskov and 

Alguacil, 2004) since it can greatly increase the signal coherency of the waveform. It can also 

provide information about seismic parameters such as the azimuth of approach and apparent velocity 

(Havskov and Alguacil, 2004). Such deployments have also been widely used in order to determine 

the source of volcanic tremor as well as several seismic wave-field properties in regions with 

volcanic activity (Schweitzer et al., 2002; Havskov and Alguacil, 2004). In this way, these well 

positioned stations can provide useful information for studying small structures of the Earth’s crust, 

mantle, inner core and core-mantle boundary (Rost and Thomas, 2002; Rost and Garnero, 2004) as 
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well as tomographic Figures of high resolution for regional analysis (Rost and Thomas, 2002).  Apart 

from these, such deployments are also used in order to study the propagation of seismic waves near, 

far from the seismic source and in the sensor’s area (Havskov and Alguacil, 2004). 

Despite the aforementioned applications and uses of such deployments, seismic arrays were 

originally introduced in 1958 in order to locate and track down nuclear explosions worldwide (Rost 

and Thomas, 2002; Schweitzer et al., 2002; Havskov and Alguacil, 2004). However it wasn’t until 

1990 that many of these deployments became known. Some of these arrays worldwide are KURK 

(Kurchatov, Kazakhstan), ILAR (Eielson, Alaska), ESDC (Sonseca, Spain), CMAR (Chiang Mai, 

Thailand), BRTR (Keskin, Turkey), ASAR (Alice Springs, Australia) and AKASG (Malin, Ukraine). 

The aperture’s geometry differs among those arrays while their installation depends on the signal’s 

period (Schweitzer et al., 2002). 

 

3.2 Advantages and disadvantages of seismic arrays 
 

The first and primary advantage of a seismic array is that it enables the increase of the signal 

to noise ratio (SNR), as already mentioned, due to stacking and forming a final beam (Rost and 

Thomas, 2002). The theoretic background behind this feature is based on the fact that stations 

situated in nearby regions tend to provide us with similar seismograms. The seismic waves that are 

recorded from stations that are close have travelled almost the same path, have met almost the same 

structures and thus the observed final time delay is slight. As a result, the difference among the 

seismograms can only be attributed in delay (which is relatively small) and background noise 

(Havskov and Alguacil, 2004).  

In order to increase the SNR, the time delay was firstly removed and when all of the signals 

are in-phase the final beam was formed by stacking the waveforms. Having removed the time delay 

before stacking them enhances only the different seismic phases, since noise shows incoherency 

among the stations and is decreased (Rost and Garnero, 2004). This technique can also be effective 

even when local noise is present since its apparent velocity and azimuth will be different from the 

signals (Havskov and Alguacil, 2004). 

The enhanced SNR also gives us the chance to detect phases that wouldn’t be seen otherwise 

and several of their parameters such as period and travel time (Rost and Thomas, 2002; Rost and 

Garnero, 2004). The fact that the time delay is removed before creating the beam also enables us to 

study phases that are recorded at the same time (such as core phases like PKP) (Rost and Garnero, 

2004). 

What is more, by using a seismic array, the directivity of the waveform and as a result the 

location of the epicenter can be identified more easily (Rost and Thomas, 2002; Rost and Garnero, 

2004). This is possible when the array is larger than the horizontal wavelength of the oscillation 

since then and only then the slowness is equal to the vertical incidence angle and the back azimuth is 
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given by the horizontal angle (Rost and Garnero, 2004). Moreover, in large scale, a seismic array can 

provide us with high resolution tomography as already mentioned (Rost and Thomas, 2002). 

Despite all the aforementioned advantages such a deployment is also characterized by great 

disadvantage. The main drawbacks upon many are that its maintenance as well as its installation is 

really costly (Rost and Thomas, 2002). 
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4.  Methodology 
 

4.1. Parameters studied 
 

Applying the techniques that are usually used for seismic arrays, the two parameters of the 

wave’s propagation that are studied in detail are: 

a) Slowness (u) and 

b) Backazimuth (Φ). 

 Slowness is stable regarding a specific ray (Schweitzer et al., 2002) and is derived from the 

equation u=1/Vapp=sin i/Vo, where Vapp is the apparent velocity and Vo is the medium velocity 

under the array (Rost and Thomas, 2002; Havskov and Alguacil, 2004). Since slowness is the inverse 

of the apparent velocity, it is most correctly called apparent or horizontal slowness. Both of these 

interdependent parameters (apparent velocity, apparent slowness) should not be confused with 

velocity or slowness (Havskov and Alguacil, 2004). Apparent slowness is measured in s/km when 

studying regional events or in s/˚ for teleseismic applications (Schweitzer et al., 2002). As one can 

easily notice, by knowing the slowness of the wave and the medium velocity beneath the array, one 

can extract information about the angle of incidence in the vertical plane (i) and vice versa (Rost and 

Thomas, 2002). Vertical incidence angle (i) is defined as the angle between the vertical plane and the 

direction towards the source and it cannot exceed the 90˚ (Schweitzer et al., 2002).  

 Backazimuth is defined as the angle of the arriving wavefront and it can be found by 

measuring clockwise the angle between the North and the epicenter’s direction. Backazimuth is 

calculated in degrees (˚)(Rost and Thomas, 2002; Schweitzer et al., 2002).   

