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ΠΡΟΛΟΓΟΣ 

 

Το 14ο Επιστημονικό Συνέδριο της Ελληνικής Γεωλογικής Εταιρίας, ολοκλήρωσε 

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

εκδήλωση των Γεωεπιστημών, κορυφαία εκδήλωση της επιστημονικής Εταιρείας 

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

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

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

γεωλογίας. Παρουσιάστηκαν 259 νέες επιστημονικές εργασίες, με 170 

προφορικές ανακοινώσεις και 89 επιστημονικά πόστερ. 

Προσκεκλημένοι ομιλητές, πολλοί Έλληνες και ξένοι συνάδελφοι, αλλά κυρίως 

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

καλύτερο δυνατό τρόπο συμπεράσματα και αποτελέσματα στην πρωτοπορία της 

επιστημονικής έρευνας σήμερα παγκοσμίως. Παράλληλες εκδηλώσεις όπως οι 

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

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

συμπλήρωσαν τις αυστηρά επιστημονικές παρουσιάσεις, όπου συνέκλιναν σχεδόν 

όλα τα αντικείμενα του ευρύτερου κύκλου των Γεωπιστημών, βασικών και 

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

των Ελλήνων γεωεπιστημόνων. Η Οργανωτική Επιτροπή προσπάθησε και 

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

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

επιστήμης. 

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

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

στην Αθήνα το 2019. 

 

Εκ μέρους της Οργανωτικής Επιτροπής 

Ο Πρόεδρος  

Σπύρος Β. Παυλίδης 

Καθηγητής Γεωλογίας 

Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης  
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PROLOGUE 

 

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

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

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

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

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

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

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

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

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

the world today. 

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

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

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

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

level of research of Geoscientists was demonstrated. The Organizing Committee 

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

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

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

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

meeting is in Athens in 2019. 

 

On behalf of the Organizing Committee 

The President 

Spyros B. Pavlides 

Professor of Geology 

Aristotle University of Thessaloniki 
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Abstract 

Aegean extension is a process driven by slab rollback that, since 45 Ma, shows a two-

stage evolution. From Middle Eocene to Middle Miocene it is accommodated by 

localized deformation leading to i) the exhumation of high-pressure metamorphic 

rocks from mantle to crustal depths, ii) the exhumation of high-temperature rocks in 

core complexes and iii) the deposition of Paleogene sedimentary basins. Since Middle 

Miocene, extension is distributed over the whole Aegean domain giving a widespread 

development of onshore and offshore Neogene sedimentary basins. We reconstructed 

this two-stage evolution in 3D at Aegean scale by using available ages of 

metamorphic and sedimentary processes, geometry and kinematics of ductile 

deformation, paleomagnetic data and available tomographic models. The restoration 

model shows that the rate of trench retreat was around 0.6 cm/y during the first 30 

My and then accelerated up to 3.2 cm/y during the last 15 My. The sharp transition 

observed in the mode of extension, localized versus distributed, which occurred in 

Middle Miocene correlates with the acceleration of trench retreat and is more likely 

a consequence of the Hellenic slab tearing documented by mantle tomography. The 

development of large dextral NE-SW strike-slip faults during the second stage of 

Aegean extension, since Middle Miocene, is illustrated by the 450 Km-long fault, 

recently put in evidence, offshore from Myrthes to Ikaria and onshore from Izmir to 

Balikeshir, in western Anatolia. Therefore, the interaction between the Hellenic 

trench retreat and the westward displacement of Anatolia started in Middle Miocene, 
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almost 10 Ma before the propagation of the North Anatolian Fault in the North 

Aegean. This raises a fundamental issue concerning the dynamic relationship between 

slab tearing and Anatolia displacement. 

Keywords: Blueschists, core-complexes, basins. 

1. Introduction 

The Aegean Tertiary tectonic history, from a dynamic point of view, corresponds to back-arc 

extension driven by slab rollback (Royden, 1993; Jolivet and Faccenna, 2000; Faccenna et al., 2003, 

2014; Brun and Faccenna, 2008). Extension started around 45 Ma ago (Brun and Sokoutis, 2010) 

and accommodated up to 600 km of trench retreat (Jolivet and Brun, 2010; Jolivet et al., 2013). 

Extension followed the closure of the two oceanic domains of Vardar and Pindos in Cretaceous-

Eocene (Dercourt et al., 1993; Channell and Kozur, 1997; Robertson, 2004) leading to the stacking 

of three continental blocks that from top to base are: Rhodopia, Pelagonia and Adria (Fig. 1). 

 

Figure 1 - The three main continental blocks of Aegean: Rhodopia, Pelagonia and Adria. 

Tomographic models of the underlying mantle image a single slab (e.g. Wortel and Spakman, 2000; 

Piromallo and Morelli, 2003; Widiyantoro et al., 2004) indicating that the convergence of 

continental blocks, now separated by two suture zones, has been accommodated by a single 

subduction. During subduction rollback, the Pelagonia and Adria crust panels were fully detached 
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from the downgoing lithospheric mantle and moved back to surface, resting directly on top of 

asthenosphere (Brun and Faccenna, 2008; Tirel et al., 2013). 

In the present study we show that Aegean extension occurred in two main stages, from Middle 

Eocene to Middle Miocene and since Middle Miocene. The significant large-scale features that 

characterized these two stages of extension are defined in terms of sedimentation, deformation and 

metamorphism. It is argued i) that the major dynamic change that occurred in Middle Miocene, 

resulted from an acceleration of trench retreat that is more probably responsible for the observed 

transition between localized and distributed modes of extension and ii) that the likely cause of this 

acceleration due to slab tearing coeval with the onset of Anatolia westward displacement. 

2. The two main stages of Aegean extension 

The first plate kinematic models of eastern Mediterranean (McKenzie, 1972, 1978; Le Pichon and 

Angelier, 1981) and the present-day displacement field from satellite geodesy (McClusky et al., 

2000; Hollenstein et al., 2008; Müller et al., 2013) show that the active Aegean extension results 

from the combined effects of the southwestward retreat of the Hellenic trench and the westward 

displacement of Anatolia along the North Anatolian Fault (NAF).  

The geological record shows that this interaction between two strongly oblique components of 

boundary displacement started in Middle Miocene (Dewey and Şengör, 1979; Şengör et al., 2005; 

Philippon et al., 2014), around 10 My before the NAF reached the Aegean (Armijo et al., 1999; 

Hubert-Ferrari et al., 2003; Şengör et al., 2005). On the other hand, the coeval extensional 

exhumation of high-pressure metamorphic rocks in the Southern Hellenides and high-temperature 

metamorphic rocks in the Rhodope (Brun and Sokoutis, 2007; Brun and Faccenna, 2008) started in 

Middle Eocene (see review of data in Jolivet and Brun, 2010 and Philippon et al., 2012). This brief 

summary of the Aegean extension history during a large part of the Tertiary indicates a process that 

has not been continuous, neither in time nor in space. This is illustrated by a striking difference in 

the distribution of Paleogene and Neogene sedimentary basins at Aegean scale (Fig. 2) suggesting 

that a major change in the dynamics of Aegean extension occurred in Middle Miocene, more 30 My 

after its onset. 

2.1. Stage 1: Paleogene basins and ductile exhumation of metamorphic rocks 

Paleogene basins (Fig. 2a) that mostly contain Middle Eocene and/or Oligocene sediments are located 

i) on top of the Rhodopia block (Trace Basin: Görür and Okay, 1996; Siyako and Huvaz, 2007; Kilias 

et al., 2013); Vardar-Thermaikos Basin: Roussos, 1994; Carras and Georgala, 1998) and ii) on top of 

Pelagonia (Mesohellenic Trough: Doutsos et al., 1994; Ferrière et al., 2004) (Fig. 2a). 

The exhumation of core complexes (high-temperature metamorphism) and blueschists (high-

pressure metamorphism) (Figs. 3 and 4) resulted from significantly different mechanisms of 

development, primarily controlled by temperature-dependent rheology of the crustal units. 
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Figure 2 - Distribution of Paleogene (a) and Neogene (b) basins in the Aegean domain. 

The location of core complexes and high pressure belts in the Aegean, as well as their relative timing 

of exhumation, has important dynamic implications: 

 The Southern Rhodope Core Complex (SRCC) (Brun and Sokoutis, 2007) started to develop 

in Middle-Late Eocene in North Aegean when the Cycladic Blueschist Unit (CBU) started to 

exhume in central Aegean (Jolivet and Brun, 2010; Philippon et al., 2012). 

 The Central Cyclades Core Complex (CCCC) (Philippon et al., 2012) developed in central 

Aegean almost synchronous with the exhumation onset of HP-LT Phyllite–Quartzite Nappe 

(PQN) in Peloponnese and Crete (Jolivet et al., 2010). 

 The sense of shear and detachment dip, in core complexes, and sense of shear, in high-

pressure rocks, is top to SW in North Aegean (SRCC) (Brun and Sokoutis, 2007), to NE in 

central Aegean (CBU and CCCC) (Philippon et al., 2012) and to E and N in South Aegean 

(HP-LT PQN) (Jolivet et al., 2010). 

 The part of exhumation synchronous with ductile deformation ended in Middle Miocene in 

all types of metamorphic rocks, either high-temperature (SRCC and CCCC) or high pressure 

(CBU and HP-LT PQN) and whatever age of onset. 
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Figure 3 - The two core complexes (HT metamorphism) of the Aegean domain with 

corresponding PTt diagrams and related senses of shear. 

2.2. Stage 2: Neogene basins and dextral transtensional faulting 

The Neogene basins (Fig. 2b) whose deposition started in Middle Miocene constitute one of the 

most striking geological features of the Aegean domain, both onshore and offshore. They emplaced 

on all types of rock units (Paleogene basins, high-temperature or high-pressure metamorphic units, 

plutonic massives and volcanic buildups) of Rhodopia, Pelagonia and Adria and over around 1000 

km from Crete to Rhodope. The earlier deposits are Langhian-Serravalian in some basins but 

Tortonian sediments are present in most of them. Where structural data are available, field 

measurements or seismics, tectonic setting of most basins is extensional or transtensional (e.g. 

Mercier et al., 1987, 1989; Lyberis, 1984; Mascle and Martin, 1990; Koukouvelas and Aydin, 2002; 

Sakellariou et al., 2013). 

Low-temperature thermochronology ages, obtained by various methods (apatite and zircon fission-

track and U-Th/He on apatite and zircon) in high-temperature and high-pressure metamorphic units, 

which were exhumed during the first stage of extension, are dominantly Serravalian-Tortonian, over 

the whole Aegean (Brix et al., 2002; Wuthrich, 2009; Philippon et al., 2012; Marsellos et al., 2014). 

This indicates that metamorphic rocks of the SRCC, the CBU-CCCC and Peloponnese-Crete, whose 

onsets of exhumation were different, were reaching the surface in Middle-Late Miocene. 

The mode of extension during this second stage of Aegean extension is in strong contrast with the 

one that characterizes the first stage. Extension passed in Middle Miocene from the core complex 

mode to the wide rift mode (Buck, 1991; Brun, 1999), as demonstrated by the deposition of 

extensional or transtensional Neogene basins across the whole Aegean, offshore as well as onshore. 

The interruption of ductile exhumation in Middle Miocene, in all types of metamorphic rocks (HT 

as well as HP) whatever their age of onset, as well as the segmentation of the metamorphic units and 

the deposition of Neogene basins on top of them suggest that the transition between the two modes 

of extension was not progressive and likely occurred in a rather short delay. 
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Figure 3 - The HP metamorphic domain of Adria and Pelagonia blocks with corresponding 

PTt diagrams and related senses of shear. 

 

Fig. 4 - Major strike-slip faults and Neogene sedimentary basins in the Aegean Sea, as 

displayed by Aegean Sea bathymetry. 
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The Myrthes-Ikaria fault (MIF) (Philippon et al., 2012) that cut trough the whole Cyclades domain is 

the offshore extend of the onshore Ismir-Balikeshir transfer zone (IBTZ) (Sozbilir et al., 2010; Ersoy 

et al., 2012; Uzel et al., 2013) (Fig. 4). Lower (?)-Late Miocene sedimentary-volcanic basins were 

deposited in this transtensional corridor, located at the northwestern border of the Menderes Massif 

(Ersoy et al., 2012). Simultaneously, grabens developed in the Menderes, accommodating a NE-SW 

direction of stretching. Over 450 km, from Myrthes Basin to Balikeshir, this dextral strike-slip fault 

zone was active since Middle Miocene –i.e. around 10 My before the arrival of the NAT in the North 

Aegean. Whereas there is no direct evidence to identify when displacements ceased on this fault zone, 

it can be hypothesized that this occurred around 5 Ma when the NAF fully localized (Şengör et al., 

2005), in agreement with the youngest ages of exhumation recorded by low-temperature 

thermochronology in the Cyclades (Philippon et al., 2014). 

3. Discussion-Conclusion: Acceleration of slab rollback 

The restoration of displacements using the numerous data sets available (paleomagnetism, kinematic 

indicators and geochronology) (Brun and Sokoutis, 2010 and re-evaluation by Brun et al., 2012) 

shows that an acceleration of trench retreat started in Middle Miocene (Fig.5). The rate of trench 

retreat that was rather low, around 0.6 cm.y-1, during the first stage of extension increased to around 

1.7 cm.y-1 between Middle Miocene and Pliocene, reaching 3.2 cm.y-1 during the last 5 Ma. 

This acceleration of trench retreat (i.e. extensional boundary displacement), first by a factor 2 after 

Middle Miocene and then by a factor 5 after Pliocene, was more likely responsible for the observed 

change in the mode of extension, from localized to distributed - i.e. from core complex to wide rift 

(Buck, 1991; Brun, 1999; Tirel et al., 2006, 2008; Kydonakis et al., 2015). 

 

Fig. 5 - Modes of extension as a function of the rate of trench retreat. 

The acceleration of trench retreat is more likely related to the Hellenic slab tearing whose rather 

complex geometry was recently evidenced by S-wave tomography (Salaün et al., 2012). Whereas 

the exact timing of slab tearing is difficult to constrain, the sudden change in the mode of extension, 

which is associated with the acceleration of slab retreat, strongly supports that slab tearing should 

have started to develop earlier, possibly in Early Miocene, to become fully efficient from 15 Ma 

onward. 

The transtensional deformation pattern (Fig. 4) that results from the interaction between Hellenic 

trench retreat and Anatolia westward displacement and that is still active in the Aegean took place 

in Middle Miocene, as previously argued by Dewey and Şengör (1979) and Şengör et al. (2005). 

Consequently, the westward displacement of Anatolia was coeval with the acceleration of trench 

retreat. Whereas the North Anatolian Fault plays a major role in the present-day kinematic pattern, 

the 450 km-long Myrthes-Ikaria Fault-IBTF (Fig. 4) was the first large dextral strike-slip fault zone 
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to develop. Its location close to the Izmir-Ankara suture zone and parallel to it strongly suggests that 

the suture zone was acting as weak zone able to localize displacements at the onset of Anatolia 

westward displacement; as illustrated by the laboratory experiments of Philippon et al. (2014). 

However, this interaction between two plate boundary displacements raises a fundamental issue: 

What is the dynamic relationship between slab tearing and Anatolia displacement? Which one 

controlled the development of the other? 
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Abstract 

Six normal fault zones, with throws ranging from a few meters up to 50 m, were 

studied within an active, open pit, lignite mine in Ptolemais. Each fault was mapped 

20 times over a period of five years because at intervals of ca. 3 months working faces 

are taken back between 20 and 50 m exposing fresh fault outcrops for mapping. 

Various resolutions of photographs and structural measurements were imported into 

a fully georeferenced 3D structural interpretation package, resulting in aseismic scale 

and outcrop resolution 3D fault volume with outcrop and panoramic photographs 

acting as the seismic sections in equivalent seismic surveys. Low resolution 3D models 

for the fault system structure at mine scale and higher-resolution 3D models for the 

fault zone structure were produced after geological interpretation and they can be 

used for qualitative and quantitative analysis. 

Keywords: Normal faults, Fault geometry, 3D structural model, Kardia lignite mine. 

Περίληψη 

Έξι ζώνες κανονικών ρηγμάτων, με μεταπτώσεις που κυμαίνονται από λίγα έως 50 

μέτρα, μελετήθηκαν μέσα σε ένα ενεργό, επιφανειακό λιγνιτωρυχείο στην Πτολεμαΐδα. 

Κάθε ρήγμα χαρτογραφήθηκε 20 φορές σε χρονικό διάστημα πέντε ετών, σε διαστήματα 

περίπου 3 μηνών, καθώς κάθε πρανές μετακινείται προς τα πίσω κατά 20 με 50 μέτρα 

λόγω της εκσκαφής, εκθέτοντας καινούργιες εμφανίσεις ρηγμάτων για χαρτογράφηση. 

Φωτογραφίες και τεκτονικές μετρήσεις εισήχθησαν σε ένα λογισμικό, με πλήρη 

γεωαναφορά στο τρισδιάστατο χώρο, με αποτέλεσμα ένα τρισδιάστατο όγκο ρηγμάτων 

“σεισμικής κλίμακας” αλλά με ανάλυση πεδίου, με τις φωτογραφίες να ενεργούν σαν 

σεισμικές τομές στις αντίστοιχες σεισμικές έρευνες. Χαμηλότερης ανάλυσης 3D μοντέλα 

παρήχθησαν μετά την γεωλογική ερμηνεία για την ποιοτική και ποσοτική μελέτη της 

δομής του συστήματος ρηγμάτων σε κλίμακα ορυχείου και υψηλότερης ανάλυσης 3D 

μοντέλα, για τη μελέτη της δομής της ρηξιγενούς ζώνης σε κλίμακα πεδίου. 

Λέξεις κλειδιά: Κανονικά ρήγματα, Γεωμετρία ρηγμάτων, Τρισδιάστατο μοντέλο, 

Λιγνιτωρυχείο Καρδιάς. 
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1. Introduction 

Faults are zones of extreme internal complexity and heterogeneous strain distribution over a wide 

range of scales. Although this complexity does not lend itself to a simple description to which all 

faults conform, a simplified and generalised description of faults is required to achieve a better 

understanding of fault evolution and for many practical applications, such as the production of oil 

from faulted reservoirs and earthquake hazard assessment (Childs et al., 2009). 

A common feature of faults on all scales is the frequent presence of segmented fault arrays 

containing two or more fault segments which can be hard-linked by discrete faults or soft-linked by 

zones of continuous deformation (Peacock and Sanderson, 1991; Walsh and Watterson, 1989, 1990, 

1991; Childs et al., 1995, 1996; Walsh et al., 2003). Fault linkage is a dynamic process that evolves 

with increased displacement (Peacock and Sanderson, 1994; Childs et al., 1995; Walsh et al., 1999; 

Kristensen et al., 2008). 

In the published literature many attempts have been made to investigate and understand the fault 

zone structure and evolution by qualitative and quantitative analysis of various fault components 

such as thickness, length and displacement. Such data in the published literature are mainly derived 

from outcrop studies (2D), detailed geological-fault maps (2D), digital elevation models combined 

with satellite images (2D) and seismic interpretations (3D). 

Data derived from outcrop studies are characterized by their high resolution but lack of a three-

dimensional context, in contrast to seismic data which can be fully 3D but have very low resolution 

compared to outcrop data (the best quality seismic data is unable to resolve faults with throws less 

than 5 m). 

The goal of this paper is to examine the levels of and controls on geometrical complexity of fault 

zones by using an exceptional dataset which allows a truly 3D analysis of the fault zonesat outcrop 

resolution on a seismic scale. A few similar attempts for 3D investigation of faults at outcrop 

resolution have been made in the past (Koestler and Reksten, 1995; Childs et al., 1996; Kristensen 

et al., 2008). 

2. Data and Methodology 

2.1. Basic Geology and Structure of Kardia Mine 

The dataset used in this study is derived from Kardia mine which is one of the four, active, open pit, 

lignite fields in Ptolemais Basin, W. Macedonia, Greece(Fig. 1).The Ptolemais Basin is an elongated 

intramontane lacustrine basin and is part of Florina-Ptolemais-Servia Basin which is a NNW-SSE 

trending graben system that extends over a distance of 120 km from Bitola in the Former 

Yugoslavian Republic of Macedonia (F.Y.R.O.M.) to the village of Servia, south-east of Ptolemais, 

Greece (Pavlides, 1985). The depression is filled with a 500-600 m (in a few areas up to about 1000 

m) thick succession of sediments which are divided into the lower (Upper Miocene to Lower 

Pliocene) formation, the Pliocene middle formation and the Quaternary upper formation. The 

Pliocene middle formation contains the upper and lower lignite seams which alternate with clays, 

marls, sandy marls and sands (Pavlides, 1985; Koufos and Pavlides, 1988). 

The basin is bounded by two fault systems which can be related to two extensional episodes 

(Pavlides and Mountrakis, 1987; Mercier et al., 1989). The first, Late Miocene episode resulted in 

the origin of the basin in response to NE-SW extension, which was subsequently subjected to NW-

SE extension during the Quaternary, resulting in the NE-SW-striking faults which currently bound 

a number of sub-basins, including the basins of Florina, Ptolemais and Servia (Pavlides and 

Mountrakis, 1987, Fig. 1). 
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Figure 1 - Simplified geological sketch map of the Florina-Ptolemais-Servia Basin (after 

Pavlides, 1985; IGME, 1997 and Steenbrink et al., 2000). The black arrow indicates the 

Kardia lignite field. 

Kardia lignite field is situated approximately in the central part of the Neogene lignite basin and is 

dominated by the later faults which have approximately E-W orientations. In all, six normal fault 

zones with throws ranging from a few meters up to 50 m displace the lignite-marl sequence in the 

mine (Fig.2). 

The faults form soft-linked systems (Walsh and Watterson, 1991), characterised by a prevalence of 

fault tips as opposed to branch-points, with ductile bed rotations between faults accommodating 

transfers of strain between adjacent faults (Fig.3). Quantitative analysis of the faults indicates that 

these systems are extremely soft and that for a given throw, these faults are both shorter and more 

segmented than many other fault systems (Fault Analysis Group, 2011; Delogkos, 2011). 

2.2. Sampling 

As mentioned above, Kardia mine is one of the four active lignite fields in Ptolemais Basin, and 

every few months fresh fault outcrops are exposed due to the continuous mining operations. 