 

Figure 18. (a) The wavefront’s angle of incidence in vertical plane and (b) The arriving wavefront in 

horizontal plane along with the backazimuth (Schweitzer et al., 2002). 
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4.2  Detection Processing 
 

 Both of the aforementioned parameters are derived from the analysis of the waveforms that 

are recorded from the seismic array. Yet, since the recording from the seismic array is continuous, 

there is a procedure followed in order to detect the seismic signals in daily recordings. This 

procedure is based on the fact that data are composed of recorded noise and signal stacked with 

noise. The signal of a recorded earthquake is different compared to the background random noise 

since it usually has greater amplitude, different for each phase but beforehand known frequencies, 

different shape and greater coherency.  As a result, assuming that the recorded data are independent 

measurements of a zero-mean Gaussian random variable, signal plus noise is distinguished from 

random noise by calculating the power within a specific time period. The signal is located in those 

time windows where the calculated power exceeds the predefined threshold (which is neither stable 

through time nor always accurate) (Schweitzer et al., 2002). 

 Based on the above, the most common technique for seismic arrays is to calculate the power 

within two different time windows characterized by different time intervals. The one’s interval 

should be long (LTA) and the other’s short (STA). The parameter compared to the predefined 

threshold is the ratio STA/LTA that coincides with the signal-to-noise ratio (SNR). When this ration 

exceeds the threshold, there is signal (Schweitzer et al., 2002). 

 The parameter STA is given by the following equation: 

       
 

 
             

    [1] 

where L=sampling rate STA window length, while the parameter LTA is equal to: 

                                     [2] 

where ε is the symbol for time delay (few seconds) and ς is a steering parameter for the LTA update 

rate (Schweitzer et al., 2002). 

 

4.3 The methodology of beam forming 
 

 Beamforming is mostly used in order to increase the SNR and distinguish signal from random 

noise in the recorded waveforms. Since the signals derived from different stations are different in P 

onset and maybe in the recorded noise, one should remove the time delays from all the signals of a 

specific backazimuth and slowness before constructing the beam in order for it to be effective (Rost 

and Thomas, 2002; Schweitzer et al., 2002). The best way to remove the time delay is to set the P 

onset on every station and then move the traces of all the stations with respect to the P-onset pick of 

the station which is located in the centre of the array (Schweitzer et al., 2002) (Figures 19 and 20). 
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Figure 19. Left: The original signals from all the stations of the seismic array for an event that took 

place on the 14th of November 2014, 21:57. Right: The sifted signals, without time delay, along with 

the beam and the power beam, filtered with a bandpass filter (2-10Hz). 

 

Figure 20. Left: The original signals from all the stations of the Grafenberg array for an event that 

took place on the 2nd of October 2000, 21:57. Right (top): plain sum and Right (bottom): shifted 

signals and sum. The most representative beam is derived after shifting the signals (Rost and 

Thomas, 2002). 
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In case there is a lot of noise and the picking of the P-onset is a difficult task, or when there is 

workload and limited time, one can form a set of predefined beams. Each of these predefined beams 

is characterized by different amplitude and slowness. The best beam is the one whose combination of 

slowness and backazimuth gives the highest power on the beam (Schweitzer et al., 2002). 

 When installing a seismic array, there should always be a reference point in the centre of the 

array which can either be an instrument or just the geometrical centre. Based on that, the location of 

all the array’s sensors can be described by a parameter rj whole absolute value gives the exact three 

dimensional distance between the centre of the array and the specific sensor. Provided that there is a 

sensor in the centre of the array, then the recorded by that sensor waveform would be described by 

the following equation: 

                     , [3] 

where f(t) is the time series for signal and ni(t) is the time series for noise (Rost and Thomas, 2002). 

Since each seismic station has different location, the same wave front will arrive in different 

times, resulting in the noticeable time delays. These time delays are associated with travel time 

differences whole value depend on the distance between the sensor and the epicenter and the phases’ 

slowness (Rost and Thomas, 2002). Based on that fact, the recorded waveform by a station I would 

be described by the following equation: 

                            [4] 

Where uhor is the apparent slowness of the propagating wave front and ri is the location of that sensor 

(Rost and Thomas, 2002). 

 

Figure 21. The location of several sensors that are part of a seismic array. The center of the 

coordinate system coincides with the reference point of the array (Rost and Thomas, 2002). 

As already stated in order to apply beam forming, one should firstly remove the time delay 

from all the stations for a specific backazimuth and slowness. Then the time series would alter taking 

the following form (Rost and Thomas, 2002): 

                                           , [5] 
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The stacked waveforms after removing the time delay, form the beam trace for an M- component 

array which is described as: 

     
 

 
    

            
 

 
   

 
                 [6] 

Following that procedure, the coherent signal is emphasized while the random noise is suppressed, 

correlating the method of beamforming as the application of a frequency filter in the waveform. The 

effectiveness of the method is greatly depending on the number of the array’s components, while the 

increase of the SNR in an array S with several stations compared to the one of a single-station array 

(s), is approximately calculated by: 

       [7] 

This equation is based on the hypothesis that the signal has the perfect cohesion and that the noise is 

completely random (Rost and Thomas, 2002).  

 

4.4 Beam forming restrictions 
 

 The main requirement for the correct formation of the beam is the use of the correct 

combination of backazimuth and slowness. Both of these parameters are depending on various 

factors such as variations of the propagation’s velocity for local geological reasons that can alter 

their value significantly comparing to the theoretical one (Rost and Thomas, 2002). Not taking into 

account these variations might result in signal distortion or decrease of the signal’s amplitude (Rost 

and Thomas, 2002; Schweitzer et al., 2002). In order to avoid this amplitude decrease, one could 

weight the traces or normalize the amplitudes before applying the technique (Schweitzer et al., 2002. 

Apart from that, another serious condition is the similarity and coherency of the signals from all the 

stations. That is why arrays with very big size or sensors that are not uniformly installed fail to 

produce scientifically acceptable results using the technique of beam forming (Rost and Thomas, 

2002). 

 

4.5 F-K Analysis 
 

 The major difference of the frequency-wave number analysis is that it can calculate both the 

horizontal slowness (u) and the backazimuth (θ) simultaneously, by measuring the power that 

corresponds to different sets of slowness and direction. This takes place in the frequency domain so 

as to save time from extra calculations. The correct set of horizontal slowness and backazimuth is the 

one that produces the highest amplitudes of the recorded summed signal (Rost and Thomas, 2002). 

 As already discussed above, the signal that is recorded in a seismometer with location vector 

ri is described by the following equation (without taking noise into account): 
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                      [8] 

with uhor given by the following equation: 

     
 

    
          θ   [9]  

 In order to calculate the maximum amplitude of the summed signal, all the distinct signal 

have to be in phase. In other words, the factor of time delay that is recorded in each station and is 

given by            should disappear. Based on that, the summed signal is described as: 

     
 

 
       

               [10] 

A signal with a different slowness vector is computed by: 

     
 

 
       

                    [11] 

As a result, the total energy of the summed signal can be derived, using the integration of the squared 

summed amplitudes over time and Parseval’s theorem: 

                 
 

  

 

  
         

 

 
                

    
 

   
 

  
 [12] 

with S(ω) being the Fourier transform of s(t) and k is the wave number vector given by the following 

equation: 

              
 

  
            [13] 

The vector k0 corresponds to u0. The wave number is of great importance since its direction is 

determined by the backazimuth and its magnitude is a result of the slowness.    

The equation [12] can also be written as: 

        
 

  
                      
 

  
 [14] 

Where           
 = 

 

 
                

    
 

 is the array response function (ARF). The ARF is 

determined by the geometry of the array (interstation spacing, configuration and aperture). So, based 

on the above, the slowness is given by the wave number vector k=(kx,ky): 

       
    

      
  

  
 

 

  
 [15] 

Where vs is the apparent horizontal slowness. The backazimuth is given by: 
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The different sets of slowness and backazimuth form the fk diagram, which has polar coordinate 

system. In this diagram the azimuthal axis corresponds to the backazimuth while the radial axis 

corresponds to the slowness (Figures 22 and 23) (Rost and Thomas, 2002). 

 

 

Figure 22. Fk diagram. An incident wave travels through an imaginary half sphere beneath the array 

at point (X). The fk diagram corresponds to the projection of that half sphere. Slowness is given by 

the distance of the maximum energy from the origin while the angle from north is the backazimuth 

(Rost and Thomas, 2002). 

 

 

Figure 23. An fk diagram (Rost and Thomas, 2002). 
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4.6 F-K Analysis Restrictions 
 

 The application of this method should be conducted in relatively short time-windows in order 

to reassure that the calculated slowness in unique and corresponds to one specific phase. Having a 

long-time window arises the danger of making the identification of a specific phase impossible. In 

other words, the fk technique is best used in arrays whose recorded signal shows a really small time 

delay. This problem can be overcome by carefully selecting the time window for the application of 

the method. Last but not least another restriction of the method is that it is based on the assumption 

that there are no heterogeneities beneath the recorders which is almost inevitable and can change the 

results given (Rost and Thomas, 2002). 

 

4.7 Epicenter Location 

4.7.1  The Lomax Method 

 

 Having acquired the two parameters of each event (slowness and azimuth), the epicenter can 

be derived from a two-stage procedure. The first part is the calculation of the S-P time using the S 

and P arrivals from the last procedure. After that a non-linear probabilistic earthquake location 

methodology and algorithms are used for the determination of the epicenter (Lomax et al., 2000) 

(APPENDIX I). More specifically the algorithm reads the velocity model which is used as a grid 

with multiple cells each of which has a specific velocity value. Using that it calculates travel times 

for every different cell and the station and it forms new grids with many different travel times (one 

for every cell). The algorithm stores one grid for every station. The time calculation is based on a 

wave equation using the method of Podvin and Lecomte (1991). In order to calculate the exact 

arrival time of the wavefront it is assumed that it only depends on the arrival times of the 

neighboring cells. Thus, if the arrival times in all the neighboring cells in a 3-D model are known, we 

can assume the arrival time in the central one without knowing the epicenter (Podvin & Lecomte, 

1991).  Based on the Huygens theorem, every neighboring cell sends a pulse the time that the 

wavefront arrives. The first of all those pulses that will reach the central cell is the one that 

corresponds to the first time arrival. In this way a grid with all the first-time arrivals for every cell is 

formed (Alomax.free.fr, 2017). 

 Using that grid and the probability density function (PDF) the epicenter can be calculated. 

The algorithm receives with a non-linear way a sum of places that form space around the hypocenter 

with the best fit.  The probability density function is calculated by an algorithm in two different ways 

(Alomax.free.fr, 2017).  

The first one uses the least square method (Tarantola &Valette, 1982) and it is described by 

the following equation: 

                
 

 
 

                     

  
     

  [17] 
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where       is the observed arrival time at the station (i) and the         is the theoretically 

calculated time, σ is the standard deviation and k is a normalization factor. 

 The second one uses the equal differential Time (EDT) method (Zhou, 1994) which is 

based on the hyperbola method (Milne, 1886) and it is described by equation 18:. 