Kardia mine consists of six principal benches and faces which are in average 2.5 km long. The mine 

faces, with a height of ca. 20 m, step to the west from the bottom to the top of the mine and are 

separated by the benches which have a width of ca. 100 m (Fig. 4). In each bench, a huge excavator 

undertakes the excavation of lignite and moves each face back by about 30 m each pass, exhuming 

fresh outcrop. In addition to the main faces, small faces, with heights up to 4 m, are well exposed in 

trenches which are created by the excavators in the benches between the main faces (see benches 4 

and 5 in Fig. 4). 
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Figure 2 – a) A vertically exaggerated photomontage of the mine showing the faults and 

some of the horizons, b) a detailed map of the fault zones oriented in sympathy to the 

photomontage and c) rose diagram summarising the strikes of the normal faults (Fault 

Analysis Group, 2011). 

 

Figure 3 – Cartoon of a soft-linked fault system, characterised by ductile rotation of faults 

and beds at all stages of deformation (Walsh and Watterson, 1991). 

 

Figure 4 – Cartoon showing a cross-section of Kardia mine. The dashed line shows the faces 

and the benches as they were in June 2010 and the thick line as they were in July 2012. Light 

grey colour shows the area that has been excavated from June 2010 to July 2012. 

We have visited and mapped the mine 20 times from June 2010 until now, at intervals of ca. 3 

months, during which time each face is taken back between 20 and 50 m and fresh fault outcrops 

are subsequently available for mapping. The data collected during each fieldwork campaign are 

various resolutions of photographs, accurate GPS locations, structural measurements and 

interpretations for all the faults and all the other structures observed in the mine, such as normal or 



19 

 

reverse drag. In this paper, the area that is covered by our data is from June 2010 until July 2012, 9 

field seasons in total, and it is shown by light grey colour in Fig. 4. 

Various resolutions of photographs include: a) A set of panoramic photographs of the whole mine 

which are taken from a distance of ca. 1.5 km away from the mine faces (Fig. 2.a).b) Outcrop-scale 

photographs which are taken from a distance of ca. 40 m from each fault, perpendicular to the face 

and using a meter-stick at the bottom of the face for scale. c) Very high resolution panoramic 

photographs for individual faults showing in detail the complexity of the fault zones such as multiple 

fault slip surfaces and lignite or marl smear. 

Structural measurements in the field referred to orientations (strike, dip and dip direction) for all 

main fault slip surfaces, synthetic and antithetic faults. Detailed measurements of orientations were 

recorded for observable changes in strike and/or dip along the faults at outcrop-scale; abundant 

vertical strike refraction is a characteristic of these faults. Changes in bedding due to faulting, such 

as bed rotations within fault zones, normal and reverse drag, were also recorded. 

2.3. Workflow for inputting data into a fully georeferenced 3D structural 

interpretation package 

Three-dimensional models of the fault system were produced by placing our data within a fully 

georeferenced 3D structural interpretation package. For this purpose, TrapTester, a standard oil 

industry software package for fault analysis is used. This software is designed to input, process and 

interpret seismic and well data but not photographs of real-world outcrops. Therefore a non-standard 

import workflow had to be applied. 

Given that the XY coordinates for each fault and for the main structures at each individual face in 

the mine are known, as are the values of absolute altitude at the bottom and top of the mine faces, 

then the field dataset can be transferred into TrapTester software. 

Data covering the whole length of each mining face had to be imported into TrapTester, in order to 

build mine scale 3D structural model. Each one of the mining faces is cropped from the panoramic 

photographs and then is imported into TrapTester, in a similar way that the 2D seismic surveys are 

imported. 

In more detail, two main stages must be followed in order to import the cropped pictures, and the 

higher resolution close-up pictures, into TrapTester. The first stage is to import the 2D navigation 

lines of a 2D survey, each of which corresponds to a picture, into TrapTester and then the second 

stage involves definition of the Z-range (“seismic access definition (SIAC)”) for each picture. 

 

Figure 5 – An example of part of a mine face cropped from a panoramic photograph, 

showing the data required in order to import it into TrapTester. The XiYi coordinates and 

the corresponding pixels of the faults and the left and right end of the picture are needed to 

create the navigation lines. The XiYi coordinates for the left and right end of the picture are 

not known but they can easily be calculated as the number of pixels per meter is known. The 

altitude at the bottom of the picture is known and again using the pixels per meter, the 

altitude at the top can be calculated. 

2D navigation lines are in fact the map locations of the cropped pictures, and they are based on the 

XY coordinates of the faults, left and right ends of each picture and the corresponding horizontal 

distances in pixels of each picture (Fig. 5). Concerning the SIAC, each one contains information 
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about Z-shift and Z-scaling which are based on location of the top of the picture with respect to the 

chosen datum (Z-shift) and number of pixels per vertical meter (Z-scaling). 

Structural measurements are imported into TrapTester as tri-mesh surfaces which are displayed in 

3D space with the dip and dip-azimuth values as they are measured in the field. The information 

required for loading these data is XYZ locations and orientation of each structural measurement. 

These tri-mesh surfaces are a very useful guide for optimizing the precision of the structural 

interpretations. Additionally they are used to illustrate the complexity of the fault zone structures, 

such as the strike refraction. 

Empty sections can be imported into the 2D survey and they can be used for fault and/or horizon 

interpretations in areas where there are no available outcrop data but the interpretations are very 

predictable. Including them in the creation and analysis of the 3D fault volume, makes the final 

results more realistic and accurate. A particular use of empty sections is for placing faults tips located 

between two consecutive mapped mining faces. 

3. Results 

The result of importing our dataset into the 3D structural interpretation package is a volume similar 

to a 2D seismic survey, a data type common in the oil and gas industry. The difference is that our 

dataset, while at a seismic scale, has outcrop-scale resolution. 

This exceptional dataset is used for fault and horizon interpretations. Each fault zone is characterized 

by about 60 cross-sections perpendicular to ca. 900 m long and20 to 80 m high areas of the fault 

surface (Figs. 6 and 7). 

 

Figure 6 – Map view of the interpreted fault zones from Kardia mine. Interpretations are 

based on data derived from nine field seasons and cover the area shown by the navigation 

lines (red lines). South-dipping faults are shown with blue colour and north-dipping faults 

with green colour. 

The layering of lignite and marl makes these sediments ideal for detailed displacement analysis 

along the faults in cross-section and along strike as individual horizons are continuous across the 

scale of the structures investigated. 
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Various resolutions of fault interpretations and respectively 3D models can be made. We use this 

dataset to build low resolution 3D models for the fault system structure at mine scale (Fig. 7) and 

higher-resolution 3D models for the fault zone structure (Fig. 8). The fault zone is a part of a fault 

system. 

 

Figure 7 – Lateral view of the 3D TrapTester model showing: a) All the mining faces, which 

are cropped from the panoramic photographs and are imported into TrapTester like seismic 

sections. b) As (a) but including fault and horizon interpretations. c) Interpretation of the 

data showing five fault zones, the majority of which comprise several fault surfaces, which 

displace the lignite-marl sequence up to 40 meters. The blue fault surfaces dip to the south, 

and green fault surfaces dip to the north. The transparent red surface, which is displaced by 

the faults, is one of the interpreted horizons and is located near the middle of the exposed 

stratigraphic sequence. 

 

Figure 8 – Lateral view of the 3D TrapTester model showing a fault zone with maximum 

throw of ca. 36 m. This is actually an almost intact relay zone and consists of two main fault 

surfaces, a minor breaching fault and some synthetic and antithetic faults. a) All data. b) All 

the interpreted faults. The variation of the colours on the two main fault surfaces shows the 

displacement distribution (red is high displacement). The displacement is transferred 

between the relay bounding faults by bed rotation (c) and small offset along the minor 

breaching fault. c) One of the interpreted horizons showing the bed rotation within the relay 

zone. The variation of the colours shows the depth (red in deeper). 

In order to build the 3D fault system model, minor synthetic and antithetic faults are ignored and 

only the main faults and the main structure of the lignite-marl sequence which was displaced and 
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deformed because of faulting are interpreted. In contrast, for the high resolution 3D fault zone 

models, all the fault structures are taken into account. 

The final 3D fault models can be used for qualitative and quantitative analysis of the fault system 

and fault zone structure providing insights on the growth, propagation, evolution and geometrical 

complexity of faults, which will provide a basis for improving conceptual models of fault systems 

and fault zones, which underpin many practical applications such as the production of oil and gas 

from faulted reservoirs and earthquake hazard assessment. 

4. Conclusions 

Using this exceptional dataset from the active opencast lignite field in the Ptolemais basin, we 

construct 3D fault zone models at outcrop resolution on a seismic scale by importing various 

resolutions of photographs and structural measurements into a fully georeferenced 3D structural 

interpretation package. These models allow us to investigate and analyse fault zone structure in 

3D,andat outcrop resolution, a combination impossible to accomplish using either outcrop or seismic 

data. 
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Abstract 

Our fieldwork in the area of Kato Seli of Mt Vermion suggests that the Vermion Nappe 

is not only tectonically overlying the Maastrichtian flysch of the Pelagonian Zone, but 

also a Jurassic melange that overlies the Triassic-Jurassic marbles of the Pelagonian 

Zone. Moreover, between the Vermion Nappe and the underlying melange, tectonic 

slivers of meta-sandstones-meta-rudites are tectonically emplaced. This calls for a 

reassessment of the emplacement of the Vermion Nappe and its role in the geotectonic 

evolution of the area. 

Keywords: Pelagonian Zone, Almopias Zone, thrusting, Tertiary. 

Περίληψη 

H υπαίθρια εργασία μας στην περιοχή του Κάτω Σελίου στο όρος Βέρμιο, δείχνει ότι το 

Τεκτονικό Κάλυμμα του Βερμίου δεν υπέρκειται τεκτονικά μόνο του Μαιστρίχτιου 

φλύσχη της Πελαγονικής Ζώνης, αλλά και ενός Ιουρασικού melange που υπέρκειται 

τεκτονικά των Τριαδικών-Ιουρασικών μαρμάρων της Πελαγονικής Ζώνης. Επιπλέον, 

ανάμεσα στο Tεκτονικό Κάλυμμα του Βερμίου και του υποκείμενου melange, τεκτονικοί 

φακοί μετα-ψαμμιτών–μετα-ρουδιτών έχουν τεκτονικά τοποθετηθεί. Αυτό απαιτεί μια 

αναθεώρηση της τοποθέτησης του Τεκτονικού Καλύμματος του Βερμίου και του ρόλου 

του στη γεωτεκτονική εξέλιξη της περιοχής. 

Λέξεις κλειδιά: Πελαγονική Ζώνη, Ζώνη Αλμωπίας, εφίππευση, Τριτογενές. 

1. Introduction 

Mt Vermion (Fig. 1) is located at Western - Central Macedonia forming along with Mt Kaimaktsalan, 

the Pieria mountains and Mt Olympos a NNW-SSE trending mountain range in the internal part the 

Hellenic orogen (Internal Hellenides) and separating the Kozani - Ptolemais basin to the west from 

the Thessaloniki plain to the east. 

The Vermion Nappe is considered a flat-lying sheet that comprises Cretaceous sedimentary rocks 

and tectonically overlies the Maastrichtian flysch of the Pelagonian Zone (Brunn, 1959, 1982a, b; 

Braud et al., 1984). Additionally, in the area south of Kato Seli, a noteworthy issue is that the 

Maastrichtian flysch of the Pelagonian Zone is mapped directly overlying the Triassic–Jurassic 

recrystallized limestones–marbles with the Cretaceous clastic and carbonate sedimentary rocks 

missing (Brunn, 1959, 1982b; Braud et al., 1984). On the other hand, Photiades (2004), suggested a 

controversial interpretation mapping in the area of Kato Seli, the Cretaceous rocks of the Vermion 

Nappe to overlie not the Maastrichtian flysch, but a Jurassic melange overlying the Triassic-Jurassic 

marbles of the Pelagonian Zone. Moreover, according to him the Cretaceous rocks of the Vermion 
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Nappe are deposited with a stratigraphic unconformity over the Jurassic melange, i.e., an 

unconformity that characterises the Cretaceous rocks of the Pelagonian Zone. 

 

Figure 1 - Simplified geological setting of Mt Vermion and adjacent regions (modified from 

Anastopoulos et al., 1980; Brunn, 1982a, b; Mercier and Vergely, 1984; Mercier et al., 1988; 

Plastiras and Stamatis, under publication). 

These controversial interpretations lead us to investigate the type of rocks and their relations–

contacts in the area of Kato Seli for gaining a better understanding of the emplacement of the 

Vermion Nappe, and the geotectonic evolution of the area where the Pelagonian and Almopias 

Zones come in contact. Field work was undertaken in order to decipher the uncertainties concerning 

the rocks that crop-out south of Kato Seli and also the contacts of these rocks. As a result, a new 

geologic map of the area is presented (Fig. 2) based on our field investigations, accompanied by a 

geologic cross-section (Fig. 3). The new data contribute to the better understanding of the geology 

of the area and put new constraints on the geotectonic evolution of the wider area. 
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2. Geological Setting 

The Pelagonian Zone is considered a Mesozoic continental fragment (Mountrakis, 1986) and 

comprises the following rocks starting from the bottom (Mountrakis, 1984): a) a crystalline 

basement that includes gneisses, schists and amphibolites of Paleozoic age intruded by Upper 

Carboniferous granitoids; b) a meta-volcanosedimentary sequence of Permian-Lower Triassic age; 

c) thick carbonate sediments of Triassic-Jurassic age; d) remnants of obducted ophiolites and e) 

Upper Cretaceous transgressive clastic and carbonate sediments. 

The Almopias Zone is the western subzone of the Axios-Vardar Zone (Kossmat, 1924); a prominent 

suture within the Alpine-Mediterranean orogenic belt running parallel to the Hellenide-Dinaride 

orogenic belt in northern Greece and former Yugoslavia respectively. It comprises the following 

rocks (Mercier, 1968; Mountrakis, 1976; Brown and Robertson, 2004; Galeos et al., 1994): a) 

Paleozoic basement rocks (gneisses, marbles, schists), b) Triassic-Jurassic marbles and schists, c) 

Mesozoic emplaced ophiolites, d) Upper Jurassic-Lower Cretaceous clastic, volcanoclastic and 

carbonate sediments, and e) Middle-Upper Cretaceous transgressive carbonate and clastic sediments. 

These rocks form a series a West-directed imbricates (Fig. 1). Each imbricate comprises only some 

of the above mentioned rocks forming a differed unit that is not always possible to be correlated 

with its neighbouring units-imbricates. 

More precisely the western and southern parts of Mt Vermion are made up of rocks that belong to 

the Pelagonian Zone while the rocks that crop-out in the central and eastern part of the mountain are 

considered to belong to the Almopias Zone (Fig. 1). In the central part of Mt Vermion a flat-lying 

nappe, namely the Vermion Nappe, was identified to tectonically overlie the Upper Cretaceous 

transgressive sediments of the Pelagonian Zone and more specifically the Maastrichtian flysch 

(Brunn, 1959). The Vermion Nappe is made up of conglomerates (often red colored at their base) 

and limestones (Brunn, 1982a, b; Braud et al., 1984). Its base is considered to be Aptian-Albian but 

the sedimentation continuous in the Upper Cretaceous as well (Brunn, 1982a, b; Braud et al., 1984). 

The geotectonic evolution of this part of the Hellenic orogen was studied by numerous researchers 

(Nance, 1981; Mountrakis, 1983; Vergely, 1984; Kilias and Mountrakis, 1989; Doutsos et al., 1993; 

Kilias et al., 2010; Avgerinas, 2014). The structures and kinematics of the deformational events 

reported in the above mentioned studies are sometimes controversial but generally two major 

orogenic phases are recognized. The first orogenic phase (Eo-Hellenic) took place during the Upper 

Jurassic–Lower Cretaceous and is related to the obduction of the ophiolites from the Axios Zone on 

the Pelagonian fragment. During this orogenic phase greenschist-amphibolite facies metamorphism 

affected the Mesozoic sediments of the Pelagonian and Almopias Zones and the already 

metamorphosed basement rocks. The second orogenic phase (Neo-Hellenic) is related to the 

collision of the Apullian plate with the Eurasian margin during the Tertiary and the formation of the 

Alpine Hellenic orogen. The West-directed imbricates of the Almopias Zone formed during this 

orogenic phase. The Tertiary orogenic phase was followed by a post-orogenic extension that formed 

basins that was filled with terrestrial sediments. 

3. Geology and structural elements of the area of Kato Seli 

Based on our fieldwork including the geological mapping of the area of the Kato Seli at scale 

1:25.000, detailed geological cross-sections, and recording of the deformational structures in the 

different map units, we define the following geological and structural elements in the area of Kato 

Seli. 



27 

 

 

Figure 2 - Geological map of Kato Seli. 

3.1. Geologic Map Units 

3.1.1. Pelagonian Zone Units 

 Triassic-Jurassic marbles and schists. This unit comprises gray, light gray and white 

recrystallized limestones-marbles. They are often dolomitic and are part of the Triassic-
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Jurassic neritic, platform limestones that overlie the metamorphic basement of the Pelagonian 

Zone (Brunn, 1959; Mountrakis, 1983; Kilias and Mountrakis, 1989; Sharp and Robertson, 

2006). Green chloritic-serikitic schist horizons up to a few meters thick that represent 

metamorphosed clastic sediment intercalations are found mostly at the upper part of the 

marbles (Figs. 2, 3). 

 Jurassic melange. A Jurassic melange consisting of green-brown colored chloritic-sericitic 

schists and phyllites (Figs. 2, 3, 4c) is tectonically overlying the Triassic–Jurassic marbles. It 

is considered a melange because of (a) the existence of large blocks of recrystallized 

limestones which are floating as olistholites (Figs. 2, 3, 5a), (b) its intense deformation i.e., 

folded with tight–isoclinal folds (Fig. 5e), (c) the existence at the upper part and the top of 

the melange of ophiolites of up to a few meters thick of mainly serpentinitic composition that 

appear as floating lensoidal bodies (Figs. 2, 3). They are clastic sediments that were formed 

and metamorphosed during the emplacement of the ophiolites during the Upper Jurassic 

(Mountrakis and Soulios, 1978; Sharp and Robertson, 2006). 

 Upper Cretaceous transgressive sedimentary rocks. The Upper Cretaceous transgressive 

sedimentary rocks of the Pelagonian Zone are found at the southwest part of the mapped area 

overlying the ophiolites starting with pebble–cobble, poorly sorted polymict conglomerates 

(marble, ophilite and schist clasts). The conglomerates are up to 40m thick and pass upwards 

to gray-dark gray, fossiliferous limestones. The limestones are neritic and medium- to thick-

bedded. Towards the top, they become thin-bedded, clastic, and pass to flysch. The flysch is 

brown-light brown and consists of very thin to thin siltstone and sandstone turbiditic 

intercalations. The age of the flysch is Maastrichtian (Brunn, 1959, 1982a; Mercier, 1968). 

The Upper Cretaceous sedimentary rocks dip to the West with intermediate angles (Fig. 2) 

as the Maastrichtian flysch, while the latter is tectonically overlain by the Vermion Nappe 

(Fig. 2). 

 

Figure 3 - Geologic cross-section at the Kato Seli area, see Fig. 2 for position. 

3.1.2. Meta-sandstones-meta-rudites 

Greenish brown to brown, thin- to medium-bedded rudites and sandstones with few thin- bedded, 

green colored, pelitic intercalations that have been subjected to low grade metamorphic facies. The 

rudites contain quartz, ophiolite, schist and carbonate clasts ranging in size from granules to pebbles. 

Upwards, these rocks pass to beige-gray colored calcirudites and calcarenites because the carbonate 

clasts become more abundant. The thickness of this unit does not exceed 30m and wedges out 
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towards the north (Figs. 2, 5a). These rocks are heterogeneously deformed during Tertiary, with a 

strong developed mylonitic foliation parallel to bedding at parts. These rocks resemble similar 

lithological features with metaclastic rocks mapped more easterly as “flyschoidal rocks”, and which 

have been included in the “zone broyée” mentioned in the geological map of IGME - Veroia sheet 

(Brunn, 1982b). Braud et al. (1984), assigned a Late Jurassic(?)-Early Cretaceous age to these rocks. 

3.1.3. Vermion Nappe 

 Interbeds of reddish-pinkish colored calcarenites-conglomerates. They are calcarenites and 

polymictic conglomerates in interbeds that have a distinct reddish, pinkish color (Fig. 4d). 

These rocks are found at the base of the Vermion Nappe and their thickness varies from a 

few meters up to about 50m.The conglomerates are medium- to thick-bedded, poorly sorted 

and clast- to matrix-supported. They contain white, gray and dark gray recrystallized 

limestone–marble, ophiolite and schist clasts varying in size from granules to cobbles. The 

clasts are angular to rounded and at places pressure-solution resulted in convex/concave 

contacts between them. Both normal and reverse grading was observed. The calcarenites vary 

from fine- to very coarse-grained and are thin to medium bedded with calcite cement. The 

onset of the deposition of these rocks is considered as Early Cretaceous, and more specifically 

Aptian-Albian based on descriptions of exposures of the base of the Vermion Nappe at other 

locations (Brunn, 1982a, b; Braud et al., 1984). 

 Greyish conglomerates-calcarenites-limestones. These rocks overlie the previous interbeds 

and comprise mainly conglomerates with intercalations of calcarenites and limestones. The 

color of these rocks is gray to dark gray. The conglomerates are thick to very thick bedded, 

moderately to well sorted, clast-supported with calcarenitic matrix and calcite cement (Fig. 

4e). The clasts are rounded to well-rounded recrystallized limestones-marbles ranging in size 

from pebbles to cobbles. Normal and reverse grading was recorded among the beds. The 

calcarenites are thin- to medium-bedded and medium- to coarse-grained. Normal grading 

was recorded at some occasions. The limestones are neritic, thin- to medium- bedded, often 

clastic, and in places with abundant shell and gastropod fossils (Fig. 4f). The age of these 

rocks is Late Cretaceous (Brunn, 1959, 1982a, b; Braud et al., 1984). 

3.2. Structural elements along the contact of the Vermion Nappe and the Jurassic 

melange 

Concerning the contacts between the mapped rocks, our observations suggest that the contact 

between the overlying Cretaceous rocks and the underlying ones is sub-horizontal near Kato Seli, 

but to the SW, it trends NE-SW dipping to the NW with low angles (Fig. 2). The main foliation of 

the Triassic-Jurassic marbles is sub-parallel to the main foliation of the Jurassic melange and dips 

to the NW with intermediate angles (Figs. 2, 6a). On the other hand, the bedding of the overlying 

rocks generally dips to the NW with low angles (Figs. 2, 6b). 