          
 

   
    

 
     

                                               

  
    

          
 

 

[18] 

 

where      is the observed arrival time at the stations (a and b) and the         is the theoretically 

calculated time. The epicenter is probably where the exponent takes the value 1, i.e. when the 

difference between the observed and the calculated time is zero. This methodology is applied in 

every different pair of stations and the effect of those who seem to have systematic errors, in the final 

solution is minimized. The best hypocenter is given by the non-linear method Oct-Tree. In this 

method, the PDF is calculated for every different cell of the grid. The cell with the biggest value is 

subdivided into 8 new cells and then it calculates the new probability factors for every one of these 

new cells. This procedure is repeated until a fair solution is given or after a specific number of 

repetitions which is predetermined (Figure 24) (Alomax.free.fr, 2017). 

 

Figure 24. The Oct-Tree methodology (schematics) (Alomax.free.fr, 2017). 
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4.7.2. Array – depending calculation method 

 

 The second method which can be used to calculate the epicenter is only depending on the 

parameters acquired from the seismic array. Knowing the slowness from the aforementioned 

techniques, firstly we calculate the incidence angle based on the P and S propagation velocity 

beneath the surface. After that, based on that angle of incidence and the pre-calculated backazimuth, 

we calculate the path of the wavefront based on the given velocity model. This path is acquired by 

the use of the Snell law for every consecutive layer. After that the P and S travel times are calculated, 

assuming that the travelled on that specific path. The ratio Vp/Vs should be stable throughout this 

procedure, in order for both waves to travel on the same path. The best hypocenter is the one that 

results in P-S times closer to the ones that were derived from the synthetic seismograms so as to have 

increased accuracy due to the high ratio of SNR. 

 The main advantage of such a method is that it only depends on the parameters of the seismic 

array, yet its major disadvantage is that it is very sensitive when it comes for the velocity model. 

Every slight change of the method can lead to huge errors.   

 

4.7.3. The hybrid method 

  

 In this study a combination of those two techniques was used in order to extract the 

hypocenter. In other words, after running both procedures simultaneously we obtain some possible 

hypocenters from the first methodology and the travel times of the ray path as they were calculated 

by the second procedure. The ray path of the wavefront should be in the same area where the 

possible hypocenters from the 1
st
 method have been calculated. The point on the ray path that is 

characterized by the maximum possibility is considered to be the optimum hypocenter.   

 Yet the outcome of the program is the distance between the epicenter and the central station 

of the array and not the actual coordinates. Thus, the distance is transformed into degrees and then 

they are added to the coordinates of the central station (APPENDIX II). The maps are created using 

the GMT program (Alomax.free.fr, 2017).  
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4.7.4 HYPOSAT 

 

 In order to minimize the errors caused in the procedure of locating the event using the 

parameters of azimuth and slowness, another method is also utilized and the acquired results were 

compared to the epicenters as they were calculated by the Seismology lab of the Kapodistrian 

University, Athens. More specifically, I used the HYPOSAT program (version 4.4b, 2003).  

 The initial parameters used in this program are the arrival times of the first onsets along with 

backazimuths and slownesses (or apparent velocities). Apart from these, travel-time differences 

between phases observed in the same station are also used, mostly in case of the existence of surface 

reflections (pP or sP) in order to locate the exact depth. They can also be used in case there is only 

one station and the only input parameters are the P and S onsets as well as the azimuth. By taking 

into account this extra parameter the uncertainties of the model which is used are also minimized 

(Schweitzer, 1997). 

 As mentioned above, in order for the program to proceed in the inversions, a local velocity 

model, the coordinates of the stations as well as the observed arrival times of all phases and the 

observed azimuth and slowness are of great importance and comprise the data input. A file 

containing the data for the calculation of the ellipticity corrections is also needed (Schweitzer, 1997). 

  Firstly, HYPOSAT calculates an initial epicenter. This is acquired just by using all the 

available azimuth data with which it calculates a mean solution of all crossing azimuth lines. 

Alternatively, it uses a single S-P travel time difference along with the azimuth observed at the same 

station.  Last but not least, if all the aforementioned methods to calculate an initial solution fail, then 

a starting epicenter is guessed taking into account either the coordinates of the closest station or the 

central point of the station net (Schweitzer, 1997). 

 In order to derive the location of the event, the equation system used in HYPOSAT is solved 

with the Generalized – Matrix – Inversion (GMI) technique which uses the Single – Value – 

Decomposition algorithm (SVD) as published in Press et al. (1992). All the partial derivatives that 

are derived from the program are recalculated several times until the difference between two 

consecutive solutions is below a predefined limit. It is really crucial that the input parameters are 

weighted before used, so as to maintain almost intact the well defined ones during the iterations 

(Schweitzer, 1997).The system of equations to be solved has the following form: 
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4.8 Maps 
  

 All the epicenters acquired by the aforementioned methodologies are depicted in maps using 

the GMT program, so as to be compared and draw our final conclusions concerning the validity of 

the results and the effectiveness of this specific seismic array. 
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5. Data 
 

 In order to investigate the accuracy in the determination of an earthquake’s epicenter using 

the aforementioned methodologies, we detected all the earthquakes that took place in the time period 

from 2
nd

 November 2014 to 4
th

 December 2014. This time period corresponds to an earthquake 

swarm that took place in the area of NW Gulf of Corinth. The data for investigation were narrowed 

down to this multiplet cluster so as to use events that are characterized by the same focal mechanism 

and produce similar waveforms. In this way the factor of different local geological structures would 

be eliminated and in the end this research could provide us with trustworthy results on a specific 

geological background. This method of utilizing and choosing of data set has long been used and 

proposed when trying to relocate events by several researchers (Fremont and Malone, 1987; 

Papadimitriou et al., 1993; Waldhauser, 2009).   

 During that period almost 400 earthquakes were recorded in the area of interest. During the 

first stage of our analysis, which was the beamforming and the f-k analysis, 210 earthquakes were 

excluded from the investigation due to the recorded noise and the difficulty to identify the P and S 

onsets, issues that would jeopardize the validity of our investigation. Thus, the final catalogue which 

was used throughout this first stage was comprised by 190 earthquakes. The epicenters of those 

events were calculated with the Lomax algorithm. From those earthquakes 59 more were excluded 

after the calculation of their epicenter due to their significantly small size and the fact that they could 

not be traced in the relative catalogue of the National and Kapodistrian University of Athens. 

Including those 59 events in the final maps would make the comparison of this study’s results with 

the university’s catalogues inevitable, so, the Lomax algorithm was applied to 190 earthquakes 

(Figures 37-41) but only 141 of them were compared with the HUSN results in Figures 42-45. 

 As far as the second location technique is concerned (HYPOSAT), that was applied on 139 

earthquakes from the initial list. Those earthquakes were the ones that were also found in the 

University catalogues so as to be able to compare the results afterwards. The two excluded events 

were turned down due to their huge error in the calculation of the epicenter. 
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6. Velocity model 
 

 The velocity model is one of the most important parameters for the accuracy of the results. 

The initial velocity model that was used throughout this study was the one that Sweeney and Walter 

had proposed in 1998 (region 17). This model was a general one and could be applied to all Greek 

regions (Sweeney and Walter, 1998).  

Depth Velocity for P 
(km/sec) 

Velocity for S 
(km/sec) 

0 2.5 1.1 

1 4 2.1 

3.5 6 3.4 

13.5 6 3.7 

24.5 7.2 4 

34 7.2 4 

34 7.9 4.46 

100 8 4.46 

Table 2. Initial velocity model used for the study. 

 

Yet the initial results were not that promising (as expected with such a general model) so changes 

were performed. In order to adjust the velocity model we took into account local velocity models 

about the Corinth Gulf as they were used in studies in the broader area of the Gulf of Corinth 

(Gautier et al., 2006) and specifically in its western part (Rigo et al., 1996). These models are listed 

in detail in APPENDIX IV. Yet a combination of those along with some changes proved to be the 

optimum velocity model for this study. The velocity model that was used is cited below. 

 

Depth Velocity for P 
(km/sec) 

Velocity for S 
(km/sec) 

0 3.8 2.8 

4 5.2 3 

7.2 5.8 3.4 

8.2 6.1 3.5 

10.4 6.3 3.6 

15 6.5 3.8 

30 7 4 

100 7 4 

Table 3. Velocity model used for the study. 
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7. The Magoula seismic array 
 

 The array that was used for this study is comprised by 8 stations named MG00, MG01, 

MG02, MG03, MG04, MG05, MG06 and MG07. Their exact coordinates and elevation is listed in 

the table below. All of the stations have a TRILLIUM 40 seismometer and a CMG-DM24S6-EAMU 

digitizer. 

 

Name Latitude (°) Longitude (°) Elevation (m) 

MG00 38.4144 21.9467 143 

MG01 38.4142 21.9468 143 

MG02 38.4149 21.9470 143 

MG03 38.4140 21.9460 143 

MG04 38.4141 21.9480 143 

MG05 38.4155 21.9457 143 

MG06 38.4128 21.9462 143 

MG07 38.4154 221.948 143 

Table 4. The coordinates of the Magoula array. 
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8. Array Signal Processing  
 

 The first step of the process is to calculate the required parameters. In other words, determine 

the slowness and azimuth for every earthquake. This is accomplished by applying the beamforming 

technique and the f-k analysis. In order to apply those, I used the algorithm included in APPENDIX 

III, which runs in MATLAB environment. This algorithm provides the beamforming and f-k results 

simultaneously.  

 Before running the procedure some parameters should be defined such as the frequency 

filters that should be applied on the waveforms, as well as the component that is studied and the 

maximum and minimum probable borders of the slowness factor considering the f-k analysis.  This 

last parameter is used in order to set a limit for slowness during the repetitive inversions and reduce 

the errors. 

 In this specific investigation, the frequency filters that were basically used were bandpass 

filters of 2-10HZ for the ‘Z-component’ and 0.5-7Hz for the ‘H-Component’. Those limits were 

based on a signal analysis that was applied on the recordings of an array established at Tripoli (Pirli 

et al., 2004). Of course, depending on the waveform these filters were appropriately shifted. As far as 

the beamforming method is concerned, I used the Max Power technique. Before I drew this 

conclusion, I also tried both of the other techniques, yet the Max Power technique was the one with 

the most promising results and minimum errors in case of reflections in the waveform. 

 Following, there is an example of an earthquake that was used during our analysis. That 

earthquake took place on the 3rd of December 2014 at 08:26:40.950 and was recorded by the 

Magoula array. The initial waveform of the Z component is shown in Figure 25.    

 

Figure 25. Waveform (Z-component) of the 3-12-2014 earthquake that was recorded by the Magoula 

array. 