The Cretaceous rocks of the Vermion Nappe overlie to the west the Maastrichtian flysch, but in the 

study area the Jurassic melange. The contact of the Cretaceous rock of the Vermion Nappe with the 

underlying Jurassic melange is tectonic as suggested by the intense shearing parallel to the bedding 

of the Cretaceous rocks close to this contact. Similar shearing parallel to bedding is observed in the 

meta-sandstones-meta-rudites that are mapped as tectonic slivers between the Vermion Nappe and 

the melange. The shearing is more intense and pronounced close to the contact with the tectonically 

underlying ophiolites and melange rocks. The amount of deformation varies between the rock types 

with the finer grained rocks being more intensely deformed. A mylonitic foliation is developed at 

places with sedimentary clasts being elongated along it (Fig. 4b) forming a well preserved stretching 

lineation that trends NE-SW to ENE-WSW (Fig. 6c). The abundant presence of σ-clasts serves as a 

good indicator for a top-to-WSW direction of shearing (Figs. 5c, d). The deformation took place at 

semi-brittle-semi-ductile conditions and the deformed rocks are to some extent dynamically 

recrystallized. The ophiolites that are directly below the contact are also sheared with the top-to-
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WSW shearing as defined by stretching lineations similar in direction with those of the overlying 

rocks. That the ophiolites are mainly serpentinites probably served as a lubricant during the shearing. 

Only small lensoid-shaped ophiolitic bodies are found below the contact possible because a part of 

the ophiolites was scraped off during the shearing. This is also indicated by the small ophiolitic 

slivers found between the tectonic contact of the Vermion Nappe and the Maastrichtian flysch to the 

west of the mapped area as seen at the Piryoi geologic map sheet of IGME (Brunn, 1982a). In the 

SW part of the mapped area the ophiolites that underlie the Upper Cretaceous trangressive sediments 

of the Pelagonian Zone are more massive and continuous. 

 

Figure 4 - Field photos: a) contact of the meta-sandstones-meta-rudites with the underlying 

ophiolites; b) a detail of the meta-sandstones-meta-rudites in fig. 4a, the elongated clasts 

attest to the tectonic nature of the contact in fig. 4a; c) the Jurassic melange; d) interbeds of 

reddish conglomerates-calcarenites at the base of the Vermion Nappe; e) the Upper 

Cretaceous conglomerates of the Vermion Nappe; f) Upper Cretaceous fossiliferous 

limestones of the Vermion Nappe. 
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Figure 5 - Field photos: a) panoramic view, looking N, showing the relations of the rocks in 

the mapped area, the mountain peak in the centre of the photo is located approximately at 

the centre of the map in fig. 2; b) contact of the Vermion Nappe with the underlying 

ophiolites close to Kato Seli; c) a close view of the rocks above the tectonic contact in fig. 5b; 

d) deformed conglomerate, at the base of the Vermion nappe showing top-to-WSW direction 

of shearing; 5e) tight folds in the Jurassic melange. 

 

Figure 6 - Stereographic projections (equal area, lower hemisphere), using the StereoNett 

program (Duyster, 2000). a) main foliation of the Triassic-Jurassic marbles and the Jurassic 

melange, b) bedding in the Vermion Nappe, c) stretching lineation close to the tectonic 

contact at the base of the Vermion Nappe and the meta-sandstones-meta-rudites. 
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4. Discussion - Conclusions 

The new data gathered in the area of Kato Seli show that the Vermion Nappe consists of Cretaceous 

sedimentary rocks that overlie tectonically not only the Maastrichtian flysch of the Pelagonian Zone 

as occurs to the west of the region, but also the ophiolites and Jurassic melange that in turn 

tectonically overlies the Triassic–Jurassic marbles of the Pelagonian Zone. The direction of 

emplacement of the Vermion Nappe is to the WSW, which is in accordance with the kinematics 

reported for the area of Western-Central Macedonia during the Tertiary orogenesis (Mountrakis, 

1983; Vergely, 1984; Kilias and Mountrakis, 1989; Kilias et al., 2010; Avgerinas, 2014). Tectonic 

slivers of rocks such as meta-sandstones-meta-rudites have been mapped in the base of the Vermion 

Nappe and they are intensely deformed with the same top-to-WSW shearing. Until now the Vermion 

Nappe was depicted to overlie only the Maastrichtian flysch (Brunn, 1959, 1982a, b; Anastopoulos 

et al., 1980; Braud, 1984) or to have been unconformably deposited as the other Upper Cretaceous 

transgressive sediments of the Pelagonian Zone (Photiades, 2004). However, the new data presented 

here show that the Vermion Nappe is tectonically overlying both the Maastrichtian flysch of the 

Pelagonian Zone and the Jurassic melange; a fact that should be considered in any geotectonic 

scenario about the Internal Hellenides concerning the boundary between the Pelagonian and 

Almopias Zones. 
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Abstract 

Paikon and Tzena terranes are situated in the centre part of Axios zone, between 

Almopia and Paionia ophiolitic belts. Tectonostratigraphic data reveal that both have 

been affected by the same polyphase deformation and metamorphism, as well that they 

have the same lithostratigraphic column. The first deformation phase took place 

during the Middle to Late Jurassic and is associated with ophiolite obduction, nappe 

- stacking, terrane accretion and crustal thickening (D1). Metamorphism does not 

exceed greenschist facies (M1). Relict HP-LT metamorphic assemblages predating M1 

metamorphism are possibly developed during subduction processes and overloading 

of the obducted ophiolites on the continental margin, characterized the initial stages 

of deformation. Compressional tectonics and intense thrusting with the same 

kinematics continued in Lower Cretaceous time, affected all pre-Upper Cretaceous 

units and the obducted ophiolites (D2). This phase is associated with low-greenschist 

metamorphism (M2). The first main extensional event occurs in the Late Cretaceous, 

related to basin formation and sedimentation (D3). During Paleocene to Eocene, D4 

intense imbrication of all tectonic units towards mainly SW takes place again. Nappes 

collapse and finally crustal exhumation taken place during Oligocene to Miocene, 

associated with low - angle normal faults, with a main top to the SW sense of 

movement (D5). In Miocene to recent times, high - angle normal and strike-slip faults 

are formed in an extensional to transtensional strain regime (D6), associated with 

Neogene to Quaternary basin formation and terrane dispersion. The basement rocks 

of both terranes are of Pelagonian origin, exhumed as a multiple tectonic window. 

Keywords: kinematics, tectonic nappe, tectonic window. 

Περίληψη 

Τα πεδία Πάικου και Τζένας βρίσκονται στο κεντρικό τμήμα της ζώνης Αξιού, μεταξύ των 

οφιολιθικών λωρίδων Αλμωπίας και Παιονίας. Τεκτονοστρωματογραφικά δεδομένα 

φανερώνουν ότι έχουν υποστεί την ίδια πολυφασική παραμόρφωση και μεταμόρφωση, 

καθώς επίσης και ότι έχουν την ίδια λιθοστρωματογραφική στήλη. Η πρώτη 

παραμόρφωση έλαβε χώρα στο Μέσο - Άνω Ιουρασικό και συνδέεται με την τεκτονική 

τοποθέτηση των οφιολίθων, τη συσσώρευση των καλυμμάτων, την προσαύξηση των 

πεδίων και την πάχυνση του φλοιού (D1). Η μεταμόρφωση δεν ξεπερνά την 

πρασινοσχιστολιθική φάση (Μ1). Η ύπαρξη μιας υπολειμματικής μεταμόρφωσης HP/LT, 

προγενέστερης της M1, οφείλεται πιθανότατα στις συνθήκες υποβύθισης και στην 

υπερφόρτωση των επωθημένων οφιολίθων πάνω στο ηπειρωτικό περιθώριο, συνθήκες 

που χαρακτηρίζουν τα αρχικά στάδια της παραμόρφωσης. Η συμπιεστική τεκτονική και η 
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έντονη λεπίωση με την ίδια κινηματική συνεχίζονται στο Κάτω Κρητιδικό, επηρεάζοντας 

όλες τις ενότητες πριν το Άνω Κρητιδικό, καθώς και τους επωθημένους οφιόλιθους και 

συνδέονται με χαμηλή πρασινοσχιστολιθική μεταμόρφωση (Μ2). Η πρώτη κύρια 

εφελκυστική φάση συμβαίνει στο Άνω Κρητιδικό και συνδέεται με το σχηματισμό λεκανών 

και ιζηματογένεση (D3). Κατά το Παλαιόκαινο-Ηώκαινο, συνέβη έντονη λεπίωση όλων 

των ενοτήτων κυρίως προς τα ΝΔ (D4). Η κατάρρευση των καλυμμάτων και τελικά η 

εκταφή του φλοιού συνέβη κατά το Ολιγόκαινο - Μειόκαινο, συνδεδεμένη με κανονικά 

ρήγματα μικρής γωνίας κλίσης και κύρια κινηματική προς τα ΝΔ (D5). Μετά το 

Μειόκαινο, λαμβάνει χώρα η νεοτεκτονική δράση σε εφελκυστικό έως διεφελκυστικό 

πεδίο (D6), συνδεόμενη με το σχηματισμό των Νεογενών και Τεταρτογενών λεκανών και 

τη διασπορά των πεδίων. Το υπόβαθρο και των δύο πεδίων είναι Πελαγονικής 

προέλευσης, αποκαλυπτόμενο ως πολλαπλό τεκτονικό παράθυρο. 

Λέξεις κλειδιά: κινηματική, τεκτονικό κάλυμμα, τεκτονικό παράθυρο. 

1. Introduction 

Paikon and Tzena terranes are situated in the centre part of Axios zone, between the Pelagonian 

nappe and the Serbomacedonian/Rhodope metamorphic province. Axios zone comprises the 

ophiolite-bearing Almopia Subzone in the West, the Paikon and Tzena terranes (Paikon Subzone) 

in the Middle, and the also ophiolite-bearing Paionia Subzone in the East (Fig. 1) (Mercier, 1968; 

Ricou and Godfriaux, 1995; Mercier and Vergely, 2001; Brown and Robertson, 1994, 2003 and 

Robertson et al., 2013). In terms of the Hellenides classification into tectonostratigraphic terranes 

H1-H9 as proposed by Papanikolaou (2009, 2013) Paikon and Tzena terranes are considered to 

belong to H5 continental terrane, while both Almopia Subzone to the west and Paionia Subzone to 

the east are considered to belong to oceanic terranes (H4 and H6, respectively). 

It is clear that the structural evolution and geotectonic position of both Paikon and Tzena terranes 

have long been a matter of controversy between researchers, with several questions remaining 

unanswered. Which is the sense of ophiolite obduction and when did this obduction happen? How 

many ocean basins existed within the Axios zone? Do Paikon and Tzena terranes form a single 

tectonostratigraphic terrane or they are two discrete terranes with different geological history?  Are 

Paikon and Tzena terranes closely related to the Pelagonian Nappe (or even more to the External 

Hellenides), or they are of Serbomacedonian/Rhodope nappe stack origin? 

The main target of this work is to study the geological structure and the relation of Paikon and Tzena 

terranes, as well as to reconstruct the evolution of deformation from Jurassic till recent times. We 

carried out geological mapping and detailed structural investigations, as well as thorough study of 

geological contacts, combined with all available geochronological and stratigraphic data. Shear 

criteria such as S-C fabrics, shear bands, asymmetric boudins as well as σ- and δ- clasts, were used 

in order to study the geometry and the kinematics of deformation (Hanmer and Passchier, 1991 and 

Passchier and Trouw, 2005). 

2. Description of tectonostratigraphic units 

2.1. Paikon terrane 

Paikon terrane consists mainly of the units given below, described from the top to the bottom of the 

tectonostratigraphic column (Fig. 2, 3) (Mercier, 1968; Mavrides et al., 1982; Mercier and Vergely, 

1984; Godfriaux and Ricou, 1991; Bonneaux et al., 1994; Ferriere et al.,. 2001; Brown and 

Robertson, 2003 and Katrivanos et al., 2013). 

2.1.1. Ophiolites 

At the western margin of this terrane, the Almopia ophiolites rest along tectonic contacts on the 

Maestrichtian Tchouka flysch and in places directly on the Upper Cretaceous Theodoraki carbonates. 
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Serpentinites, dolerites and basic lavas form an ophiolitic sequence of Triassic - Jurassic age. At the 

eastern margin, the Guevgeli/Paionia Ophiolites rest tectonically on the Upper Jurassic to Lower 

Cretaceous Griva-Khromni carbonates. Near the contact, gabbros dominate, while progressively 

towards the east the upper levels of an ophiolitic sequence crop out, i.e. sheeted dike complex and 

pillow-lavas of Jurassic age. Into this series, the Fanos Granite intruded during the Late Jurassic, 160 

Ma (Soldatos et al., 1993 and Anders et al., 2005). In both Almopia and Paionia ophiolitic sequences, 

red, deep-sea sediments are deformed together with the ophiolitic rocks. 

2.1.2. Tchouka Flysch 

Sandstones alternating with siltstones, calcarenites and schists, form a typical flysch series, where 

carbonate olistoliths often appear. Tchouka Flysch was strongly deformed under brittle conditions 

and formed tectonic slices. Hence, the flysch rocks alternate tectonically with the underlying 

carbonate rocks. Tchouka Flysch is considered to be Maestrichtian in age. 

2.1.3. Theodoraki Carbonates 

It comprises mainly carbonate rocks deposited unconformably upon the lower units, beginning with 

the Cenomanian transgression. The series starts with dolomites, followed by neritic limestones and 

intercalations of limestones with sandstones and carbonate conglomerates. In the upper part, pelagic 

limestones dominate and the rocks show a deepening of the basin, until the deposition of Tchouka 

flysch. Their age is Late Cretaceous (Cenomanian to Maestrichtian). 

2.1.4. Grammos Metaflysch 

Metasandstones alternates with metapelites, metaconglomerates and a few limestones. The red 

sandstone bed intercalated with clastic material of volcanic origin characterizes the series. Grammos 

Metaflysch is considered of Early Cretaceous age (post-Kimmeridgian and pre-Albian). 

2.1.5. Griva-Khromni Carbonates 

It consists mainly of recrystallized carbonate rocks, dolomitic in places, intercalated with phyllites 

and calcareous, as well as sericite schists. Grey marbles dominate in the lower levels of this series. 

This unit is considered to be of Late Jurassic to Early Cretaceous age. 

2.1.6. Kastaneri-Khromni Volcanosedimentary (VS) Series 

It consists mainly of acidic volcanic rocks (fine grained tuffs, ignimbrites, sericite and quartz porphyry 

and metarhyolites), intercalated with clastic sediments (metaarkoses, metaconglomerates, pyroclastic 

sandstones) and with lenses/horizons or olistolithes of recrystallized limestones. In the western part of 

Paikon Mt., this volcano-sedimentary series contains both volcanic rocks of acidic to intermediate 

composition (keratophyres), and of basic composition (spilites and diabases). The age of this series is 

considered to be Middle to Late Jurassic. 

2.1.7. Gkola Tchouka-Gropi Carbonates 

This unit is formed mainly of white to grey calcitic and dolomitic marbles and calc schists. The 

carbonate rocks are strongly mylonitized, especially near the contact with the tectonically overlying 

volcano-sedimentary formation of Kastaneri-Khromni. The mineral paragenesis comprises calcite, 

quartz, white mica, sericite and chlorite. White mica is sericitized and calcite dynamically 

recrystallized. The age of this series should be Late Jurassic to Early Cretaceous. 
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Figure 1- Geological map of Paikon and Tzena terranes (modified from Federal Geological 

Institute of Serj, 1970; Mavrides et al., 1982; Mercier and Vergely, 1984; Godfriaux and 

Ricou, 1991; Brown and Robertson, 2003; Galeos et al., 2003; Katrivanos et al., 2001, 2013). 

(Co-ordinates system: Greek metric grid). Inset: Geological units of Hellenides with the 

position of the study area (square). 
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2.1.8. Livadia VS Series 

This volcano-sedimentary series of Middle to Upper Jurassic age consists of chlorite-sericite schists, 

recrystallized limestones, quartz schists, and calcareous schists, intercalated with volcanic rocks: 

tuffs, metarhyolites, sericitised porphyry and metabasic rocks. Baroz et al. (1987) describe also for 

the Livadia Formation medium- to high-Si phengite. 

2.1.9. Gandatch Unit 

It is composed of intercalations of calcareous, chlorite, sericite and epidotic phyllites and schists 

with white or dark marbles and finely laminated marbles (Fig. 2, 3). White or grey, mostly thick-

bedded marbles and locally dolomitic marbles exhumed as the deepest rocks in the core of the 

Gandatch Unit. The Gandatch Unit is not directly dated, as no determinable fossils have been found 

because of strong recrystallization. It is considered as Triassic to Early-Middle Jurassic age. Medium 

to high-Si phengite, chlorite and Na-amphibole were recognized by Baroz et al. (1987) in schists of 

the formation. 

 

Figure 2 – Schematic geological cross - section, illustrating the geometry of deformation and 

the geological structure of Paikon and Tzena terranes. 

2.2. Tzena terrane 

Tzena terrane comprised mainly from the units given below (Quaternary volcanics, i.e. andesitic 

lavas and tuffs, are not described here but shown only on the map), described from the top to the 

bottom of the tectonostratigraphic column (Fig. 2, 3) (Mercier, 1968; Migiros and Galeos, 1990; 

Katrivanos et al., 2001 and Galeos et al., 2003). 

2.2.1. Ophiolites 

West of Pinovon Mt., Garefi ophiolites form a tectonic pile of ultrabasic thrust sheets, consisting of 

serpentinized dunites and hartzburgite tectonites. Diabase veins occur only locally. The age of this 

unit is considered to be as Jurassic. We consider this ophiolitic sequence as similar to Almopia 

ophiolites in Paikon column. 

2.2.2. Pinovon Flysch 

Pinovon nappe consists mainly of transgressive limestones that carry over a flysch series. Phyllites and 

sandstones intercalations, together with schists and siltstones constitute this typical flysch of 

Maestrichtian age. This flysch is analogous to Tchouka Flysch in Paikon tectonostratigraphic column. 

2.2.3. Pinovon Carbonates 

The transgressive limestones of Pinovon nappe consist mainly of alternations of dolomites and 

limestones. White crystalline neritic limestones become dark grey pelagic limestones to the upper 

levels of this series, which is analogous to Theodoraki carbonates in Paikon column and considered 

to be of Late Cretaceous age. 
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2.2.4. Fidopetra Metaflysch 

This series is located to the west of Pinovon Mountain, below Pinovon syncline nappe and consists 

mainly of calcareous phyllites and metasandstones, with intercalations of limestones, conglomerates, 

shales and schists. It is analogous to Upper Albian Grammos Metaflysch in Paikon column. 

2.2.5. Pinovon VS Series 

It is a sequence of mainly volcanic rocks, such as spilites, metaandesites and keratophyres, together 

with a few pyroclastic and carbonate rocks. This unit is analogous to Kastaneri-Khromni VS series 

in Paikon column and its age is Upper Jurassic. 

 

Figure 3 – 3-D tectonostratigraphic blocks of Paikon and Tzena terranes (symbols and colors 

as in Fig. 1, 2). 

2.2.6. Aetochorion Carbonates 

It consists of crystalline limestones and cipolins, alternated with chloritic schists and phyllites. This 

series is analogous to the other Upper Jurassic-Lower Cretaceous carbonate rocks in Paikon column. 

2.2.7. Porta VS Series 

Acid mylonitised metarhyolites alternates with basic porphyroids and prasinites, with few marbles, 

greenschists and quartzites that complete the series. Black-coloured chloritic-calcitic schists and 

phyllites are developed as a thin layer in the base of Porta VS Series. The whole is metamorphosed 

in greenschist facies, while the age of this unit is Middle to Upper Jurassic. Porta VS Series is 

analogous to Livadia VS Series of Paikon tectonostratigraphic column. 

2.2.8. Tzena Marbles 

It consists of white, thick-bedded marbles, intercalated with calc schists and cipolinic marbles. This 

unit is analogous to Gandatch Unit of Paikon column, considered to be as Triassic age. 
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2.2.9. Tzena Gneisses 

A composite unit consisted of albitic and chloritic gneisses, cipolines, amphibolites and piemontitic 

schists. The age of this unit is considered to be as Paleozoic - Lower Triassic. This unit is not exposed 

to Paikon terrane, which forms the hangingwall part of Aridea fault, supposed to be buried beneath 

Gandatch unit. 

3. Deformation History 

Both Paikon as well as Tzena tectonostratigraphic terranes that described above have undergone the 

same polyphase deformation and metamorphism (D1-D6), from Mid-Jurassic to recent times. 

Shortening alternated with extension and the deformation conditions evolved from ductile to brittle. 

Compressional events are related to nappe stacking, terrane accretion and crustal thickening, while 

extensional ones are related to orogenic collapse, terrane dispersion, isostatic rebound, unroofing 

and crustal thinning (Kilias et al., 2010 and Katrivanos et al., 2013). 

3.1. D1 event 

The structures of the first deformational event (D1) are penetrative and affect clearly the lower units 

of Triassic age, as well as the Mid- to Late Jurassic volcano-sedimentary series. 

A penetrative synmetamorphic foliation (S1) is parallel to the axial planes of well-preserved isoclinal 

folds (F1) that deform a pre-existing S0 foliation. Usually, fold axes are parallel to sub-parallel to an 

E-W to NE-SW trending, mineral stretching lineation (L1). No clear kinematic indicators have been 

preserved due to the strong overprinting by subsequent tectonics. Elongated grains and aggregates 

of quartz, white mica, chlorite and rarely aktinolite or biotite mainly define the mineral stretching 

lineation (L1). According to syn-D1 mineral assemblages, metamorphic conditions did not exceed 

the greenschist facies (Μ1). Baroz et al. (1987) suggest that metamorphic conditions range from the 

lawsonite-chlorite-albite-facies through transitional Na-amphibole-greenschist facies to the chlorite 

sub-zone of the greenschist facies. 

In this study, we assume that D1 is of Late Jurassic age and responsible for the strong 

synmetamorphic deformation and internal imbrication of the Triassic basement units and the Mid-

Late Jurassic volcano-sedimentary series (Fig. 2, 3). 