The only parameter that should be set now, is the selection of a segment where the P-onset 

lies. The program selects the point in the waveform that has the biggest aptitude, since that 

corresponds to the point in the waveform which has the biggest amplitude and it is closest to the P-

onset. In case of reflections, when detected, they should be best excluded from the segment since 

they might cause errors. Reflections are more common in epicentral distances of more than 10° but 

they might be found in less than that. They are recognized due to the non coherent frequency and 
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amplitude comparing to the rest of the recording and the requested initial phase. The problem of 

distinguishing reflections from the first arrivals worsens when the earthquakes depth is big. This is 

because the signal is recorded with attenuation (Tselentis, A., 1997). More specifically, in Figure 26, 

reflection was not excluded from the segment and the highest amplitude was the one of the 

reflection. The requested parameters that resulted from the beamforming were slowness 14sec/deg 

and the azimuth was 152,5 (Figure 27). The corresponding results from the f-k analysis were 13.89 

sec/deg  and 149,74 (Figure 28).  

 

Figure 26. Point in the waveform with the highest power (including reflection). 

 

Figure 27. Beamforming results for the 3-12-2014 earthquake (including reflection). 

 

 

Figure 28. F-k analysis results for the 3-12-2014 earthquake (including reflection). 

Original Signal

Time (sec)

MG00.HHZ

MG02.HHZ

MG03.HHZ

MG04.HHZ

MG05.HHZ

MG06.HHZ

MG07.HHZ

0 0.5 1 1.5

1

2

3

4

5

6

7

Shifted Signals and Beam

Time (sec)

MG00.HHZ

MG02.HHZ

MG03.HHZ

MG04.HHZ

MG05.HHZ

MG06.HHZ

MG07.HHZ

BEAM.HHZ

BEAM.POW

0 0.5 1 1.5

1

2

3

4

5

6

7

8

9

0 5 10 15 20
25

30
35

40
45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130
135

140
145

150
155

160165170175180185190195200
205

210
215

220
225

230

235

240

245

250

255

260

265

270

275

280

285

290

295

300

305

310
315

320
325

330
335

340345350355

 

 

Normalized Beam Power

0.2 0.4 0.6 0.8 1

-40 -20 0 20 40
-40

-30

-20

-10

0

10

20

30

40

 

 

dB

Sx (Seconds/Degree)

S
y
 (

S
e

c
o

n
d

s
/D

e
g

re
e

) 

-12

-10

-8

-6

-4

-2

0



48 

 

 The same procedure was followed after excluding the segment of the reflection (Figure 29).  

 

Figure 29. Point in the waveform with the highest power (without reflection). 

 

Figure 30. Beamforming results for the 3-12-2014 earthquake (without reflection). 

 

Figure 31. F-k analysis results for the 3-12-2014 earthquake (including reflection). 
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The requested parameters this time that resulted from the beamforming were slowness 17sec/deg and 

the azimuth was 152,5 (Figure 27). The corresponding results from the f-k analysis were 12.53 

sec/deg and 151,38 (Figure 28). Comparing these two procedures, the azimuth deviation between 

those two techniques is minimized, while the slowness difference is increased. 

 The same procedure is followed with the H-component. It is important that the selected 

segment is the least possible so as to avoid including any phases from surface waves. This is due to 

the fact that surface waves tend to have bigger amplitudes and as a result higher power. This time 

there is a different result for the radial component and a different one for the transverse component 

(Figures 32-36). 

 

Figure 32. Beamforming results for the 3-12-2014 earthquake (radial component). 

 

 

Figure 33. Beamforming results for the 3-12-2014 earthquake (transverse component). 
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Figure 34. F-k analysis results for the 3-12-2014 earthquake (radial component). 

 

Figure 35. F-k analysis results for the 3-12-2014 earthquake (transverse component). 

-40 -20 0 20 40
-40

-30

-20

-10

0

10

20

30

40

 

 

dB

Sx (Seconds/Degree)

S
y
 (

S
e

c
o

n
d

s
/D

e
g

re
e

) 

-6

-5

-4

-3

-2

-1

0

-40 -20 0 20 40
-40

-30

-20

-10

0

10

20

30

40

 

 

dB

Sx (Seconds/Degree)

S
y
 (

S
e

c
o

n
d

s
/D

e
g

re
e

) 

-7

-6

-5

-4

-3

-2

-1

0



51 

 

 

Figure 36. Point in the waveform with the highest power (radial and transverse component). 

 

The requested parameters that resulted from the beamforming were slowness 7sec/deg and 

the azimuth was 112,5 for the radial component (Figure 32 & 36) and slowness 40sec/deg and the 

azimuth was 177,5 for the transverse component (Figure 33 & 36). The corresponding results from 

the f-k analysis were 26.07 sec/deg and 175,6 for the radial component (Figure 34) and 31,06 sec/deg 

and 176,3 for the transverse component (Figure 35).  

  

7.1 Locating with the hybrid method 

 

Those results are exported from the program in a *.dat file. This file is loaded afterwards in 

matlab and with the use of an algorithm the epicenter is located. More specifically, the events that 

were on the list, but were not in the corresponding event list of the National Kapodistrian University 

of Athens were excluded and afterwards we correlated each event to a number so as to make the 

procedure easier and simpler. After having applied the algorithm which is cited in APPENDIXES II 

&III, a file with four possible epicenters for each event is derived. To be more specific each different 

solution for the location corresponds to a different way of calculation. So, for the first possible 

solution, I used the parameters (azimuth and slowness) that resulted from the beamforming technique 

combining the Z- component and the radial H-component. For the second possible solution I used the 

parameters that resulted from the beamforming technique combining the Z- component and the 

transverse H-component. Correspondingly, for the third and fourth locations of the same event, I 

used the parameters that resulted from the f-k analysis combining either the Z- component and the 

radial H-component or the Z- component and the transverse H-component. All of those epicenters 

are depicted in the following maps (Figures 37-40). 
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Figure 37. Epicenters based on azimuth and slowness that were derived from the application of the 

beamforming technique (Z-component and radial H-component). 