A high pressure metamorphism (HP-LT) of Mid- to Late Jurassic age is also suspected by Baroz et 

al. (1987), related to a subduction zone, i.e. a subduction during the closure of the Axios Ocean 

(=Neotethys) and the Late Jurassic plate convergence, or to a tectonic overpressure caused by 

thrusting. In any case, this HP-LT metamorphism (M0) predates M1 metamorphism, because the 

syn–S1 mineral assemblages are always related to greenschist facies metamorphic conditions and 

the HP/LT minerals occur only as remnants. Parts of the lower Paikon units (Gandatch and volcano-

sedimentary units) were detached and buried in a depth of at least 20km beneath an emplacing part 

of oceanic lithosphere in response to continental margin-trench collision and collision of the Paikon 

continental margin with the oceanic lithosphere of the Axios Ocean. Most et al. (2001) and Kilias 

et al. (2010) in the eastern margin of the Pelagonian nappe described similar geotectonic conditions. 

During D1 the HP/LT metamorphic rocks, came back to shallower crustal levels and were strongly 

deformed and imbricated. Unroofing of the metamorphic rocks formed during D1 took place prior 

to or during the early stages of the accumulation of the overlying Late Jurassic-Early Cretaceous 

shallow water sediments. 

3.2. D2 event 

D1 structures are strongly overprinted by a later, deformational event D2, recognized in the Triassic 

units, the volcano-sedimentary series and the Late Jurassic - Early Cretaceous sedimentary units. 

Asymmetric, recumbent to overturned, tight to isoclinal folds (F2) refold both the S1 foliation, as 

well as the isoclinal F1 folds. A new foliation S2 is parallel to F2 axial planes. F1 and F2 folds axes 
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are mostly parallel, although in some places a scattering of F2 folds from NW-SE to NE-SW is 

observed. S1 is usually rotated into parallelism with the S2 foliation, so that in some places only one 

foliation is recognized. D2 is associated with an E-W to NE-SW (210o - 260o) trending mineral 

stretching lineation (L2), defined mainly by M2 sericite and chlorite, as well as quartz aggregates. L2 

is developed parallel to F2 fold axes. The sense of shear during (D2) is top-to-the-WSW. Opposite 

sense of movement is observed in some cases, showing the existence of an important coaxial 

component of deformation during D2. 

Metamorphic conditions lie in the lower greenschist facies (Μ2). Replacement of biotite by chlorite 

and of green amphibole by actinolite, as well as fine grained sericitisation of white mica, taken place 

during Μ2. 

During D2 in the Early Cretaceous, W- to SW-vergent imbrication and folding took place again, now 

affecting the Upper Jurassic - Lower Cretaceous sedimentary series, the Jurassic volcano-sedimentary 

series, the Triassic ones, as well as the ophiolitic bodies. The ophiolites continued to advance westwards 

during that time, overthrusting the Upper Jurassic-Lower Cretaceous sediments (Fig. 2, 3). 

3.3. D3 event 

Structures of D3 event are discrete, narrow mylonitic shear zones related to a mylonitic foliation (S3) 

and a SW-NE to SSW-NNE trending mineral stretching lineation (L3). The main sense of shear is 

top to the SW to SSW (200o-210o). Rarely, kinematic indicators reveal the opposite sense towards 

NE. D3 structures show a relatively constant geometry and affect the penetrative D1 and D2 structures. 

Dynamic recrystallization of quartz, as well as sericitisation of white mica takes place along the D3 

shear zones, which show mostly a down-dip sense of movement, possibly indicating an extensional 

tectonic regime during D3. 

D3 event must be Late Cretaceous (Early Cenomanian) because it overprints clearly D2 structures 

but does not affect the trangressive Upper Cretaceous carbonate sediments and flysch. Sharp and 

Robertson (1993) and Kilias et al. (2010) also describe a possible extensional event of Late 

Cretaceous age (Cenomanian-Turonian), related to basin subsidence and crustal unroofing, 

analogous to D3 event. 

Upper Cretaceous extension (D3 event) and exhumation of deeper crustal rocks is associated with 

basin subsidence and deposition of the Upper Cretaceous limestones and flysch (Cenomanian to 

Maastrichtian), outcropping on the western flanks of Paikon and Pinovon mountains (Fig. 2, 3). 

3.4. D4 event 

Structures of D4 event are open to tight kink folds (F4) associated with reverse faults, affecting all 

units, including the transgressive Upper Cretaceous limestones and flysch, as well as the ophiolites. 

D4 contractional structures show a general vergence towards SW.  An S4 crenulation cleavage 

parallel to axial planes of D4 folds without visible recrystallization is usually developed. 

Thus, D4 structures form a well developed, NW-SE trending fold and thrust belt, active from Paleocene 

to Eocene and resulting in renewed SW-directed imbrication of all units. In the western Paikon, 

Almopias ophiolites overthrust the Theodoraki Carbonate Formation and Tchouka flysch, along a 

NEward D4 back-thrust (Fig. 1, 3; Mercier and Vergely, 2001; Brown and Robertson, 2003). 

3.5. D5 event 

D5 structures are large, low-angle, dip-slip to oblique normal faults, considered of Oligocene - 

Miocene age (Fig. 1, 2). They are brittle structures, mainly NW-SE striking, with a main sense of 

movement towards SW in the western and towards NE in the eastern flanks of Paikon and Tzena 

terranes. They clearly overprint all previously described structures including the Paleocene-Eocene 

fold and thrust belt. Some of the tectonic contacts in the eastern Paikon Massif are reworked by the 

extensional D5 low angle faults, juxtaposing structurally higher against lower formations, through 
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omission of several intermediate formations (e.g. Griva-Khromni limestones are tectonically 

overlying directly the Gandatch unit). 

The final exhumation of Paikon and Tzena tectonostratigraphic units, as well as crustal thinning 

occurred during the Oligocene-Miocene extensional event D5 under brittle conditions. 

Simultaneously, unroofing and exhumation of the External Hellenides units, took place under ductile 

conditions at deeper structural levels of the Hellenic orogen (Kilias, 1995). 

3.6. D6 event 

Transtension tectonics characterizes the D6 event.  During Miocene-Pliocene, faulting overprinted 

all previously described structures. D6 structures include high-angle normal, dip-slip to oblique 

faults, as well as strike-slip faults. A very important D6 fault is the ENE-WSW striking and SSE-

dipping Aridea fault zone, which is considered to be originally a dextral strike-slip fault, reactivated 

during the Pliocene-Quaternary until recent as a normal dip-slip fault (Pavlides et al., 1990). In the 

study area, this fault separates Tzena from Paikon terrane, due to differential uplift and tilting of the 

footwall Tzena terrane (Katrivanos et al., 2001), forming the Neogene to Quaternary Notia-Periklia 

depression and leading to terrane dispersion (Fig. 1, 2). The omission of Paleozoic basement in the 

Paikon terrane, described above for the Tzena terrane, can be ascribed to this D6 normal fault. 

4. Discussion and Conclusion 

Paikon and Tzena terranes constitute a complex tectonic nappe pile with several tectonostratigraphic 

units, including the obducted Neotethyan ophiolites, far-traveled westwards from their initial place 

(Fig. 3). According to their tectonostratigraphy and structural evolution, as presented here in detail, 

we suggest that Paikon and Tzena terranes form two identical tectonostratigraphic terranes, on the 

contrary to other previous approaches (Godfriaux and Ricou, 1991 and Ricou and Godfriaux, 1991, 

1995). 

Nappe stacking and deformation started during the Mid- to Upper Jurassic. The primary 

emplacement of ophiolites on the Triassic marbles was possibly associated with the overthrusting 

of the volcanoclastic series. Brown and Robertson (2003) assumed Jurassic, northeastward 

subduction that created an island arc within the Paikon Massif, coupled with back-arc rifting, 

generating the Guevgeli Ophiolites and related units behind the Paikon arc. They also propose that 

overthrusting of the Paionias Ophiolites on the Paikon Massif took place firstly during the Late 

Cretaceous to Early Tertiary. 

Nevertheless, in both Paikon and Tzena terranes, feeds dykes of the overlying volcanic formations are 

not found inside the lower units. Therefore, we suggest that these volcanic rocks of calc-alcaline 

composition formed somewhere else, during an initial Jurassic intra-oceanic subduction in the 

Neotethys Ocean, as also assumed by Michard et al. (1998), Katrivanos et al. (2013) and Michail et al. 

(2014). Furthermore, Jurassic magmatic series (Chortiatis series; Mussalam, 1991) including reefal 

limestones of Late Jurassic age (Kimmeridgian-Tithonian) and clastic deposits with spilite, 

keratophyre, andesite and granodiorite elements (Mussalam, 1991 and Michard et al., 1998), exposed 

along the western margin of the Serbomacedonian massif, can be correlated in lithology and age with 

the Paikon volcano-sedimentary formations. This Chortiatis magmatic series and the volcanoclastic 

series along the western Serbo-Macedonian margin was interpreted by Michard et al. (1998) as having 

developed in an intra-oceanic island arc setting related to an intra-oceanic subduction predating the 

obduction of the Axios (=Neotethyan) ophiolites. Such a tectonic setting and place may be assumed 

also for the Paikon and Tzena volcano-sedimentary units, prior their westwards emplacement onto the 

Triassic units, owing to the arc-continent collision. 

Therefore, we suggest that ophiolites obduction upon the continental series of Paikon and Tzena 

terranes took place simultaneously with the ophiolite tectonic emplacement towards west upon the 

Triassic marbles of the eastern Pelagonian margin, described by several researches (Vergely, 1984; 

Brown and Robertson, 2003, 2004; Kilias et al., 2010 and Katrivanos et al., 2013). 
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Finally, the nappe pile evolved into a multiple tectonic window, where the lower units emerged 

under the Jurassic volcano-sedimentary series and the Upper Jurassic-Lower Cretaceous carbonate 

series and these again under the duplicated, ophiolitic nappe (Fig. 3). The tectonic window formed 

due to successive compressional and extensional events from Jurassic to Tertiary time. The final 

configuration of the tectonic window resulted from the Oligocene-Miocene extension (D5). 

Considering that Paikon and Tzena terranes are identical, the lower units of both terranes, as it is 

assumed for the Paikon lower units by Katrivanos et al. (2013), are possibly of Pelagonian origin 

(i.e. the eastward prolongation of H3 terrane, according to Hellenides terrane classification given by 

Papanikolaou, 2009, 2013). 

Godfriaux and Ricou (1991), Ricou and Godfriaux (1991, 1995) proposed also an overall westward 

overthrusting of Paikon units but of Tertiary age. In their approach, the Paikon Massif is considered 

as a multiple tectonic window of Tertiary age beneath the thrusted slices of the Axios Zone ophiolites 

and the Pelagonian Nappe of metamorphic rocks. Additionally, Tzena Massif is considered as a 

Tertiary metamorphic nappe with an origin from the east (Rhodopic hinterland), that was placed 

tectonically upon both the ophiolites and the Paikon units. The lower unit of the Paikon Massif is 

correlated with the carbonate unit of Olympos-Ossa, while the overthrusted volcanic rocks with the 

Ambelakia HP/LT unit. However, we do not share this view, because those two windows show a 

different structural evolution and tectonic position. The Olympos-Ossa window represents a deeper 

tectonic unit of Hellenides belonging to the External Hellenides below the Pelagonian nappe pile, 

exhumed first during the Tertiary. 

In conclusion, we suggest:  

 Both Paikon and Tzena tectonostratigraphic terranes were affected by six main Alpine 

deformational events. They started in Mid-Late Jurassic time with an intra-oceanic 

subduction in the Axios Ocean (=Neotethys) and continued progressively until today. 

Shortening alternated with extension and the deformation conditions evolved from ductile to 

brittle. Compressional events are related to ophiolite obduction, nappe stacking, terrane 

accretion and crustal thickening, while extensional ones are related to orogenic collapse, 

unroofing, terrane dispersion and crustal thinning. 

 Paikon and Tzena terranes are tectonostratigraphically identical and each one of them is a 

composite terrane that formed by terrane accretion, i.e. a complicated tectonic nappe pile, 

including obducted ophiolites rooted in the Axios zone (=Neotethys), far-travelled westward 

from their initial place. 

 The core of both terranes, i.e. gneisses and marbles, may be of Pelagonian origin, exhumed 

as a multiple tectonic window under the overthrusted nappe pile. 

 The two composite terranes are separated during D6 event, along Arideas fault, which is 

responsible for terrane dispersion and related to Neogene-Quaternary basin formation. 
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Abstract 

The transient electromagnetic method (TEM) has gained increasing popularity over 

the last years especially in hydrogeophysical and geotectonic applications. TEM-Fast 

48HPC was used for collecting the sounding data during summer 2015. The main 

purpose of this work was the definition of the geotectonic characteristics at the 

Southern area of the city of Chania by means of TEM-Fast sounding survey which 

was carried out in the summer of 2015. Detailed geological survey was applied prior 

the geophysical measurements and all the available borehole logs were collected. All 

data were integrated to provide a reliable geotectonic model of the area under 

investigation. Joint faults systems were detected which are in agreement with previous 

geophysical and tectonic studies in the area. This work shows clearly the applicability 

and efficiency of the TEM in studying complex geotectonic environment. 

Keywords: TEM, Tectonic, 1D TEM Modeling. 

Περίληψη 

Η μέθοδος παροδικών ηλεκτρομαγνητικών κυμάτων (ΤΕΜ), εφαρμόζεται ευρέως τα 

τελευταία χρόνια, με ιδιαίτερη έμφαση στις υδρογεωφυσικές και γεωτεκτονικές 

εφαρμογές. Το σύστημα ΤΕΜ-Fast 48HPC χρησιμοποιήθηκε για τη συλλογή των 

δεδομένων κατά την καλοκαιρινή περίοδο του 2015. Ο κύριος σκοπός αυτής της 

εργασίας ήταν ο προσδιορισμός των γεωτεκτονικών χαρακτηριστικών της περιοχής 

μελέτης. Πριν τις γεωφυσικές μετρήσεις διενεργήθηκε λεπτομερής γεωλογική έρευνα και 

συλλέχθηκαν όλα τα διαθέσιμα στοιχεία. Όλα τα δεδομένα ενοποιήθηκαν ώστε να 

προκύψει ένα αξιόπιστο γεωτεκτονικό μοντέλο της υπό έρευνα περιοχής. Το 

προτεινόμενο σύστημα ρηγμάτων επιβεβαιώνει και συμπληρώνει ανεξάρτητες 

γεωφυσικές μελέτες για την τεκτονική της περιοχής. Η παρούσα εργασία αποδεικνύει 

την εφαρμοσιμότητα και αποτελεσματικότητα της προτεινόμενης μεθοδολογίας για την 

αναγνώριση γεωτεκτονικών δομών σε σύνθετες γεωλογικά περιοχές έρευνας. 

Λέξεις κλειδιά: Μέθοδος Παροδικών Ηλεκτρομαγνητικών Κυμάτων, Τεκτονική, 

Μονοδιάστατη αντιστροφή ηλεκτρομαγνητικών δεδομένων. 
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1. Introduction 

The geophysical techniques offer a suitable method for depicting the tectonic and other subsurface 

characteristics of an area under investigation. Among all geophysical techniques (Gravity, GPR, 

Magnetics, Resistivity, Seismic refraction, etc.) electromagnetic methods are undoubtedly one of 

the leading ones in the exploration and management of sedimentary environments (Barsukov et al., 

2007). TEM method has been used worldwide for many environmental surveys (including 

geotectonic studies) since several theoretical studies on the applicability of the method for 

environmental investigation were undertaken. The transient electromagnetic (TEM) method is a fast 

and cost effective method for exploring the subsurface. This paper describes a recent evaluation 

study of the applicability of the TEM method by using single loop 50x50m (coincident loop) for 

shallow-depth geological mapping for depicting the tectonic regime of the southern part of the urban 

area of Chania (Figure 1) in Crete Island (Southern Greece). 

 

Figure 1 - The study area (black filled rectangle) and the locations where the TEM soundings 

were collected are presented (black rectangle in the southern part of Chania city). 

2. Geological and Tectonic Settings of the Study Area 

The study area situated at the southern part of the Chania urban area and about 3.5 Km far from the

 city center. Based on Mountrakis et al. (2012), the broader area of Chania city (including the south

ern suburbs) is characterized by the presence of an extended E-W fault zone and many sub-parallel

 to the north faults, forming the tectonic grabben of Myloniana - Mournies - Souda’s Gulf. Many ot

her faults with a general NW -SE direction were determined by other geological and geophysical m
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ethods (Papadopoulos, 2013; Koutsoupakis et al., 2013). The broader Chania study area consists of

 (Figure 2): 

 Limestones with marls and sandstone intercalation found at the mountainous area to the 

South and North-East (at the Aktoriri area) of the study area. 

 Miocene to Pliocene marls with sandstone and locally breccias and conglomerates covering 

the urban area of Chania city. 

 The basin of Chania (South of the urban area and North of the bedrock formations) covered 

with Quaternary alluvial deposits and only assumptions regarding the tectonic features into 

the basin can be adopted. 

 

Figure 2 - The geological map of the broader Chania city area is shown. The study area is 

depicted by the red dashed rectangle and the white questions marks shown the locations of 

the invisible tectonic lines as it covered by the alluvial deposits. 

3. Geophysical Surveys at the broader study area 

Sarris et al. (2005) determined the morphometric units in the Crete Island and possible tectonic fea

tures from the geological map as well as from the defined units were depicted. To test the validity 

of the aforementioned assumption, VLF measurements along a profile at the southern part of Chani

a basin were contacted. Three fracture zones were depicted which were in agreement with the resul

ted morphometric features and the geological maps. Recently, Papadopoulos (2013) collected seve

ral geophysical data sets by applying three different geophysical methods (Figure 3). The data from

 ten (10) circular seismic arrays were acquired to provide the Vs structure till the maximum depth o

f 300 meters. The main purpose was to define the depth to the bedrock, or the thickness of the marl

s in the urban area of Chania. Two hundred (200) HVSR (single station Horizontal to Vertical Spec

tral Ratio) measurements were collected and processed to obtain the spatial distribution of soil amp

lification, its resonant frequency and their correlation with the geology of the study area. Based on 
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HVSR frequency peaks and soil classification (Papadopoulos et al., 2016), a N-S fracture zone is e

xpected close to the area in which an ERT (yellow arrow in Figure 3) survey was conducted in 201

1 to clarify the existence or not of the fracture zone. None of the aforementioned methods was able

 to provide reliable information about the location of the fracture zone along the basin from South 

(as defined from VLF survey) to the North. In order to find the fault trace at the urban area of Chan

ia, twenty-four (24) regularly spaced ReMI seismic measurements were acquired (Koutsoupakis et 

al., 2013) to determine the spatial and in depth distribution of Vs in the study area. The resulted mo

dels were in good agreement with the geology and tectonic regime (the assumed N-S fracture zone)

 of the study area. 

 

Figure 3 - A geological map with all the till now collected geophysical measurements in the b

roader study area is presented. Several (6) geophysical methods have been applied since now 

to determine the complex tectonic regime of the broader study area. 
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There is incomplete information on the location of the fracture zones in the Chania basin. For that r

eason, an extended geophysical survey took place in Chania basin during July 2015. Moreover, thir

ty-eight (38) TEM soundings by using the TEM Fast 48HPC (REF) were collected along two W-E 

profiles as it is shown in Figure (3). Only the TEM results are going to be presented and commente

d in comparison with the other available geophysical models as mentioned above. 

4. Geophysical Method Used 

The TEM method has been used in tectonic, engineering but also at difficult environmental problems 

over the last decade. A detailed description of the method is given by Barsukov et al. (2007) and it 

belongs to the category of controlled source EM methods. The TEM method makes use of a direct 

current transmitted into a square (Tx) loop lying on the ground creating a primary, stationary 

magnetic field. The direct current is switched off which induces an eddy current system in the ground. 

The current will decay and further induce a secondary magnetic field that is measured in the receiver 

(Rx) coil. Since the secondary response is measured in the absence of primary field, the sensitivity 

to errors of Tx/Rx geometry is demising. The TEM method prevail high resolution on revealing 

conductive layers at depth, whereas the resolution of resistive layers is limited. 

4.1. Data Acquisition 

The TEM surveys were carried out by using a single square loop (used as transmitter and receiver) 

configuration with dimensions 50mx50m or 25x25m, allowing an interpretation of the data in term

s of the subsurface resistivity structure down to a depth of a maximum of 100-120m (depending on

 the subsurface resistivity). The system was set to transmit current up to 4 Amp with 32 active time

 gates from 4 μs to 1024 μs and the stacking time was approximately 3 minutes. In order to define 

and avoid aliasing effects (high frequency - HF noise) the measurements were repeated several tim

es at each sounding location. A high accuracy GPS was used for the accurate (less than 1m) positio

ning of the TEM soundings. The survey was conducted along profiles adopting an average distance

 between the sounding of about 200m. The preferred directions were W-E based on the expected te

ctonic and geological characteristics of the study area (Figure 3). 

In total, 114 soundings were measured in 38 locations (Figure 3), over a period of one week (July 2

015). Several soundings were taken at each location in order to accomplish the highest signal to no

ise ratio. The average root mean square (rms) error of all the final soundings was less than 4%. 

4.2. 1D TEM Modeling 

The TEM-RES software package was used for processing the raw data solving the inverse problem 

in time domain electromagnetic soundings. The receiver’s transient voltages of each sounding are 

transformed into apparent resistivity to aid in the qualitative interpretation and inversion. The 

interpretation from Apparent Resistivity variation to 1D profile is achieved by the use of inversion. 

Initially, for each sounding (Figure 4A), the best apparent resistivity versus (vs) time curve is 

selected in order to produce an inverted 1D, horizontal layered model. Processing of the raw TEM 

data yields a vertical profile of geological formation’s as of apparent resistivity vs depth. 

Specifically, initially regularization (smoothing and damping) parameters were applied to raw data 

in order to remove bad quality, noisy data (Figure 4B). After that, the filtered data are carried out by 

either the transformation (details can be find into the manual of TEM Research software), or by 

solving the inverse problem (in this case a piecewise-homogeneous section is calculated) in a class 

of layered media. Although both approaches have their own inherent significance and can be used 

independently, in the current study a joint form of these two approaches is used: initially the 

transformation results are calculated and then, these results used to construct the initial model for 

the inversion process (Figure 4C). Under this approach, the initial model for the inversion process 

is defined with respect to the study area characteristics. After all, the final inverted resistivity model 
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is presented (Figure 4D) as a smooth curve (from transformation) and a piecewise-uniform (from 

inversion) diagram. 