 

 

Figure 38. Epicenters based on azimuth and slowness that were derived from the application of the 

beamforming technique (Z-component and transverse H-component). 
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Figure 39. Epicenters based on azimuth and slowness that were derived from the application of the 

f-k analysis (Z-component and radial H-component). 

 

 

Figure 40. Epicenters based on azimuth and slowness that were derived from the application of the 

f-k analysis (Z-component and transverse H-component). 
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   The following map is a synthetic one, including all four solutions for every earthquake (Figure 41). 

 

Figure 41. Epicenters based on azimuth and slowness that were derived from all the above 

mentioned techniques. Red: Beamforming technique using Z-component and radial H-component, 

Blue: Beamforming using Z-component and transverse H-component, Green: F-k analysis technique 

using Z-component and radial H-component and Yellow: F-k analysis using Z-component and 

transverse H-component. 

Based on those results it can be easily concluded that there are no significant differences 

depending on which horizontal component will be used. Both of the results that correspond to each 

technique show several similarities in the locations. Yet, there are great differences between the 

epicenters that result from beamforming and those that result from f-k analysis.   

The following maps are synthetic ones depicting all of the above results as well as the 

corresponding epicenters as they were calculated by the seismology lab of the National and 

Kapodistrian University of Athens so as to conclude on the differences between the already 

calculated epicenters and those calculated with the aforementioned methodology. 

Based on those maps it can be easily seen that the epicenters calculated with the 

beamforming technique are more scattered compared to those of the HUSN. That scatter is even 

greater when the results are calculated with the f-k analysis. Most of those scattered earthquakes are 

located south of the Corinth Gulf, while some events that, based on HUSN, are located north of the 

Gulf have a different epicenter with the technique described above. 

There are also many significant differences concerning the epicenters in the Gulf itself as the 

epicenters calculated with the beamforming and the f-k analysis seem to be more concentrated in the 

central part of the Gulf. Yet the same events based on HUSN are more scattered at the eastern and 
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western part of the Gulf. This difference is equally existent both for the calculations with the radial 

and the transverse component for each technique. 

 
Figure 42. Epicenters based on azimuth and slowness that were derived from the application of the 

beamforming technique (Z-component and radial H-component) (red) and the corresponding 

epicenters from HUSN (green). 

 

Figure 43. Epicenters based on azimuth and slowness that were derived from the application of the 

beamforming technique (Z-component and transverse H-component) (blue) and the corresponding 

epicenters from HUSN (green). 
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Figure 44. Epicenters based on azimuth and slowness that were derived from the application of the 

f-k analysis (Z-component and radial H-component) (red) and the corresponding epicenters from 

HUSN (green). 

 

Figure 45. Epicenters based on azimuth and slowness that were derived from the application of the 

f-k analysis (Z-component and transverse H-component) (blue) and the corresponding epicenters 

from HUSN (green). 
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 The differences that are clearly depicted on the above maps, as far as the beamforming 

technique is concerned, are mainly the result of the velocity model that was used throughout his 

study. A slight difference in the velocity of the geological structures that the propagation takes place 

is really important for the slowness factor that is used and can shift the location of the epicenter 

critically. 

 Another reason for the existence of those differences is the quality of the recorded signal as 

well as its coherency and similarity among all stations of the array. Last but not least, we should also 

take into account the distortion of the signal that was the result of the filters application so as to 

acquire the first onsets and calculate the parameters used.  

 As far as the f-k analysis is concerned, the main reason why there are such differences 

compared to the HUSN results is that the whole procedure is based on the assumption that there are 

no heterogeneities beneath the recorders. Most of the times, as in this situation as well, this is almost 

inevitable and changes the solutions of the events. This issue along with the fact that filters were 

applied on the signal can explain the reason why such deviations exist. 

 

7.2 Locating with HYPOSAT 

 

 In order to increase the accuracy of the results, I also used another technique to locate the 

same events. In Hyposat the epicenters are not only based on the parameters of azimuth and slowness 

that are derived from the stations of the array, but they also depend on data from the HUSN network. 

More specifically for every event, I used the slowness and azimuth both from beamforming and f-k 

analysis (separately) as well as the first P arrival and azimuth for the three closest to the theoretical 

epicenter stations of the HUSN network. Each of the used for the calculations parameters (P-onset, 

azimuth and slowness) comes with an error factor (weight) based on its confidentiality.  

After calculating those four different solutions for 25% of the total amount of earthquakes, it 

was rather obvious that statistically the errors of the final solution were significantly greater for the 

solutions that were based on the beamforming technique for both components. So the procedure was 

continued only for the solutions from the f-k analysis, where the errors were very low, within the 

tolerance limit, more accurate and more similar to the manual locations of the Kapodistrian 

University. 

The following maps depict the epicenters as they were calculated from this procedure for 139 

earthquakes. Each different solution for the location corresponds to a different way of calculation. 

The locations resulted from the f-k analysis combining either the Z-component and the radial H-

component or the Z-component and the transverse H-component.  
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Figure 46.  Epicenters calculated with HYPOSAT using the Z-component and radial H-component 

from the f-k analysis. 

 

Figure 47. Epicenters calculated with HYPOSAT using the Z-component and transverse H-

component from the f-k analysis. 
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Figure 48. Epicenters calculated with HYPOSAT using the Z-component and transverse H-

component from the f-k analysis (blue) and the radial H-component (red). 

 There are no great differences in the solutions either we use the radial or the transverse H-

component based on Figure 48. Yet, we should also examine the deviations of those events when 

compared to the results of HUSN as they were calculated manual by the Seismology lab of the 

Kapodistrian University of Athens. The manual results are those preferred in this study so as to 

minimize the errors from the automatic locations. 

 

Figure 49. Epicenters calculated with HYPOSAT using the Z-component and radial H-component 

(red)  and the corresponding epicenters from HUSN (green). 
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Figure 50. Epicenters calculated with HYPOSAT using the Z-component and transverse H-

component (blue) and the corresponding epicenters from HUSN (green). 

 As with the hybrid method, hyposat also provides solutions that seem to be more scattered 

related to those that are calculated by the seismology lab of the National and Kapodistrian University 

of Athens. The difference lies on the issue that when using the radial H-component with HYPOSAT, 

we are able to locate some of the events at the north of the Corinth Gulf more accurately than before. 

The use of the radial H-component also simulates the events in the Corinth Gulf in a better way than 

with the use of the transverse H-component. The scattered events at the south of the Gulf are 

approximately the same with both components and equally different to those calculated by the 

National and Kapodistrian University of Athens. 

 The differences are also evident in those solutions and they are mostly attributed to 

restrictions and deviations that resulted from the application of the beamforming and f-k analysis 

techniques. Yet, the locations are better using the HYPOSAT compared to those of just applying the 

hybrid method due to the fact that HYPOSAT takes also into account phases from the HUSN 

network, eliminating the errors and the deviations comparing to the actual locations. 
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9. Conclusions 
  

Having tried three different ways of analysis in order to acquire the location of those 

earthquakes it can be concluded that the technique with the most accurate and similar events to those 

that were calculated by the   National and Kapodistrian University of Athens is the f-k analysis, using 

the radial H-component along with phases from the three closest to the epicenter stations of HUSN, 

applying the HYPOSAT algorithm. 

That technique provides good locations for events in the westernmost region of the gulf as 

well as for a couple of events north of the Gulf. Events towards the central part of the Gulf as well as 

those that lie south of the gulf and in the Ionian Sea seem to have less accurate locations when using 

parameters from the array.  

From a geological point of view, since the determination of focal mechanisms for those 

events exceeds the initial target of the study we cannot draw safe conclusion on the geological 

settings that are responsible for the events. Based only on suppositions from thoroughly examining 

the tectonic maps, one could say that events produced by the Psathopyrgos onshore normal fault, the 

Nafpaktos offshore fault system and the Trizonia fault zone can be located using the current local 

seismic array of Magoula – Nafpaktos. When it comes to eastern fault zones (comparing to the 

aforementioned) like the Eratini-West Channel, events whose hypocenters are located there seems to 

be attributed to the Trizonia fault zone when using the array.   

 The parameters extracted from the beamforming technique seem to provide the most evident 

deviations compared to the actual results mostly due to the restrictions that are mentioned above. 

Those deviations also exist with the f-k analysis results without the use of the other HUSN stations in 

the HYPOSAT algorithm.  

One of the reasons why this technique seems to fail in providing us more accurate locations is 

the geology of the area of the seismic array. Even though its geometry was thoroughly studied before 

its application and there were no altitude differences in the deployment position of the stations the 

results were not promising due to the heterogenities and structural anomalies that govern the broader 

area.  

Another reason why the array failed to meet its initial deployment goal was the velocity 

model which was used. The model that was used was a local one which was concluded after several 

trials. The main idea was that since the data used were extracted from the same cluster the same 

velocity model could be applied in all of the events. Apparently that hypothesis did not prove right 

based on the results due to the sensitivity of this method concerning velocities. 

Except for these the quality of the signals and the distortion which were rather obvious due to 

the evidently great human activity that characterizes the area, is of great importance during those 

procedures since they can alter the solution significantly. 
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The overall conclusion on the issue is that despite the fact that such arrays provide us with 

very well located epicenters in other Greek areas, this specific area is not appropriate for such a 

study. This technique can only be used supplementary in cases when the location cannot be found 

precisely by the HUSN stations and a more local array with local velocity models needs to be used. 
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10. Issues for further analysis 
 

 In order to manage a better and more complete conclusion on the application of those 

techniques, more earthquakes should be analyzed.  This would minimize the low-quality signals, 

giving the chance to use more accurate phases and minimize this way the errors connected to the 

azimuth’s and slowness’ calculation. 

 What is more, it would also be very beneficial for the study, if we established arrays like that 

in different locations so as to eliminate or at least examine the impact of the geological 

heterogeneities under the array to the final solution. The selection of the most realistic velocity 

model is one of the main restrictions for the application of all those techniques and needs to be 

further examined.  
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11.  Appendixes 

APPENDIX I 
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APPENDIX II 
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APPENDIX III 
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APPENDIX IV 
 

 

 The figure above suggests a velocity model about the Corinth Gulf as it was calculated by Gautier et 

al., 2006. Those are mean velocity profiles for the S and P waves (left and right respectively). The initial 

model that was used in that study was the one that was proposed by Rigo et al., 1996. That was a rather 

local velocity model about the western part of the gulf which was also taken into account in this study in 

order to conclude after several trials on the used model. The Rigo et al., 1996 model is listed beneath in 

detail. 

 

 Model 1 Model 2 

Depth (km) Vp(km/s) Vp(km/s) 

0.0-4.0 

5.6 

4.8 

4.0-7.2 5.2 

7.2-8.2 5.8 

8.2-10.4 6.1 

10.4-15.0 6.3 

15.0-30.0 6.5 6.5 

>30.0 7.0 7.0 
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