4.3. 2D TEM Imaging 

The results from inverted 1D soundings are usually presented as the final interpretation. Generally 

speaking, the 1D modeling is inadequate to reconstruct and describe the subsurface, especially whe

n a complex (due to tectonic) subsurface structure is expected. Thus, 2D imaging is required due to

 its ability to construct pseudosections. In the forthcoming geoelectrical sections, red colors represe

nt high resistivity formations (e.g. alluvial sediments), green and yellow colors demonstrate the me

dium to low resistivity formations (unsaturated and saturated marls and sandstones), while the blue

 colors depict the low resistivity values (e.g. fresh or saline water depending the resistivity). The pr

ocessing of one dimensional model produces a 2D image that allows the user to get more detailed i

nformation of the study area. The results for both (North and South) sections (as depicted in Figure

 3, red squares) are presented in Figure (5). Moreover, both TEM pseudo sections were correlated 

with the available geological, hydrogeological and borehole logs information of the investigated ar

ea, in order to have the optimal reconstructed model for the study area. 

 

Figure 4 - A) Raw data for TEM sounding. Outlier points detected and marked grey in order 

the user to be able to easily reject them, if needed. On the horizontal axis the time (μs) is 

depicted and on the vertical axis the apparent resistivity (Ohm-m) is shown. B) The sounding 

after smoothing. The new orange solid lines represent the apparent resistivity from 

asymptotic formula (ρa(t) - medium line) and from transient formula (ρf(t) - bottom line), C) 

Final resistivity vs time response of the resulted 1D model produced by the inversion and D) 

1D representation of the inversion model. The transformation and inversion are presented in 

a smooth curve and the piecewise-uniform diagram respectively. 
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In total, eight borehole logs were used for the verification of the resulted geophysical model and th

ree fracture zones were defined as a lateral resistivity discontinuity of the final reconstructed pseud

o-2D models, as shown in Figure 5. The geophysical pseudo resistivity sections were in good agree

ment with the information acquired from borehole logs. In the geophysical sections (Figure 5, Nort

h and South profile), four main categories of rocks dominated: a) quaternary deposits composed of 

unsaturated sand and gravels (unit A) with an average thickness of about 35-45 meters and resistivi

ty varying between 80-300 Ohm.m, b) neogene sediments composed of marls with some sand and 

conglomerates (unit B) with resistivities of 10-50 Ohm.m, c) marls (unit C) corresponding to the lo

west resistivity values (less than 1 Ohm.m) and d) marly limestone (unit D) with resistivities aroun

d 300 Ohm.m. From the tectonic point of view, two fracture zones were detected (as lateral resistiv

ity discontinuity), into the North and South geoelectrical sections. These tectonic findings can be c

onsidered as concealed faults and partly verified by the most updated geological maps and the deta

iled digital elevation model (DEM) of the study area. 

 

Figure 5 - Pseudo-2D modeling of TEM data is presented for the North and South Profiles 

across the Chania basin. The detected fracture zones and the possible tectonic features (using 

question mark, ?) are also depicted. Eight borehole logs are also presented. 

5. Discussion 

Sarris et al. (2005) detected three fault zones (blue ellipses in Figure 6) at the southern part (foot hill 

of the mountainous area of Chania) of the Chania/Souda basin by using the VLF geophysical method. 

Papadopoulos (2013), has applied deep electrical resistivity tomography (ERT) (till the depth of 120 

meters) and one fracture zone (green ellipse in Figure 6) in the middle of the ERT profile was defined. 

In the framework of this work, three fracture zones were depicted (red ellipses in Figure 6). The first 

two (marked with F) fracture zones are well correlated with the defined by previous geophysical 

studies tectonic features. The third tectonic feature (marked with a question mark, ? at the eastern 

part of the basin) can be assumed as a new fault which can be correlated with the appearance of the 

limestone in the area that depict a possible N-S direction fault. 
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6. Conclusion 

The contribution of the presented geophysical research is that it provides preliminary knowledge of 

the current tectonic regime of Chania/Souda basin by applying modern geophysical methods. The 

use of surface geophysics as one of the primary tools for a large-scale tectonic investigation, 

especially as a rapid and cost effective set of methods that can determine a complex tectonic system 

is shown. 

Specifically, results from TEM measurements were evaluated and calibrated using borehole data at 

numerous locations. Then, by means of 2D pseudosections, formations and new faults were 

evaluated and identified. A detailed knowledge of the geological and tectonic characteristics of a 

study area can be used for any future seismotectonic and earthquake vulnerability study of the area 

under investigation. 

 

Figure 6 - Integrated interpretation of different geophysical measurements/methods (ERT, 

VLF and TEM) is presented. Colored ellipses represented the location and direction of the 

detected (by the geophysical method) fracture zones. 
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Abstract 

Most basins of Greece were filled with thick Neogene-Quaternary continental 

deposits, which include a large number of mammal fossiliferous sites. The 

investigations of the last 40 years in the various basins of Greece led to the discovery 

of many new fossiliferous sites. The extensive, long time and continuous excavations 

in the new fossiliferous sites as well as in the previously known ones - like the classical 

localities of Axios Valley, Pikermi and Samos Island - provided numerous fossils 

enriching remarkably the Greek fossil mammal record. The systematic study of these 

collections provided numerous data for their biochronology. Further 

magnetostratigraphic, radiometric or other methods of absolute chronology provided 

additional chronological data for the mammal faunas and the corresponding deposits. 

The correlation of all these data allowed the biostratigraphic classification of the 

continental Neogene-Quaternary deposits of Greece which is given in the 

biostratigraphic tables of the present article. From these tables it is clear that for 

some time-intervals (Late Miocene, Early Pleistocene) the data are abundant 

allowing a detailed biostratigraphy, but for some others (Early- Middle Miocene, 

Pliocene, and for some time-spans of Early Pleistocene) the data are limited or 

missing and cannot allow an accurate and complete biostratigraphy. 

Keywords: Miocene-Pleistocene, mammal biostratigraphy, terrestrial deposits. 

Περίληψη 

Οι περισσότερες λεκάνες του ελλαδικού χώρου έχουν πληρωθεί από μεγάλου πάχους 

Νεογενείς-Τεταρτογενείς χερσαίες αποθέσεις, που περικλείουν μεγάλο αριθμό 

απολιθωματοφόρων θέσεων θηλαστικών. Οι έρευνες των τελευταίων 40 χρόνων 

οδήγησαν στην εύρεση πολλών νέων απολιθωματοφόρων θέσεων. Οι εκτεταμένες, 

πολύχρονες και συνεχιζόμενες ανασκαφές στις νέες αυτές θέσεις καθώς και σε 

παλαιότερες, όπως οι κλασσικές θέσεις της κοιλάδας του Αξιού ποταμού, του Πικερμίου 

και της Σάμου, έφεραν στο φως μεγάλο αριθμό απολιθωμάτων και εμπλούτισαν 

σημαντικά το ελληνικό αρχείο απολιθωμένων θηλαστικών. Η συστηματική μελέτη του 

αρχείου αυτού έδωσε πολλά και σημαντικά στοιχεία για τη βιοχρονολόγηση των θέσεων 

αυτών. Επιπλέον έρευνες, κυρίως μαγνητοστρωματογραφικές, αλλά και 

ραδιοχρονολογήσεις ή άλλες μέθοδοι απόλυτης χρονολόγησης προσέφεραν πρόσθετα 

δεδομένα σχετικά με την ηλικία των θέσεων αυτών. Η συσχέτιση όλων αυτών των 

δεδομένων επέτρεψε την βιοστρωματογραφική ταξινόμηση των χερσαίων αποθέσεων 

του Νεογενούς-Τεταρτογενούς της Ελλάδος που δίνεται στους βιοστρωματογραφικούς 

πίνακες της παρούσας εργασίας. Από τους πίνακες αυτούς γίνεται φανερό ότι για 

ορισμένα χρονικά διαστήματα (Αν. Μειόκαινο, Κατ. Πλειστόκαινο) υπάρχουν πολλά 

δεδομένα που επιτρέπουν μια πλήρη βιοστρωματογραφία, ενώ για άλλα χρονικά 
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διαστήματα (Κατώτερο-Μέσο Μειόκαινο, Πλειόκαινο, αλλά και ορισμένα  τμήματα του 

Κατώτερου Πλειστόκαινου) τα στοιχεία είναι λίγα ή λείπουν κα δεν επιτρέπουν μια 

ακριβή και ολοκληρωμένη βιοστρωματογραφική ταξινόμηση. 

Λέξεις κλειδιά: Μειόκαινο-Πλειστόκαινο, βιοστρωματογραφία, χερσαίες αποθέσεις. 

1. Introduction 

The biostratigraphy of the Greek continental deposits started at the end of the 1970’s, when Mein 

(1975) included some known Greek mammal localities in the European mammal biozones; later on 

sporadic or limited biostratigraphic tables, based on mammals were given in various articles or some 

Greek localities were included in biostratigraphic tables for the wider Eastern Mediterranean region 

(de Bruijn et al., 1979; Benda and Meulenkamp, 1979). During the last 40 years extensive field work 

in the Neogene-Quaternary deposits led to the discovery of several new localities which excavated 

(in some of them the excavations are still continued) and the unearthed material enriched remarkably 

the Greek fossil mammal record. The study of the mammal faunas provided an important basis for 

the biostratigraphy of the Greek continental deposits, as it includes numerous biochronological data 

for precise age determinations. The application of other chronological methods, such as 

magnetostratigraphy, radiochronology, provided numerical ages helping the correlations. At the 

same time, several new data for the mammal faunas and their age came from the neighboring 

countries, enriching remarkably our knowledge and provided new data for better faunal comparisons 

and biostratigraphic correlations. 

The first effort for a biostratigraphic classification of the Greek mammal localities was the mammal 

faunal lists of the Greek Miocene localities prepared by the author for the Neogene Old World 

(NOW) database and it is continued until now (see Koufos, 2006, 2013 and ref. therein; Koufos and 

Kostopoulos, in press). In the present article a revised version for the Greek Neogene/Quaternary 

biostratigraphy is given. New data coming from the studies of the Greek and foreign researchers, 

working in the area are included and an updated version is presented. Even this new version is not 

the final one, as several colleagues and young students are working on the new material from the 

various localities and new data are published every year improving the known biostratigraphy of the 

Neogene-Quaternary deposits of Greece. 

Abbreviations: FLA=first local appearance; GPTS= geomagnetic polarity time scale; LGPUT= 

Laboratory of Geology and Paleontology, University of Thessaloniki. 

2. Early-Middle Miocene 

The pre-Neogene mammal fossil record of Greece is very poor. The single known evidence 

originates from the lignites of Orestias Basin (Thrace, Greece) and is a maxilla of the anthracothere 

Elomeryx crispus dated to Late Oligocene (Lüttig and Thenius, 1961; Kopp, 1965). Likely the early 

Miocene mammal faunas of Greece are limited and the known material poor; excluding the relatively 

rich Aliveri fauna, the material from the other known localities is poor. The oldest known localities 

are Gavathas and Lapsarna, Lesvos Island (Figure 1) both dated to the early Orleanian, MN 3 (Figure 

2); their stratigraphic position below the volcanic deposits of the area, dated at <18.5 Ma suggests 

an age slightly older than 18.5 Ma. This age corresponds to the first conection of Africa with Eurasia 

and the first faunal exchanges between the two continents (Koufos et al., 2003 and ref. therein; 

Vasileiadou and Zouros, 2012). The locality Aliveri, Evia Island (Figure 1) provided a rich 

micromammalian fauna together with a few large mammals; its age discussed a lot since its 

discovery but a middle Orleanian age (lower part of MN 4), (Figure 2) is the most possible (Koufos 

2006, 2013 and ref. therein; van Hoek Ostende et al., 2015 and ref. therein). It is noteworthy to 

mention the presence of the anthracothere Brachyodus onoideus in the locality Kalimeriani, Evia 

Island (Figure 1), (Melentis, 1966); the age of the taxon is early to middle Orleanian, MN 3-4. Two 

localities with micromammals are known from Western Thrace, Karydia I and II (Figure 1); the 
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cricetids from these localities suggested a late middle Orleanian age, late MN 4 (Theocharopoulos 

et al., 2000). 

 

Figure 1- Map of Greece indicating the position of the main Neogene-Quaternary mammal 

localities of Greece. 1. Gavathas; 2. Kalimeriani; 3. Aliveri; 4. Karydia I+II; 5. Komotini; 6. 

Moschopotamos; 7. Antonios; 8. Thymiana-A, B, C; 9. Melambes; 10. Chrysavgi; 11. 

Pentalophos-1; 12. Xirochori-1, 13. Kastelios, Plakias; 14. Ravin de la Pluie+Ravin des 

Zouaves-1; 15. Biodrak; 16. Nikiti-1; 17. Lefkon; 18. Nikiti-2; 19. Ravin des Zouaves-5; 

Vathylakkos localities; Prochoma-1; 20. Samos-Mytilinii localities; 21. Perivolaki; 22. 

Halmyropotamos; 23. Pikermi, Chomateres; 24. Rema Marmara; 25. Kerassia; 26. Lava-2; 

27. Dytiko localities; 28. Ano Metochi 1,  Monasteri; 29. Pyrgos Vassilissis; 30. Maramena; 

31. Silata; 32. Ano Metochi 2-3, Spilia-0-4; 33. Kessani-1, 2; 34. Maritses; 35. Limni-3; 36. 

Kardia; 37. Ptolemais-1, 3, Komanos-1, Tomeas Eksi, Prosilion-Mercurion, Vorion-1; 38. 

Megalon Emvolon; 39. Apolakkia; 40. Kastoria-1; 41. Limni-6; 42. Tourkovounia-1-5; 43. 

Damatria; 44. Kardamena; 45. Dafnero; 46. Volax; 47. Sesklon; 48. Vatera; 49. Gerakarou, 

Vassiloudi; 50. Apollonia, Krimni, Kalamoto, Tsotra Vrissi, Ravin Voulgarakis, 

Platanochori; 51. Livakkos; 52. Alykes; 53. Megalopolis. 

The locality Komotini from the same area provided a small fauna of micromammals which should 

be similar to that of Karydia I+II (de Bruijn et al., 1992). Recently, some teeth of a small 

anthracothere were found in the LGPUT collections; their locality is unknown but the analysis and 

comparison of the associated lignitic remains found together suggested similarities with the lignites 

of Moschopotamos, Katerini Basin, Macedonia (Figure 1), dated to the early Miocene (Kostopoulos 

et al., 2012). 
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Figure 2 - Biostratigraphy of the Early-Middle Miocene mammal localities of Greece with 

the first local appearance (FLA) of some important taxa. Data source: Koufos (2006, 2013); 

GPTS from Cande and Kent (1995) and MN zone boundaries from Steininger (1999). 

The Middle Miocene fossiliferous sites of Greece, though they are more numerous than those of the 

early Miocene, they are still scarce and their mammal fauna limited known. The oldest locality is 

Antonios, Chalkidiki Peninsula, Macedonia (Figure 1) provided both large and small mammals 

dated to the middle/late Orleanian boundary, MN 4/5 (Figure 2), (Koufos, 2013 and ref. therein). 

One of the well-known Middle Miocene mammal fossiliferous sites is Thymiana, Chios Island (Fig. 

1). The Thymiana fauna originates from three stratigraphic horizons and includes both macro- and 

micro-mammals dated to late Orleanian, MN 5 (Figure 2); the magnetostratigraphy of the Thymiana 

section suggested an estimated age of ~15.5 Ma (Koufos, 2013 and ref. therein). The locality 

Chryssavgi is known from Mygdonia Basin, Macedonia, Greece (Figure 1) and the micromammal 

fauna found after its re-discovery at the end of the 1980’s suggests an age at the end of Astaracian, 

MN 7/8 (Koliadimou and Koufos, 1998). Besides the micromammals, some rhino dental remains 

from Chrysavgi attributed to Brachypotherium brachypus, confirm the age of the locality (Koufos 

and Kostopoulos, 2013). The hyracoid cf. Prohyrax hedneyi and the tragulid Dorcatherium naui 

were discovered in the locality Melambes, Crete Island (Figure 1) and a Vallesian (MN 9-10) age 

has been proposed. Later, the locality correlated to late Astaracian, MN 7/8 and recently to early 

Astaracian, MN 6 (Figure 2), (Koufos, 2013 and ref. therein). The locality of Plakias, Crete Island 

(Fig. 1) was known by a limited micromammalian fauna dated to late Astaracian MN 7/8 (de Bruijn 

and Meulenkamp, 1972) and for this reason it was referred in the Middle Miocene faunas of Greece 

(Koufos, 2013). Recently the study of a new collection suggested an early Vallesian (MN 9) age for 

Plakias (de Bruijn et al., 2012). 

3. Late Miocene 

The Late Miocene mammal fossiliferous sites of Greece are numerous (Figure 3) and only the most 

important and those with more precise age data will be referred. The numerous collections enriched 

remarkably during the last decades providing abundant data for the faunas, their relationships each 

other and with the known Eurasian ones, as well as for the biostratigraphy of the associated deposits. 
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The classical site of Pikermi, Attica, Greece (Figure 1) is the first found mammal fossiliferous site 

of Greece provided numerous fossils, housed in various European museums and institutes. However, 

as it always happened, all the old collections lack or have limited stratigraphic control and the fossils 

from the different spots and horizons are mixed providing difficulties and doubts in the age 

determinations. Based on the available data of the old collections different ages have been proposed 

for Pikermi (Mein, 1990; de Bruijn et al., 1992; Bernor et al., 1996; Koufos 2006, 2013). The most 

accepted age correlation for Pikermi is at the end of middle Turolian, MN 12, about 7.0 Ma (Figure 

3). Recently a new field work started in Pikermi by the University of Athens which will provide 

more accurate data for the fauna and age. 

The Late Miocene mammal localities of Axios Valley, Macedonia, Greece (Figure 1), known from 

the beginning of the 20th Century, are excavated since 1973 and a great amount of fossils has been 

unearthed. The collection is housed in LGPUT and is one of the best known in Eastern Medi-  

terranean region with certain stratigraphic control and age; more details about the stratigraphy, 

localities, fauna and age are given in Koufos (2006, 2013 and ref. therein). The late Miocene 

continental deposits of Axios Valley are divided in three formations: Nea Messimvria Fm, 

Vathyalkkos Fm and Dytiko Fm. The Nea Messimvria Fm includes four fossiliferous sites 

(Pentalophos 1, Xirochori 1, Ravin de la Pluie, Ravin des Zouaves 1) dated to late Vallesian, MN 

10 (Fig. 3) except the previous one which was recently correlated to the early Vallesian, MN 9 

(Konidaris et al., 2014). The Vathylakkos Fm, includes several localities but the most important 

with a relatively rich fauna are five (Ravin des Zouaves 5, Vathylakkos 1, 2, 3 and Prochoma) dated 

the first one to the early Turolian, MN 11 and the others to the middle Turolian, MN 12 (Figure 3a). 

The Dytiko Fm includes three fossiliferous sites (Dytiko 1, 2, 3) which provided one of the best 

known late Turolian, MN 13 faunas of the Eastern Mediterranean region; recent correlations 

suggested a pre-Messinian age for these localities, more precisely between 7.0-6.0 Ma (Koufos and 

Vasileiadou, 2015 and ref. therein). 

The Mytilinii Basin, Samos Island, Greece (Figure 1) is well-known since the middle of the 19th 

Century for its Late Miocene mammal sites; numerous fossils have been collected from them which 

dispersed in various European and American museums and institutes. Although the rich collections the 

absence or limited stratigraphic information make impossible a clear age determination. An extensive 

field work in Samos during 1993-2007 including stratigraphy, excavations and fossil collection, as 

well as magnetostratigraphic study of the sections allows the precise dating of the localities. The Samos 

Late Miocene localities are dated from the upper part of early Turolian, MN 11 to the beginning of late 

Turolian, MN 13 and more precisely from 8.0-7.8 Ma to 6.9-6.7 Ma, while four different faunal 

assemblages have been recognized (details in Koufos and Nagel eds., 2009). 

The Nikiti fossiliferous sites are known since 1990 when the first fossils were discovered in the area 

(Figure 1); two main localities Nikiti 1 and Nikiti 2 provided a rich mammal fauna. The 

biochronological data provided from the study of this fauna suggest a correlation of Nikiti 1 to the 

terminal Vallesian (end of MN 10) and Nikiti 2 to the early Turolian (lowermost MN 11), (Figure 

3); more details for the stratigraphy, fauna and age of the Nikiti localities are given in Koufos and 

Kostopoulos, eds, (2016). The fossiliferous site Perivolaki, Volos, Thessaly (Figure 1) is a new 

fossiliferous site with a rich and well-studied mammal fauna. The biochronological and 

magnetostrati-graphic data suggested a correlation with the middle Turolian, MN 12 (Figure 3a) and 

provided an estimated age between 7.3-7.1 Ma (Koufos, ed., 2006). 

The Kerassia locality in Evia Island (Figure 1) was known since the beginning of the 1980’s and a 

new series of excavations started in 1992 provided a rich fauna, part of which has been studied. 

Theodorou et al. (2003), correlated Kerassia fauna to the middle Turolian, MN 12; based on the 

available data a similar age is proposed by Koufos (2013), by pointing out that the results of the 

bovid’s study can change it. Except these well-known, several other late Miocene localities are given 

in the biostratigraphic table of Figure 3; more details about their fauna and age are given in Koufos 

(2006, 2013 and ref. therein). 
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Figure 3 - Biostratigraphy of the Late Miocene mammal localities of Greece with the first local appearance (FLA) of some important taxa; a. 

Biostratigraphy of the middle Turolian mammal localities, b. Details about the age of the Miocene/Pliocene transitional mammal faunas. Data 

source: Koufos (2006, 2013) and Koufos and Vasileiadou (2015); GPTS from Cande and Kent (1995) and MN zone boundaries from Steininger 

(1999). 
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The end of the Miocene and the beginning of the Pliocene is marked well by a number of localities 

found mainly in Northern Greece. The most important are Maramena and Ano Metochi 1, 2 (Serres 

Basin), a number of sites in Ptolemais Basin (Tomeas Eksi 1, 2 and Komanos1, 2), Silata (Chalkidiki 

Peninsula) and Kessani (Thrace). All these localities provided a transitional mammal fauna from 

Miocene to Pliocene and they are correlated to the Turolian/Ruscinian (MN 13/14) boundary, more 

precisely between 5.40-5.23 Ma (Figure 3b), (Schmidt-Kittler, ed., 1995; Hordijk and de Bruijn, 

2009; Koufos and Vasileiadou, 2015 and ref. therein). 

4. Pliocene-Pleistocene 

The Pliocene mammal fossiliferous sites of Greece are scarce with poor faunas providing limited 

biochronological data. The majority of the known localities include mainly micromammals. One of 

the oldest known large mammal locality is Megalon Emvolon, Macedonia (Figure 1) which provided 

a macro- and micro-mammal fauna correlated to the late Ruscinian, MN 15 (Figure 4), (Koufos, 

2006, 2013 and ref. therein). 

 

Figure 4 - Biostratigraphy of the Pliocene and Pleistocene mammal localities of Greece with 

the first local appearance (FLA) of some important taxa. Data source: Koufos (2006, 2013) 

and Koufos and Kostopoulos (in press); GPTS from Cande and Kent (1995) and MN zone 

boundaries from Steininger (1999). 

An important Pliocene locality is Apolakkia, Rhodes Island (Figure 1) dated to late Ruscinian and 

including the last occurrence of Hipparion as the overlied Damatria locality includes the FLA of 

Equus (Van der Meulen and van Kolfschoten, 1988). A number of Ruscinian mammal localities 

with micromammals are known from Ptolemais Basin, Western Macedonia (Figures 1, 3b), (Hordijk 

and de Bruijn, 2009). The locality Milia, Grevena Basin provided a rich large mammal fauna, 

including several taxa dated to the early Villafranchian, more precisely to 3.0-2.5 Ma (Logchem et 

al., 2010; Guerin and Tsoukala, 2013). 

Recent decision of the International Commission on Stratigraphy defined the Pliocene/Pleistocene 

boundary at 2.58 Ma; hence a number of localities dated to Pliocene (Koufos, 2006, 2013) now must 

be referred to Pleistocene. The oldest Pleistocene locality is Damatria, Rhodes Island (Figure 1) with 

Equus. A number of localities (Dafnero, Volax, Sesklon, Vatera) with rich and well-known fauna 

have been dated to the Early Pleistocene or Middle Villafranchian (Figure 4), (Koufos and 

Kostopoulos, in press and ref. therein). The localities Gerakarou and Vassiloudi, Mygdonia Basin, 

(Figure 1) marks the beginning of Late Villafranchian as indicated by their faunal elements, 

especially the coexistence of Pliocrocuta perrieri and Pachycrocuta brevirostris and the presence 
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of Canis (Koufos, 2013 and ref. therein; Koufos and Kostopoulos, in press and ref. therein). Several 

mammal localities as Krimni and Kalamoto of Mygdonia Basin, Livakkos in Western Macedonia, 

and Alykes in Thessaly are dated to the Late Villafranchian (Figures 1, 4). The preliminary study of 

the collected material from the newly discovered large mammal locality Tsotra Vrissi, Mygdonia 

Basin (Figure 1) suggests a correlation with late Villafranchian (Konidaris et al., 2015). The 

localities of Apollonia and Ravin of Voulgarakis in Mygdonia Basin (Figure 1) include a macro- 

and micro-mammal fauna respectively and they are correlated to epi-Villafranchian (Figure 4), 

(Koufos and Kostopoulos, in press and ref. therein). The newly discovered locality Platanochori 

(Figure 1) provided a poor fauna suggesting similarities to that of Apollonia and can be probably 

correlated to epi-Villafranchian (Figure 4), (Konidaris et al., 2015). The Early Pleistocene faunas of 

Greece are the best studied and dated in Eastern Mediterranean region and they are used as reference 

for comparisons and age reference. 

Although listed many Middle-Late Pleistocene fossiliferous sites, the known collections are 

fragmented with few or individual findings. Also a large number of these sites originated either from 

caves or fissure fillings, which makes difficult the correlation with those from open areas. One of 

the best known area with Middle-Late Pleistocene fossils is Megalopolis Basin in Peloponnesus 

(Figure 1) with a rich mammal fauna including also Homo remains and artifacts (Panagopoulou et 

al., 2015 and ref. therein). In the Late Pleistocene mammal localities belong also the “dwarf” faunas 

found in the islands of Crete, Rhodes, Naxos, Tilos, etc. (Theodorou, 1983 and ref. therein). Several 

Pleistocene mammal remains are also known from the caves of Greece but a small number of them 

are well-studied; the better known are those from Petralona Cave (Chalkidiki Peninsula), Apidima 

(Southern Peloponnesus) - the genus Homo is present in these two caves- Loutraki Cave (Western 

Macedonia) and Vraona Cave (Attica, near Athens), (Tsoukala, 1989 and ref. therein; Symeonidis 

and Rabeder eds., 1995; Chatzopoulou, 2014 and ref. therein). 

5. Conclusions 

Numerous palaeontological researches carried out on the Neogene-Quaternary continental deposits 

of Greece have been provided a lot of data, allowing their biostratigraphic classification. The 

available data allowed a quite detailed biostratigraphy for the Late Miocene and the Middle-Latest 

Villafranchian, as there are several known mammal localities and well-studied and dated faunas. 

The biostratigraphic classification of the Early-Middle Miocene is limited with several gaps because 

of the entirely absence of corresponding mammal localities. But, if someone compares what we 

know about this time-span before two decades, he will ascertain that the investigations provided 

several new evidences during the last years. The localities of Gavathas, Lapsarna, Antonios, Karydia 

I+II, the presence of the small mammals and the numeric age of the Thymiana localities were 

unknown. Despite the remarkable increase of the new fossiliferous sites in the Pliocene and Middle-

Late Pleistocene, the absence or the chronologically sporadic data cannot provide a complete and 

precise biostratigraphy for the continental deposits. In conclusion there is a lot of work for the 

palaeontologists to complete the continental biostratigraphy of Greece. The efforts must be focused, 

not only to the discovery of new fossiliferous sites and the study of their fauna, but also to the more 

precise dating of them, using different chronometric methods. 
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Abstract 

We examine the structure of the southern faulted margin of Geraneia Mountains, 

controlled by two marginal faults, namely the Loutraki and Kakia Skala Faults, which 

have been active in the Quaternary; however, Holocene activity on these structures 

has not been verified. Structural observations at the probable overlap zone between 

these two faults, suggest that they became soft-linked, or linkage ended at its early 

stage, before activity migrated basinwards, with consequent footwall backtilt. The 

affinity of the kinematics in the accommodation zone with the present-day extensional 

stress field might hint at possible Late Quaternary activity on these two major faults. 

Keywords: Gulf of Corinth, oblique-slip faulting, accommodation zone, flower 

structure. 

Περίληψη 

Εξετάζεται η δομή του νοτίου ρηξιγενούς περιθωρίου των Γερανείων, το οποίο ορίζεται 

από δύο μεγάλα περιθωριακά ρήγματα, το Ρήγμα Λουτρακίου και το Ρήγμα της Κακιάς 

Σκάλας, δομές οι οποίες έχουν τεταρτογενή δραστηριότητα, αν και η δράση τους στο 

Ολόκαινο δεν έχει διαπιστωθεί. Με βάση τεκτονικές παρατηρήσεις στη ζώνη πιθανής 

επικάλυψής τους, διαπιστώνεται ότι οι δύο αυτές περιθωριακές δομές έφτασαν στο 

στάδιο της μερικής διασύνδεσης, όπως πιστοποιείται από ένα σύνολο θραυσιγενών 

δομών (ρηγμάτων). Μετανάστευση της ρηξιγενούς δραστηριότητας μακριά από το 

ορεινό μέτωπο φαίνεται ότι οδήγησε σε περιστροφή της περιοχής (footwall backtilt), 

αλλά παράλληλα εκφράζονται αμφιβολίες αν και κατά πόσον τα μεγάλα περιθωριακά 

ρήγματα είναι πλέον ανενεργά. 

Λέξεις κλειδιά: Κορινθιακός Κόλπος, πλαγιολισθητικά ρήγματα, ανθοδομή, ζώνη 

προσαρμογής. 

1. Introduction 

The broader Corinth Isthmus area lies at the eastern extremity of the Gulf of Corinth, being the 

landstrip that separates it from the Saronic Gulf in the east (Fig. 1). The area corresponds to a major 

E-W graben, hosting several hundreds of m of synrift sediments, bounded between the south-dipping 

faults that border Geraneia Mountains in the north and the north-dipping Kenchreai fault system 

(KFS) in the south. Currently the area is undergoing a generalized uplift, in the order of 0.2-0.3 

mm/yr for reasons still poorly understood (see Leeder et al., 2008 for discussion). 

The northern margin of the area is marked by two range-bounding faults, namely the Loutraki Fault 

(LF) in the west and the Kakia Skala Fault (KSF) in the east. Both faults are considered to be inactive, 
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(e.g. Mack et al., 2009), or at least without clear evidence for Holocene activity. The mean strike of 

the LF is N80°E, but the KSF has been shown to comprise linked segments of varying geometry 

(Mack et al., 2009). The kinematics of these faults deviates markedly from being pure dip-slip. 

Measurements taken from striated slickensides on both faults show that they both have a significant 

component of sinistral slip, with WSW-oriented displacement vectors (Fig. 1), remarkably persistent 

throughout the extent of these faults. 

The purpose of this study was the examination of the probable interaction between and the 

identification of structures that accommodate deformation between these two oblique-slip structures, 

with same sense of displacement. The study was based on field mapping, collection of structural 

data and outcrop photo interpretation. 

 

Figure 1 - Summary shaded relief map of the Corinth Isthmus area. Structural data from 

Freyberg (1973), Gaitanakis et al. (1985), Collier and Dart (1991), Mack et al. (2009), 

Charalampakis et al. (2014), Nixon et al. (subm.) and own mapping. LF: Loutraki Fault; 

KSF: Kakia Skala F.; KF: Kalamaki F.; KFS: Kenchreai Fault System. Diamond-ended 

lines on KSF and LF denote mean displacement vector from three measurement stations. 

Box indicates location of study area, shown in Fig. 2. 

2. Geological Setting 

The study area is located between the eastern extremity of the Gulf of Corinth and the western 

termination of the Saronic Gulf, forming a semi-mountainous and low-lying area, at the hanging-

walls of the LF and the KSF (Fig 1). 

The synrift formations comprise a stratigraphic sequence of probable Pliocene age, referred to as the 

Asprohomata-Kalamonas formation, by Gaitanakis et al., 1985), equivalent to the Charalampos marl 

formation (CMF) of Collier and Dart’s (1991). According to the latter, the formation consists of 

calcareous mudstones and siltstones, with channelized sandstone bodies in its northern part and a 
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general coarsening trend towards the north-east, indicating a paleoflow towards the south. In terms 

of depositional environment, CFM is interpreted to represent a range of lacustrine and alluvial 

environments (Collier and Dart, 1991). Overlying CFM is a ca 150-m thick package of angular to 

rounded conglomerates, intercalated with coarse sands and including silty or clayey horizons, 

interpreted as a (?)Late Pleistocene fan sourced mainly from the uplifted Geraneia and mostly 

consisting of ophiolitic clasts. 

Andesite occurrences of probable age of 3.4-4.5 Ma (Collier and Dart, 1991), related to the Sousaki 

volcanic centre are also mapped, as isolated relic occurrences, usually overlying the Lower Pliocene 

formations (Collier and Dart, 1991). 

The pre-rift (‘alpine’) formations belong to the Pelagonian zone and are mainly represented by 

Mesozoic neretic limestones and an ophiolite thrust sheet, exposed at Geraneia Mountains. The latter, 

which is highly erodible, is the main source of material for the (?) L. Pleistocene fluvials that 

dominate the study area. 

 

Figure 2 - Geological map of the study locations at Dárthiza, modified from Gaitanakis et al., 

1985. Thick dashed line is the trace of inferred fault in the same map. 

3. Structural observations at Dárthiza 

Two key locations for the determination of the deformation pattern are found at Dárthiza, ca. 12 km 

west of Loutraki (Figs 1, 2). Fault suites are exposed mainly in two sites, along a N-S artificial 

roadcut, about 150 m long (Section A), and on a cliff exposure, also N-S, ca 150 m long and 5-30 

m high (Section B) (Fig 2.). The former location is within easy reach and readily examinable, while 

the latter is largely inaccessible and most readings were made through panoramas, with a few of 

them obtained from the basal part of the cliff exposure, where these were reachable. The fact that 

these two sections are aligned N-S, and given that the average strike of the structures observed is 

roughly E-W, allows for a geometrically correct reconstruction of the deformation structures in the 

study area. Another exposure of limited extent (ca 20 m), located 120 m WSW of the southern 

termination of Section A, provides additional constraints on the geometry of the studied faults (Site 

A1 in Fig. 2). 

All faults that crop out in the area are post-depositional, meaning that no syn-sedimentary features 

associated with faulting activity were observed. Their strikes range from ENE-WSW to ESE-WNW 

and they present practically all kinematic modes, from dip-slip (either normal or reverse) to oblique- 
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and strike slip. Displacements on these faults are usually small, from few to several meters. In the 

following, sections, as well as in Fig 3, only faults with vertical throws of more than several 

decimeters are taken into account. However, numerous minor faults, with vertical throws from a few 

to several centimeters are also present, but their identification is usually hindered by the poor internal 

stratification of the fluvials and the weathering of the outcrops. 

Estimation of apparent vertical displacement was made on the basis of extensive, planar soil beds, 

which offer sufficient extent and geometrical consistency. In some cases, throws were estimated by 

‘internal’ sedimentary features within the fluvial deposits, such as sandy intercalations, which, due 

to their increased erodibility, are easier to pick up on the cross section. In all cases, the lateral 

continuity, thickness consistency and planar geometry of the sedimentary bodies established before 

any measurements or calculations were made. 

3.1. Section A 

A suite of faults cutting through both the fluvial deposits and the top of the underlying CMF was 

exposed, after widening of a dirt track that leads from Loutraki to the foot of Mt Geraneia. The 

roadcut offers a 155-m long and 4-15-m high N-S section practically parallel to the local fault grain 

(Fig. 2). Five extensive, medium-developed palaeosol horizons, 20-40 m thick, were identified 

within the ca 45 m thickness of the exposed fluvial sediments (Fig 3). The fact that these palaeosols 

are planar and persist throughout the section allowed for the estimation of the kinematics of the 

faults that cut through the succession, as the crude stratification and poor internal organization and 

sedimentarly structure of the fluvials do not favour unambiguous correlations across the observed 

faults. 

Figure 3 is an overview of the exposed roadcut, with only the main faults marked, for reasons of 

clarity. Overall, out of the 22 exposed faults, 17 of them present apparent vertical displacements of 

more than a few decimeters. Table 1 summarises the characteristics of the faults with apparent 

vertical displacement more than 0.2 m; selected fault outcrops are presented in Fig. 3 B, C, and D. 

3.2. Analysis of fault-slip data 

Out of a dataset of 53 fault measurements, 23 of them included kinematic indicators (striae) of 

acceptable quality. The remainder, which did not include kinematic indicators, or they were of poor 

quality, were not included in our calculations. 

The analysis of data followed the guidelines suggested by Sperner and Zweigel (2010) and the 

homogeneity of the fault dataset was first ensured before embarking into any further calculations. 

We chose two methods for fault-slip analysis, namely Angelier and Cocquel’s (1979) right-dihedra 

method (RDM) and Numerical Dynamic Analysis (NDA), based on Spang’s (1972) original method. 

The choice of methods was guide by objective factors, especially the location of outcrops (i.e. along 

a N-S transect) which hinders the recognition of faults highly oblique or parallel to the exposed 

roadcut. In our case, according to the conclusions of Sperner and Zweigel (2010), NDA produces 

reasonable results, albeit with low confidence in the computed stress ratio R. All calculations were 

made through the in TectonicsFP v.1.7.8 software package (Reiter and Acs, 2015). 

The RDM resulted in major and minor stress axes gently plunging towards the SSE and N, 

respectively, with the intermediate axis close to horizontal (σ1: 157/32, σ2: 260/14, σ3: 008/54). 

NDA came up with similar results, with the major and minor axes being closer to vertical and 

horizontal, respectively (σ1: 150/60, σ2: 260/11, σ3: 356/27). For the reasons stated above, we 

believe that the results of NDA are more reasonable, given the limitations of our dataset. 
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Table 1 - Summary of the characteristics of the main faults identified in Section A and 

location A1 (See Fig 2 for locations). 

Fault Geometry Kinematics 

(rake) 

Displacement

** –sense 

Comments 

F1 171/60 90 E 0.55 m, 

reverse 

Exposed for ca 4m in cross-section; 

steeply dipping structure, flattening 

slightly updip  

F2 175/65 90 E 1.8 m, reverse It has caused tilting of its hanging-wall 

by ca 5°; it flattens updip, and a fault 

duplex is observed, bounded by a more 

gently dipping sole fault and a steeper 

roof fault. 

F5 172/66 70 E 1.9 m, 

oblique-

reverse 

It has a characteristic convex-upward 

profile, dipping 70°S at its base and 

40°S at its visible top. 

F7 161/70 86 E 2.3 m, reverse It comprises two closely-spaced, 

anastomosing surfaces, with dips 

greater than 65°S; a secondary splay 

develops in the footwall. 

F8 170/60 90 E 0.3 m, reverse It consists of anastomosing branches, 

which bound lenticular blocks. 

F9 155/82 90 E 0.6 m, reverse It consists of two, subparallel south-

dipping fractures. 

F10 175/85 45 E 1.2 m, right-

lateral oblique 

Net slip based on apparent vertical 

displacement amounts to 2 m. 

F14 010/80 90 E 0.6 m, normal - 

F16a 028/45 90 E 0.35 m, 

normal 

Within a set of close-spaced faults, 

probably merging downdip. 

F16b 017/55 65 W 0.8 m, normal Ditto 

F16c 175/85 60 W >0.5, oblique-

normal 

Ditto 

F16d 240/70 45 E ??, oblique-

normal 

Antithetic to F16c 

F17 345/70 54 E 0.4 m, normal-

oblique 

Within CMF, also affecting 

CMF/fluvials contact. 

FA1 168/80 72 E 0.25 cm, 

oblique-

reverse 

- 

FA2 180/65 90 E 0.8 m, normal Within CMF 

*: dip/ dip direction average values   **: apparent vertical displacement 

With bedding strike being practically parallel the intermediate stress axis and assuming an average 

of 15° local bedding dip, restoration of bedding to horizontal rotates the minor and major axes close 

to horizontal and vertical, respectively (σ1´: 141/75, σ2´: 262/08, σ3´: 354/12). This means that the 

local stress field derived from the analysis of the dataset is consistent with the regional one (Clarke 

et al., 1998). 
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Figure 3 - (A). Log of Section A (above trace of dirt track) and extrapolation of data, below it 

(shown in washed-out colours). Height of exposed panel ranges from 4-15 m. Extrapolation 

of faults and strata was made based on mean strike and dip of the features, without 

assuming any dip changes in faults, down to a depth of ca. 30 m. No vertical exaggeration. 

The log is practically perpendicular to mean fault strike and at high angle to bedding, so dips 

shown are very close to true ones. Major palaeosol horizons, on which estimates of apparent 

vertical throw of the studied faults, are also shown. (B) (B) The fault array of F16. (C) Fault 

F7, consisting of numerous anastomosing branches Height of section is 5.5 at the centre of 

the photo. Apparent vertical throw is 2.3 m. (D) Fault F5, with a gently convex-up profile. It 

consists of two closely-spaced strands, which bound its damage zone. Hammer is 32 cm long. 
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Figure 4 - Stereographic projection (eq. area, l. hemisphere) of faults with good quality 

kinematic data (solid lines) from Section A and auxiliary location A1. Local bedding is 

shown in dashed line. Principal stress axes are shown in 5-, 4- and 3-pointed starts for major, 

intermediate and minor axis, respectively. Restored positions of axes are shown in bold stars, 

with post-tilting ones in greyed-out symbols (B) Fluctuation histogram. 

3.3. Section B 

Section 2 is a mostly inaccessible cliff exposure, located ca 200 m north of Section A (Fig. 2). The 

20-30 m high cliff exposes well-stratified and faulted fluvial deposits, with more or less well-

developed palaeosol markers, on which estimates on fault kinematics were based (Fig. 8). The 

exposed fluvial deposits maintain steady northward dips throughout the cliff section, which reveals 

laterally consistent layers. Except within a damage zone (see below) no tilting or rotation of strata 

is observed. Identification of marker horizons across a given fault was not straightforward, or always 

feasible, so we resorted to the identification of palaeosol successions (sets of 3 or more palaeosols) 

for the estimation of apparent vertical displacements. 

Four steep main faults were identified (B1-B4); all strike E-W; B1 and B2 are south-dipping, B3 is 

practically vertical and B4 is north-dipping. The displacements of Faults B1, B2 and B4 decrease 

up-section; this is not the case for the most significant structure in this section (B3), which maintains 

an apparent vertical displacement (north-side up) of ca 4.5 m throughout the cliff exposure. 

Especially Fault B3 appears to consist of two major splays (B3a and B3d, Fig. 8b), which seem to 

converge dowdip, just under the base of the cliff. B3a dips steeply (>80°) towards the South and 

displays an apparent displacement of ca 1 m, south-side up, i.e. an apparently reverse fault. B3b 

comprises numerous anastomosing fractures, with apparently opposing senses of displacement (Fig 

8b). This type of faulting is indicative of a structure which is highly oblique-slip, if not purely strike-

slip (Christie-Blick and Biddle, 1985). Coexistence of both apparent normal and reverse separation 

is also observed in fault B1, albeit with less degree of confidence, with B1a showing an apparent 

displacement of only a few dm, decreasing to zero close to the top of the section. 

The co-occurrence of both apparently reverse and normal faulting, as well as the fact that the most 

significant fault in this location appears to be highly oblique-slip, together with their spatial 

arrangement and spacing, suggests that the observed faults may be the upward expression of a strike-

slip fault, whose strike is approximately E-W. 
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Figure 5 - (A) Sketch panorama of a cliff section through the Pleistocene fluvial deposits. 

View to the East. S1-S6 denote laterally persistent palaeosol horizons; B1-B4 are faults. 

Sense and magnitude of apparent displacement (omitted for clarity) was determined on the 

basis of palaeosol successions. (B). Close-up of the inaccessible cliff section, with same 

palaeosol and fault notation. Height of section is approximately 15 m. Fault B1 shows 

apparent reverse displacement and splits updip in two splays, which seem to tip off close to 

the top of the section. Fault B1a, truncated by B1, shows minor apparent normal separation. 

B2 shows decametric normal separation, dying up-section. Fault B3 consists of two branches 

(B3a and B3b), which appear to link downdip, while minor fractures between the two splays, 

at the upper part of the section, are also indicative of linkage between the two. Apparent 

vertical offset across B3 is ca 4.5 m. Fault B3b presents a 2-3 m wide damage zone, consisting 

of numerous anastomosing splays, with contrasting sense of displacement, indicative of its 

being degree of oblique-slip (if not purely strike-slip). 
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4. Discussion - Implications 

The fault sets identified in Sections A and B are probable expressions of strike-slip faulting which 

has affected both the overlying fluvial deposits and the underlying CMF. Especially, the kinematics, 

geometry and outcrop pattern of the faults exposed in Section A allow us to consider them as being 

parts of a flower structure (most probably a positive one), related to an E-W dextral strike-slip fault. 

East-West strike-slip faulting is also the dominant feature in Section B. 

If this is the case, the deformation pattern in the study area is represented by a set of flower structures 

related to E-W dextral strike-slip faulting. This is compatible with a right-lateral transtensional stress 

field at an angle of ca 15-20°, exerted at the tips of the overlapping oblique-slip faults, namely the 

LF in the west and the KSF in the east, both of which strike ENE-WSW. 

The mapping of Mack et al. (2009) suggests that the KSF can be extending further west (through is 

southern segment), to overlap with the eastern part of the LF, with an offset of ca 2 km. The fact 

that most identified faults are reverse is not incompatible with the overall stress field, as revealed by 

fault-slip analysis. Indeed, fault slip analysis shows that extensional structures within this 

accommodation zone should ideally strike NW-SE (and this is the case for the few normal faults 

identified in Section A), while reverse structures should be ENE-WSW to E-W, as is the case in our 

study area. The fact that few extensional structures have been found and mapped is attributed to poor 

field conditions (it is a densely forested area) and the lithological composition of the Pleistocene 

fluvials. 

It is not certain whether KSF and LF are hard-linked or not, as structural mapping and observations 

are obstructed, for reasons stated above. The fact that only few NE-SW normal faults have been 

identified can be attributed to the limited outcrops and the orientation of exposures which hinder the 

identification of structures highly oblique or parallel to them. Another plausible explanation would 

be that the linkage between the KSF and LF remained at an early stage, where kinematically 

independent faults develop within the accommodation zone, with their kinematics, however, 

reflecting the regional stress pattern (e.g. Çiftçi and Bozkurt, 2007). The latter is, in our opinion a 

more plausible explanation. 

The deviation of computed σ1 and σ3 from vertical and horizontal, respectively, could be related to 

subsequent block-tilting of the entire area. The fact that σ2 remains horizontal facilitates the 

hypothesis that rotation took place around a horizontal, WSW-ENE axis, parallel to the strike of the 

major faults in the area. If this is the case, then the area can have been back-tilted, belonging in the 

footwall of a WSW-ESE fault system further south (basinwards), a member of which is the Kalamaki 

fault, which has been shown to be active in the Late Quaternary (Pananikolaou et al., 2015). Finally, 

the fact that the deduced extension direction at Dárthiza is practically identical to the present-day 

one (Clarke et al., 1998) raises some doubt as to whether the LF is an inactive structure, without any 

Late Quaternary activity. 

5. References 

Angelier, J. and Goguel, J., 1979. Sur une méthode simple de détermination des axes principaux des 

contraintes pour une population de failles, Comptes Rendus Hebdomadaires des Séances de 

l'Academie des Sciences, Serie D, Sciences Naturelles, 288(3), 307-310. 

Charalampakis, M., Lykousis, V., Sakellariou, D., Papatheodorou, G. and Ferentinos, G., 2014. The 

tectono-sedimentary evolution of the Lechaion Gulf, the south eastern branch of the Corinth 

graben, Greece, Marine Geology, 351, 58-75, doi: 10.1016/j.margeo.2014.03.014. 

Christie-Blick, N. and Biddle, K.T., 1985. Deformation and basin formation along strike-slip faults. 

In: Biddle, K.T. and Christie-Blick, N., eds., Strike-slip deformation, basin formation and 

sedimentation, SEPM, Sp. Publication, 37, 1-35. 

Çiftçi, N.B. and Bozkurt, E., 2007. Anomalous stress field and active breaching at relay ramps: a 

field example from Gediz Graben, SW Turkey, Geological Magazine 144, 687-699. 



74 

 

Clarke, P.J., Davies, R.R., England, P.C., Parsons, B., Billiris, H., Paradissis, D., Veis, G., Cross, 

P.A., Denys, P.H., Ashkenazi, V., Bingley, R., Kahle, H.G., Muller, M.V. and Briole, P., 

1998. Crustal strain in central Greece from repeated GPS measurements in the interval 1989-

1997, Geophysical Journal International, 135, 195-214. 

Collier, R.E.L. and Dart, C.J., 1991. Neogene to Quaternary rifting, sedimentation and uplift in the 

Corinth Basin, Greece, J. Geol. Society London, 148, 1049-1065. 

Freyberg, B., 1973. Geologie des Isthmus von Korinth, Erlanger Geologische Abhandlugen, 95, 6-160. 

Gaitanakis, P., Mettos, A. and Fytikas, M., 1985. Geological Map of Greece, scale 1:50,000, Sofikon 

Sheet. IGME, Athens. 

Kranis, H., Skourtsos, E., Gawthorpe, R., Leeder, M. and Stamatakis, M., 2015. Pre-rift basement 

structure and syn-rift faulting at the eastern onshore Gulf of Corinth Rift, Geophysical 

Research Abstracts, 17, EGU2015-2575, EGU General Assembly 2015. 

Leeder, M.R., Mack, G.H., Brasier, A.T., Parrish, R.R., McIntosh, W.C., Andrews, J.E. and 

Duermeijer, C.E., 2008. Late-Pliocene timing of Corinth (Greece) rift-margin fault migration, 

Earth and Planetary Science Letters, 274, 132-141. 

Mack, G.H., Leeder, M.R. and Perez-Arlucea, M., 2009. Late Neogene rift-basin evolution and its 

relation to normal fault history and climate change along the southwestern margin of the 

Gerania Range, central Greece, Geological Society of America Bulletin, 121, 907-918. 

Nixon, C., McNeill, L., Bull, J., Henstock, T., Bell, R., Gawthorpe, R., Christodoulou, D., Kranis, 

H., Ferentinos, G., Papatheodorou, G., Taylor, B., Ford, M., Sakellariou, D., Leeder, M., 

Collier, R., Goodliffe, A. and Sachpazi, M., Rapid spatio-temporal variations in rift structure 

during development of the Corinth Rift, central Greece, Submitted to Tectonics. 

Papanikolaοu, I.D., Triantaphyllou, M., Pallikarakis, A. and Migiros, G., 2015. Active faulting at 

the Corinth Canal based on surface observations, borehole data and paleoenvironmental 

interpretations. Passive rupture during the 1981 earthquake sequence? Geomorphology, 237, 

65-78. 

Skourtsos, E. and Kranis, H., 2009. Structure and evolution of the western Corinth Rift, through new 

field data from the Northern Peloponnesus, Geological Society, London, Special Publications, 

321, 119-138. 

Spang, J.H., 1972. Numerical method for dynamic analysis of calcite twin lamellae, Geological 

Society of America Bulletin, 83, 467-471. 

Sperner, B. and Zweigel, P., 2010. A plea for more caution in fault-slip analysis, Tectonophysics, 

482, 29-41. 

  



75 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 75-84 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 75-84 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

THE FIRST PALEOSEISMIC TRENCH DATA FROM 

ACIPAYAM FAULT, FETHİYE BURDUR FAULT ZONE, SW 

TURKEY 

Kürçer A.1, Özdemir E.1, Uygun Güldoğan Ç.1 and Duman T.Y.1 

1Department of Geological Research, General Directorate of Mineral Research and Exploration, 

06800 Ankara, Turkey, akin.kurcer@mta.gov.tr 

Abstract 

The Acıpayam Fault is an active fault segment which is located on the central part of 

Fethiye Burdur Fault Zone in SW Turkey. According to the Active Fault Map of 

Turkey published by MTA (Turkey), it is described as a Quaternary fault. Acıpayam 

Fault extends from Acıpayam at northeast to Akköprü Dam at southwest. The general 

strike of fault is N 35°E, approximately 60 km long and it’s a normal fault with minor 

sinistral strike-slip component. The fault is composed of three fault section, which are 

named as Örenköy, Olukbaşı and Yolçatı, seperated from each other by step-over 

zones. In this study, active tectonic features of Acıpayam fault are investigated and 

paleoismological trench surveys are perfomed at the Örenköy fault section.  Two cross 

trenches were excavated along the fault. The samples collected from the trenches were 

dated using the 14C dating method. Örenköy trenches were photographed using the 

Paleoseismological Three Dimensional Virtual Photography Method, which is a new 

tecnique for paleoseismology. According to the trench microstratigraphy, structural 

data and dating results, Acıpayam fault is described as a Holocene fault. The date of 

last event that occurred on the Acıpayam fault is between 3030 ± 30 BP and 2410 ± 

30 BP. 
Keywords: Acıpayam fault, Fethiye Burdur Fault Zone, SW Turkey, Paleoseismology, 

Trench, 14C dating method. 

Περίληψη 

Το ρήγμα Acipayam είναι ένα τμήμα ενεργού ρήγματος το οποίο εντοπίζεται στο 

κεντρικό κομμάτι της ζώνης ρηγμάτων Fethiye Burdur στην ΝΔ Τουρκία. Με βάση το

ν Χάρτη Ενεργών Ρηγμάτων της Τουρκίας που δημοσίευσε η MTA (Τουρκία), περιγρά

φεται ώς ρήγμα Τεταρτογενούς ηλικίας. Το ρήγμα Acipayam εκτείνεται από το 

Acipayam στα ΝΑ ως το Akköprü Dam στα ΝΔ. Η γενική παράταξη του ρήγματος είναι 

Β 35°Α, με 60 km περίπου μήκος και είναι κανονικό ρήγμα με μικρή αριστερόστροφη 

συνιστώσα Το ρήγμα αποτελείται από τρία τμήματα, που ονομάζονται Örenköy, Olukb

aşı και Yolçatı , που διαχωρίζονται μεταξύ τους από ζώνες κλιμακώσεων. Στην 

παρούσα έργασία, διερευνώνται τα ενεργα τεκτονικά χαρακτηριστικά του ρήγματος 

Acipayam και εκτελούνται παλαιοσεισμολογικές τομές στο τμήμα Örenköy του 

ρήγματος. Δύο τομές εκσκάφθηκαν κατά μήκος του ρήγματος. Τα δείγματα που 

συλλέχθηκαν από τις τομές χρονολογήθηκαν με την μέθοδο 14C. Οι 

παλαιοσεισμολογικές τομές του Örenköy φωτογραφήθηκαν χρησιμοποιώντας την 

μέθοδο Paleoseismological Three Dimensional Virtual Photography, η οποία είναι 

μία καινούρια τεχνική για την παλαιοσεισμολογία. Με βάση την στρωματογραφία της 
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τομής, τεκτονικές δομές και τα αποτελέσματα της χρονολόγησης, το ρήγμα Acipayam 

περιγράφεται ως Ολοκαινικό ρήγμα. Η χρονολογία του τελευταίου γεγονότος που 

συνέβη στο Λέξεις κλειδιά:  βρίσκεται ανάμεσα 3030 ± 30 BP και 2410 ± 30 BP. 

Λέξεις κλειδιά: Ρήγμα Acipayam, Fethiye Burdur Ζώνη Ρηγμάτων, ΝΔ Τουρκία, 

Παλαιοσεισμολογική Τομή, Χρονολόγηση 14C. 

1. Introduction 

The eastern Mediterranean region, including the surrounding areas of western Turkey and Greece is 

seismically active and rapidly deforming regions within the continents due to the northward 

convergence of the African and Arabian plates with respect to the Eurasian plate along a complex 

plate boundary. As a result of this convergence tectonic processes, the active tectonics of the 

Anatolian Block and its vicinity is mainly controlled by the intracontinental active fault systems (etc. 

North Anatolian Fault System, East Anatolian Fault System, Dead Sea Fault Zone, Fethiye Burdur 

Fault Zone) and the Aegean and Cyprean Subduction Zones (Figure 1). 

 

Figure 1 - Simplified active tectonic map of eastern Mediterranean region superimposed on 

topography (modified from Çiftçi, 2007; Koçyiğit and Özacar, 2003; Kürçer, 2012; Okay et 

al., 2000; Özsayın, 2007; Woodside et al., 2002; Yolsal-Çevikbilen and Taymaz, 2012; Zitter 

et al., 2005; Kürçer et al., 2015) Black arrows and corresponding numbers show GPS-

derived plate velocities (mm-year) (Reilinger et al., 2006). Geomapp Application data were 

used for the digital elevation model. 

The Southwestern Turkey is a complex deformation area which is mainly controlled by the Western 

Anatolian Graben System (WAGS) and partly by the Fethiye Burdur Fault Zone (FBFZ). Many 

papers have been published about the seismicity and active tectonics of the SW Turkey and 

surrounding area (i.e. Dumont et al., 1979; Koçyiğit, 1984; Şaroğlu et al., 1987; Barka and Reilinger, 

1997; Yağmurlu, 2000; Yaltırak et al., 2010; Över et al., 2010 and 2013a, 2013b). 

The Fethiye Burdur Fault Zone (FBFZ), is first proposed by Dumont et al. (1979) as a sinistral 

strike-slip fault zone and is the NE extension of Pliny-Strabo trench in to the SW Anatolia. 

According to the Koçyiğit (1984), the origin of the WAGS is Aegean-Cyprean arc trench system 

and FBFZ is included in WAGS. Şaroğlu et al. (1987) suggested that the central part of FBFZ is 

composed of active sinistral strike-slip faults. Based on the GPS studies Barka and Reilinger (1997) 

claimed that the FBFZ is still an active sinistral strike-slip fault zone. FBFZ is described by 

Yağmurlu (2000) as a fault zone which is composed of several fault segments whose lengths are 

varying from 10 to 40 km. According to the Yağmurlu (2000), the FBFZ is a transform fault between 
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Cyprus and Hellenic arc. Neotectonic development of the basins (etc. Çameli, Eşen, Burdur) located 

on the FBFZ were studied by Alçiçek (2007) and Alçiçek et al. (2005, 2006, 2013). Based on the 

geological and structural data and mammalian fossils three different tectonic phase are identified in 

these basins. FBFZ is described by Yaltırak et al. (2010) as a sinistral shear zone in 40 km wide. 

Late Cenozoic stress state of basins along the FBFZ were studied by Över et al. (2010) and Över et 

al. (2013a, 2013b). According to the fault plane slip data and inversion of focal mechanism solutions 

predominantly stress regime is NW-SE extension. Additionaly May 12, 1971 Burdur earthqauake 

sequence was studied by Taymaz and Pierce (1991). Based on the seismological data and geological 

observations the source of this sequence is a normal fault, which is trending NE and dipping NW. 

Several archaeoseismological studies were performed on the Kibyra ancient city which is located on 

the central part of FBFZ. Based on the archaeogeological data collected from Kibyra fault is an 

active sinistral strike-slip fault (Akyüz and Altunel, 1997; 2001; ten Veen et al., 2007; Karabacak, 

2011; Karabacak, et al., 2013). In contrast to this view several authors dosen’t accept the existence 

of Kibyra fault (Elitez and Yaltırak, 2014). In order to test of kinematic characteristics of FBFZ, 

Kaymakçı et al. (2014) had conducted paleomagnetic and kinematic study in the region. 

Paleomagnetic data, slickenside pitches and contracted paleostress configurations along the FBFZ 

indicated that the faults in the FBFZ are mainly normal in character. Several paleoseismological 

studies were performed northern part of the FBFZ (etc. Bozcu et al., 1997; Yağmurlu et al., 2008). 

According to the Active Fault Map of Turkey (Emre et al., 2013) active faults in the SW Turkey 

have been evaluated as normal faults with minor sinistral strike-slip component (Figure 2). 

Acıpayam fault is located on the central part of FBFZ (Figure 3). 

This study mainly concerned with the active tectonic and paleoseismological fatures of Acıpayam 

fault. The aim of this paper to understand the Holocene seismic activity of Acıpayam Fault. To 

accomplish this, we have performed paleoseismic trenching along the Acıpayam Fault. 

 

Figure 2 - Active fault map of Turkey (Emre et al., 2013). 
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Figure 3 - Active fault map of SW Turkey (Emre et al., 2013). Acıpayam fault is represented 

by number 73. 

2. Acıpayam Fault 

Acıpayam Fault (AF) is an active fault which is about 60 km in length, is characterized by a number 

of normal faults with minor left lateral strike-slip component (Figure 4). The general strike of AF is 

N35°E and it’s composed of three main fault section, which are named as Örenköy, Olukbaşı and 

Yolçatı, seperated from each other by step-over zones. Mesozoic ophiolitic rocks, Paleocene-Eocene 

clastics and carbonates, Early Miocene continental clastics, Late Miocene-Pliocene continental and 

lacustrine deposits and Quaternary fan deposits are cutted by the Acıpayam Fault along the fault 

trace. 

The Yolçatı section, which is the southwesternmost part of AF, is 23 km long normal fault. The 

central part of AF is called as Olukbaşı section. The length of this section 12 km. Örenköy section 

which is the northeastern part of AF is 20 km long a normal fault with minor sinistral strike-slip 

component. 

3. Paleoseismic Trenching along the Acıpayam Fault 

In this study, two paleoseismological trenches which were parallel to each other were excavated 

along the Örenköy section of the AF (Figure 4). The fault trace is characterised by a fresh fault scarp 

on the field (Figure 5). Örenköy trench site, which was selected by aeiral photo analyses, 

tectonomorphological structures and geological observations, is located at 500 m NE of Örenköy in 

an area where Quaternary alluvial fan deposits (Figure 6). Four samples which were collected from 

the two trenches and dated in Beta Analitic Laboratory (USA) using the 14C dating method. 
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Figure 4 - Active fault map of Acıpayam Fault and its vicinity (Modified from Emre et al., 

2011). 

The trenches were excavated perpendicular to the direction of Örenköy fault section (N40°W). Here 

we present the 13 meters of the northern wall of Örenköy Trench 1 exposure to summarize the 

deformation style and fault characteristics (Figure 7). 

Three different sedimentary package were identified on the trench walls. The oldest package was 

interpreted as Mevlütler formation (Aquitanian-Burdigalian). This formation is consisted of fluvial 

deposits. The second package is Plio-Quaternary (?) alluvial fan deposits. It’s composed of sand, 

mud and gravel alternation. And the relatively youngest package is consisted of gravel. Based on 

the 14C dating results the youngest units (3 to 7) are evaluated as Holocene deposits. 

The trenches were photographed using the Paleoseismological Three Dimensional Photography 

Method which is a new technique for paleoseismology. This method was applied previously in 

several paleoseismological studies (etc. Kürçer, 2012; Kürçer and Gökten, 2012; Kürçer and Gökten, 

2014). 
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Figure 5 - Google Earth views of the Örenköy Section, (a) Uninterpreted, (b) Interpreted 

(vertical scale three times exaggerated, view to W). 

 

Figure 6 - Google Earth views of the Örenköy Trench site, (a) Uninterpreted, (b) Interpreted 

(vertical scale three times exaggerated, view to NW). 
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Figure 7 - Photomosaic and Trench log of northern wall of Örenköy Trench 1. 
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4. Discussion and Conclusion 

In this study reliable paleoseismic data were obtained about the Holocene activity of Acıpayam fault. 

Based on the trench microstratigraphy, structural pattern and 14C dating results the Holocene activity 

of Acıpayam fault revealed precisely. According to the dating results, the last event that occurred 

on the Acıpayam fault was dated between 3030 ± 30 BP and 2410 ± 30 BP. 

Additionaly, based on the structural observations and fault plane slip data measured from trenches, 

the kinematic characteristics of Acıpayam fault was revealed. According to the fault plane slip data, 

Acıpayam fault is a normal fault with minor sinistral strike-slip component (Figure 7). 
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Abstract 

Results from a multidisciplinary investigation at the Lastros-Sfaka Graben located in 

eastern Crete are presented. 1.3 km of the Lastros fault was scanned with t-LiDAR 

and we identified areas with minor external influences (anthropogenic, depositional 

or erosional) to extract throw rates. Preliminary postglacial throw rates are 0.67 ± 

0.15 mm/yr., which is significantly less than stated in the literature. Cemented 

colluvium is located on the Lastros fault, forming hanging-wall talus lobes and sheets 

of varying thickness attached to the fault plane. Stable isotope analysis on the cement 

indicates that it has a meteoric origin and precipitated from water at temperatures 

between 5 and 8°C. Field mapping and GPR shows that cemented colluvium, is also 

present within the hanging-wall subsurface. Trenching (road cut) investigations on 

the Sfaka fault identified fill material most likely deposited soon after the last 

palaeoearthquakes that occurred on the fault; 14C dating is currently being carried 

out to date this fill material. 

Keywords: bedrock fault scarps, t-LiDAR, cemented colluvium, GPR, fissure fill. 

Περίληψη 

Στην παρούσα εργασία μελετήθηκε η τεκτονική τάφρος Σφάκα - Λάστρος στην 

ανατολική Κρήτη. Με την χρήση ενός t-LiDAR, σαρώθηκαν συνολικά 1.3 χλμ. του 

κρημνού του ρήγματος στο Λάστρος και εντοπίστηκαν περιοχές που δεν είχαν 

επηρεαστεί από εξωγενής διεργασίες (ανθρωπογενείς επεμβάσεις, διάβρωση και 

απόθεση υλικού). Τα προκαταρκτικά αποτελέσματα δείχνουν πως ο ρυθμός 

κατακόρυφης μετατόπισης είναι 0,6±0,15 mm/yr. από την τελευταία παγετώδη περίοδο, 

σημαντικά μικρότερος από ότι αναφέρεται στην προϋπάρχουσα βιβλιογραφία. Στο 

ρήγμα υπάρχουν συμπαγοποιημένοι κολλούβιοι σχηματισμοί που σχηματίζουν κώνους 

κορημάτων κυμαινόμενου πάχους πάνω στον καθρέπτη του ρήγματος. Η εργαστηριακή 

εξέταση του κολλούβιου σχηματισμού είναι υπό εξέλιξη ώστε να προσδιοριστεί η 

διαδικασία σχηματισμού. Τα δεδομένα από το γεωραντάρ έδειξαν την παρουσία του 

κολλούβιου σχηματισμού και στο υπέδαφος του κατερχόμενου τεμάχους. Στο ρήγμα 

Σφάκα, μέσα σε διανοιγμένο όρυγμα, βρέθηκε υλικό σε  ρωγμές δευτερογενής 
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προέλευσης, πιθανά μετά από κάποιον σεισμό. Η χρονολόγηση του υλικού με C14 είναι 

υπό εξέλιξη. 

Λέξεις κλειδιά: καθρέπτης ρήγματος, t-LiDAR, κολλούβιοι σχηματισμοί, γεωραντάρ, 

δευτερογενής υλικό σε ρωγμές. 

1. Introduction 

The active extensional regime of the Aegean has produced many normal faults throughout the 

region. On the island of Crete (Fig. 1), many of these normal faults comprise footwall limestone 

bedrock scarps which are mainly juxtaposed against hanging-wall Quaternary colluvial and/or 

marine sediments, forming prominent features within the mountainous landscape. The preserved 

fault scarps (Fig. 2) are most likely postglacial (as described on mainland Greece by Benedetti et 

al., 2002; Papanikolaou et al., 2005) and result from cumulative earthquake events on the individual 

fault plane. These faults are considered to be capable; a capable fault is defined as a fault that has 

significant potential to cause displacement at or near the ground surface (IAEA, 2010). There are 

over 20 known bedrock normal faults/fault segments (Caputo et al., 2010) located throughout Crete 

(Fig. 1) which are considered to be capable and have large exposed bedrock fault scarps. 

This paper presents the preliminary results of a multidisciplinary investigation at the Lastros-Sfaka 

Graben located within the Ierapetra Fault Zone (IFZ), eastern Crete (Fig. 1). The Graben consists of 

two opposing faults - the Lastros fault and the Sfaka fault (Figs. 1 and 2). Both these faults strike 

approximately NNE - SSW and have prominent limestone fault scarps. The Quaternary hanging-

wall colluvium of these faults mainly comprises unconsolidated material that has fallen from the 

footwall mountain above the scarp; in various locations this colluvium has become cemented. To 

date there have been no investigations into this phenomenon. Various methods including geological 

mapping, trenching (road cuts), terrestrial Light Detection And Ranging (t-LiDAR), and ground 

penetrating radar (GPR) were used on the footwalls and hanging-walls of these faults. Laboratory 

analyses including thin section analyses, stable isotope and 14C dating are ongoing. 

 

Figure 1 - Relief map of Crete showing the locations of the major capable bedrock faults and 

fault zones throughout the island (fault locations from Caputo et al., 2010; Gallen et al., 

2014). 
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2. Seismotectonic setting 

Crete has been designated as having a high seismic risk due to the island’s location close to the 

Hellenic Arc and Trench System (LePichon and Angelier, 1979; Armijo et al., 1992; Jolivet et al., 

2013). The island has a long record of destructive earthquakes with countless historical reports of 

damage and destruction (Papadopoulos, 2011; Papazachos and Papazachou, 1997). Throughout the 

Aegean, crustal back arc extension is occurring and interpreted as a response to the southward slab-

rollback of the Hellenic margin, the southwestward expulsion of the Aegean microplate and the 

anticlockwise rotation of the African lithosphere relative to Eurasia (Meulenkamp et al., 1988). The 

deformation history of geological units within Crete can be summarised as: (i) compressional 

deformation producing arc-parallel east-west-trending south-directed thrust faults in the Oligocene 

to Early Miocene; (ii) extensional deformation along arc-parallel, east-west-trending detachment 

faults in Middle Miocene time, with hanging-wall motion to the north and south; and (iii) Late 

Miocene-Quaternary transtensional deformation along high-angle normal and oblique normal faults 

that disrupt the older arc-parallel structures (Papanikolaou and Vassilakis, 2010). The study area is 

the Lastros-Sfaka Graben located in eastern Crete and forms part of the Ierapetra Fault Zone (IFZ; 

Fig. 1) which consists of a roughly 25 km long zone of faults segments (Gaki-Papanastassiou et al., 

2009). 

 

Figure 2 - a) View of the Lastros Fault; b) View of the upper segment of the Sfaka Fault. 

3. The Lastros Fault 

The Lastros fault is located on the western side of the Graben and strikes NNE-SSW (020˚ - 200˚). 

The fault comprises two segments separated by a step over; in the south the fault steps back into the 

footwall by around 300 m (Fig. 2a). Manual measurements show that the upper segment in the south 

has an average dip angle of c. 70˚ and the lower northern segment has an average dip angle of c. 65˚. 

A clear bedrock fault plane was mapped for approx. 5 km. 

In many places along strike the hanging-wall colluvium, which is mostly loose material that has 

fallen from the footwall mountain above the scarp and settled on the hanging-wall, has become 
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cemented (Fig.3). This cemented colluvium can be described as a breccia/conglomerate with 

subrounded to angular clasts (implying short transport distances) in a relatively hard, carbonate 

matrix. The cemented colluvium forms different geomorphological structures: a large talus lobe is 

located towards the northern end of the fault (Figs. 3a, 4), and at many locations along strike the 

cemented colluvium forms sheets or slices orientated parallel to the fault plane ranging in thickness 

from decimetres to several metres (Fig. 3b,c). 

 

Figure 3 - a) View of the Lastros Fault (yellow arrows) showing the Lobe of hanging-wall 

cemented colluvium; b) sheets of cemented colluvium up to 40 cm thick; c) sheets of 

cemented colluvium up to 80 cm thick. 

3.1. Methods and Results 

t-LiDAR was undertaken on approximately 1.3 km of the lower segment of the fault. This was done 

to accurately calculate scarp heights which can then be used to infer post glacial throw rates (e.g. 

Papanikolaou et al., 2005). The point clouds from 12 scan windows were combined and 

georeferenced using GPS data taken in the field and converted into a 1 x 1 m resolution raster format 

in GIS. The t-LiDAR derived digital elevation model (DEM) showing slope angle is shown in figure 

4. The DEM clearly shows man made terraces within the hanging-wall and large catchment gullies 

cutting the fault. Throw calculations show maximum projected throws (Papanikolaou et al., 2005) 

of around 10 m in areas where there is little evidence of anthropogenic activity, erosion, or 

sedimentation. 
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Figure 4 - t-LiDAR scan of 1.3 km of the lower segment of the Lastros fault showing slope 

angle. Note the gullies and the terraces in the hanging-wall; long term throw rate calculation 

should not be undertaken at or near these locations. 

The cemented colluvial lobe at the northern end of the fault (Fig. 3a) was sampled every 5 m from 

the fault scarp (see Fig. 4 for location). This was done to determine the composition of the cement 

and also whether the cemented colluvium changes with distance from the scarp. The cement is 

predominantly calcite containing varying amounts of mud/clay. Stable isotope analysis of δ13C and 

δ18O indicate that the source water has a meteoric origin and the deposit can be classified as a 

meteogene. The average δ13C value for all three facies is -7.95 ‰ which falls within the typical 

range for meteogenes (Pentecost, 2005). Palaeotemperature calculations based on the equations of 

Hays and Grossman (1991) show parent water precipitation temperatures ranging from 5 to 8°C. As 

groundwater temperatures are generally equal to the average annual air temperature above the land 

surface, the palaeotemperature results indicate a significantly cooler climate at the time of 

precipitation compared to present day temperatures. 

To determine whether the cemented colluvium was present in the hanging-wall subsurface, GPR 

was also undertaken. GPR profiles were carried out perpendicular to strike (for location see Fig. 4). 

The profiles show a number different radar facies (Neal, 2004) within the hanging-wall subsurface. 

The very low reflectance properties of one of these radar facies compared to the surrounding material 

(Fig. 5), its geometry and its continuity in multiple profiles leads us to infer cemented colluvium 

buried in the hanging-wall shallow subsurface. 

4. The Sfaka Fault 

The Sfaka fault (Figs. 1, 2b) is located on the eastern side of the Graben. It strikes at NNE-SSE (020˚ 

- 200˚) and is antithetic to the Lastros fault. The Sfaka fault was mapped for approx. 5 km and the 

fault plane has an average dip of 63˚. The Sfaka fault also comprises two segments separated by a 

step over; in the south the fault steps approx. 500 m to the west into the hanging-wall. The footwall 

of the fault comprises crystalline limestone, and the hanging-wall also comprises this limestone often 

overlain by colluvium; only in the north of the upper segment are phyllites present in the hanging-

wall, which are again overlain by colluvium. 

During mapping of the northern part of the upper segment, we followed the Sfaka fault along a 

narrow valley in which a dirt road has been constructed to access nearby olive groves. Here the dirt 

road cuts the fault plane at two locations, one approximately 40 m from the other. These two road 

cuts are essentially acting like vertical shallow angle trenches opened approximately 70˚ from the 

fault’s strike. Here we briefly present some preliminary results from the lower road cut, herein 

referred to as Trench 2. 
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Figure 5 - Uninterpreted and interpreted GPR profile at the Lastros fault showing cemented 

colluvium present in the subsurface. 

4.1. Methods and Results 

At Trench 2 the exposure was cleaned of vegetation and the outermost 10 - 15 cm of soil and gravel. 

The trench was logged and photographed and samples were taken from identified displaced layers 

and other horizons for subsequent classification analyses. Trench 2 (Fig. 6a, b) shows fissure fill 

material located between the fault gouge and the colluvial layers. The fissure fill material has both 

a high amount of fines and gravel. The fill is most likely not scarp derived but from palaeosols that 

developed on the surface of the hanging-wall. Orientated clasts at the boundary between the fill and 

the fault gouge are further evidence for a tectonic origin. The fissure fill material has been sampled 

for 14C dating which is ongoing. Within the hanging-wall there are a number of small displacement 

antithetic faults that have developed within the colluvial gravels, which are typical of extension in 

unconsolidated sediments. Cemented colluvium is also present in the trench beginning c. 6m from 

the fault scarp. 

5. Discussion and Conclusions  

Previous work has been carried out on the Lastros and Sfaka faults by Caputo et al. (2006, 2010). 

The authors calculated long-term slip rates for both the Lastros and Sfaka faults based on scarp 

heights and a 13 ka (post glacial) date for first exhumation. The authors estimated a slip rate of 1.3 

mm/yr for the Lastros fault using a maximum throws of 15 m. However, our preliminary t-LiDAR 
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results show that the maximum throw is around 10 m when measurements are undertaken in areas 

not influenced by anthropogenic activity and erosion. When using a 13 ka post exhumation date the 

estimated throw rate is 0.8 mm/yr for a scarp with 10 m of throw. However, there is no evidence for 

13 ka representing the change from glacial to post-glacial conditions. 15 ± 3 ka is more commonly 

used for throw rate estimations (e.g. Papanikolaou et al., 2012). This 15 ± 3 ka range comes from 

research in Italy and is due to the uncertainty on the exact post-glacial age estimate; 18 ka is the 

initiation of the last glacial retreat (Allen et al., 1999) that dominates the present geomorphology of 

the region, and 12 ka is the youngest reported age in the literature since some small magnitude 

glacial re-advances followed by retreat phases have been recorded between 12 and 18 ka, 

predominantly between 14 and 18 ka (e.g. Giraudi and Frezzotti, 1997). Therefore using a 10 m 

throw and 15 ± 3 ka for first exhumation, a throw rate of 0.67± 0.15 mm/yr is produced for the 

Lastros fault. 

 

Figure 6 - a) Photomosaic of Trench 2 at the Sfaka Fault; b) Trench 2 log interpretation, 

CFL indicates crack fill material, C2 – C6 represent uncemented colluvial layers, C1 

represents cemented colluvium. 

Further work on the t-LiDAR DEM will determine whether more representative areas can be found 

for throw rate calculations. Work will also continue on the Sfaka fault to determine if the throw rate 

of 1.0 mm/yr. (Caputo et al., 2010) can be confirmed by our studies. This was calculated using a 12 

m scarp height, and from initial observations in the field, scarps of this height are heavily influenced 

by erosion. The dating of the fissure fills and trench retrodeformation will produce a recurrence 

interval for the Sfaka fault. As the Sfaka fault is antithetic to the Lastros fault, the possibility that 

fissure fills represent slip from accommodation events rather than seismogenic ruptures must be 

considered. 
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Abstract 

Sedimetological analysis of submarine fan deposits, both north and south of Evinos 

River, east of Mesolongi town, showed that there are different sedimentological 

conditions. The southern part outcropped between Klokova and Varasova Mountains, 

influenced by Gavrovo thrust activity, is characterized by coarse grained inner fan 

deposits, and sourced both from Pindos chain and the uplifted Klokova and Varasova 

Mountains. Gavrovo thrust activity, took place during the sedimentation producing 

intrabasinal highs, changing basin geometry. In the northern part, where outer fan 

deposits passes upwards to inner fans, there is no obvious influence of Gavrovo thrust 

but mostly the influence of internal Ionian Thrust. Between the two studied areas there 

is a high deformed area, about 1km wide, trending parallel to the Evinos River in a 

ENE direction, showing that probable Evinos River flows on a strike-slip fault. 

Keywords: Evinos River, Gavrovo Thrust, Klokova and Varasova mountains, 

submarine-fans. 

Περίληψη 

Η ιζηματολογική ανάλυση των υποθαλασσίων ριπιδίων, βόρεια και νότια του ποταμού 

Εύηνου, ανατολικά της πόλης του Μεσολογγίου, έδειξαν διαφορετικές συνθήκες 

ιζηματογένεσης. Το νότιο τμήμα που εμφανίζεται μεταξύ των βουνών Κλόκοβα και 

Βαράσοβα, που επηρεάστηκε από τη δράση της επώθησης της Γαβρόβου, χαρακτηρίζεται 

από αδρομερείς αποθέσεις εσωτερικού ριπιδίου, τα οποία προέρχονται τόσο από την 

οροσειρά της Πίνδου όσο και από τα αναδυθέντα όρη της Κλόκοβας και Βαράσοβας. Η 

επώθηση της Γαβρόβου έλαβε χώρα κατά τη διάρκεια τη ιζηματογένεσης παράγοντας 

ενδολεκανικά υβώματα τα οποία επηρέασαν τη γεωμετρία της λεκάνης. Στο βόρειο τμήμα, 

οι αποθέσεις εξωτερικού ριπιδίου περνούν προς τα πάνω σε αποθέσεις εσωτερικού 

ριπιδίου και δεν παρατηρείται η επώθηση της Γαβρόβου να έχει επηρεάσει το τμήμα αυτό 

παρά μόνο η επώθηση της Εσωτερικής Ιόνιας ζώνης. Μεταξύ των δύο μελετηθέντων 

περιοχών, υπάρχει μία έντονα παραμορφωμένη περιοχή, πλάτους περίπου 1km, η οποία 

εκτείνεται παράλληλα στον ποταμό Εύηνο με μια ΑΒΑ διεύθυνση, δείχνοντας ότι πιθανά 

ο ποταμός Εύηνος κινείται πάνω σε ένα ρήγμα οριζόντιας μετατόπισης. 

Λέξεις κλειδιά: Εύηνος ποταμός, Επώθηση της Γαβρόβου, όρη Κλόκοβα και 

Βαράσοβα, Υποθαλάσσια ριπίδια. 
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1. Introduction 

Pindos foreland deposits (Fig. 1) have been interpreted as submarine fan deposits, sourced from the 

Pindos thrust belt to the east (for reference see Avramidis et al., 2000). The accumulation of the 

submarine-fans resulted from the deformation of the external Hellenides which migrated in a 

westward direction. During this migration, on the Gavrovo and Ionian zones Pindos foreland was 

formed (for reference see Zelilidis et al., 2015). 

 

Figure 1 - Geological map of south Aitoloakarnania compared to the Greek space (modified 

from IGME Geological maps 1:50.000 sheets Messolonghion, Evinokhorion, Nafpaktos, 

Klepa, Thermon). 

The age of Pindos foreland according to Avramidis et al. (2002) is different along the basin ranging 

from middle Eocene to early Miocene. Pindos foreland was affected by the presence of internal 

thrusting and transfer faults, causing changes in depth and width. Due to internal thrusting (Gavrovo, 

internal and middle Ionian thrusts), creating intrabasinal highs that influenced palaeocurrent 

directions (Avramidis and Zelilidis, 2001; Konstantopoulos et al., 2013). Transfer faults cross-cut 

the intrabasinal highs and produced low relief areas that act as pathways for sediment distribution. 

In this work a restricted area of the Pindos Foreland, east of Mesolongi, was studied. 

Sedimentological analysis led us to construct and to introduce the basin evolution model. 

Combination of the field data led us to identify the differences between the south and the north part 

of the basin, separated by the Evinos River. 
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2. Geological setting 

Vakalas et al. (2004) described the Ellinika section in the western end of the studied area where he 

found a late Eocene to late Oligocene age of submarine fans for the western part of Arakinthos 

Mountain (Fig. 2). According to Vakalas and Zelilidis (2002) the Ellinika section, shows a measured 

stratigraphic thickness of 2000m. From the base to the top of the stratigraphic column the following 

environments have been identified: A. Outer fan deposits consisting of lobe and lobe fringe deposits 

(600m thick). At the base of this sequence near the contact with the Eocene limestone thick 

calcareous turbidites have been recognized. B. Inner fan deposits (1200m) comprising channels and 

levee/interchannel deposits. At the lower stratigraphic positions of the Ellinika sections, the 

paleoflow direction is mainly towards the west. In the middle stratigraphic levels, the paleoflow 

regime changes parallel to the basin axis direction. Considering that at these levels inner fan deposits 

have been recognized, it seems that the geometry of the basin must have been changed to a more 

trough-like character, where the flows were controlled by the confinement which is caused by the 

trough. At the western margins of the section, some easterly flow directions have been observed, 

suggesting an increase of the sea floor gradient due to the activation of the Internal Ionian thrust. 

The activity of the thrust would have increased the instability in this area, triggering submarine 

failures. 

Proposed paleogeographic evolution introduced that clastic sedimentation began during late Eocene; 

whereas the transition from the chemical to clastic sedimentation seems to have been abrupt. Later, 

and during upper Eocene to lower Oligocene the basin configuration changed to well-expressed 

trough geometry. This change is supported by the turn of the paleoflow trend to an axial direction. 

Also, the outer fan deposits which were deposited during the previous period of the evolution appear 

tectonically deformed, suggesting the influence of a tectonic event, such as the activation of the 

Gavrovo and Internal Ionian thrusts. Finally, during Oligocene inner fan deposits were accumulated 

showing a decrease of the system’s energy and a westward migration of the tectonic activity. 

3. Facies analysis and facies associations of the studied area 

The studied submarine fan deposits east of Mesolongi (Fig. 2) subdivided into 4 regions, 2 north and 

2 south of the Evinos river, the area between Klokova and Varasova (region A), the area of Perithori 

and Evinos (region B), the Arakinthos mountain (region C) and the area east of Arakinthos (region 

D). Stratigraphic columns for these different regions are presented on figure 3. Sedimentological 

analysis led us to organize lithologies into 4 facies: 

Facies 1: mudstone-sandstone interbeds with fine-grained, thin-bedded sandstones (bed thickness 2-

5cm) and mudstone beds. Rarely sandstone beds with 20-50cm thick occur. 

Facies 2: Sandstone-mudstone interbeds with fine-grained to medium-grained sandstone beds, 20-

50cm thick, and mudstone beds with the same thickness.  

Facies 3: Sandstone, with medium-grained to coarse-grained sandstone beds, 80-150cm thick. On 

the top of sandstones thin mudstones are present, decreasing or lacking when amalgamation of 

successive sandstone beds is observed. In the area of Arakinthos, a micro-breccia-conglomeratic bed 

with normal graded bedding occurs within these facies. 

Facies 4: Conglomerates which consist mainly of well-rounded limestone cobbles into sandstone 

matrix. 
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Figure 2 - Geological map which shows the studied regions (a synthesis from geological maps 

of IGME sheets Evinokhorion 1991 and Messolonghion 1996). 

                                          

Figure 3 - Synthetic columns of the constructed sections for the regions A and B and C and D. 
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3.1. South of the river Evinos  

This area was studied in two regions, region A and region B (Fig.2).  

Region A: is characterized by the presence of cemented conglomerates, up to 200m thick and 1km 

long (facies 4, on section A of region A, on figure 2) with interbedded sandstone beds (facies 3) and 

thin mudstone-sandstone beds (facies 1). The sandstone base of facies 3 is flat with good lateral 

continuity. Facies 1 in this region is outcropped as a slump horizon within facies 4 (Fig. 4A) showing 

that large blocks of facies 4 could slide using as a sliding surface of hyper pressured or fluidized 

mudstones (facies 1). The deposition of thick bedded sandstones (facies 3) took place due to rapid 

deposition of a high density turbiditic current. The above deposits of region A represent channel-fill 

deposits accumulated in an inner fan environment. 

Region B: Deposits of this region, with up to 400m thickness, can be divided into two sections, B1 

and B2, 1km and 2,5km long, respectively. The B1 is stratigraphically below B2. 

Section B1: From east to west, in an up to 340m long part of the section, facies 1, facies 4 and facies 

2 were recognized. Facies 4 is characterized by erosional base and channelized geometry (Fig. 4B). 

Conglomerates are massive with sand matrix and a total thickness up to 4,5m. The pebbles size 

varies from 2-10cm and consists of limestones: 60%, sandstones: 30% and cherts: 10%. Facies 2 is 

characterized by an upward coarsening and thickening of sandstone beds introducing outer fan lobe 

deposits. 

 

Figure 4 - A) Geological section of facies 4 in alternation with facies 3 and facies 1. B) Part of 

the section B1 which shows the upgrading and the increase of sandstones' thickness upward 

(lobe deposits). C) Western edge of section B1 expressed with channel and levee deposits. D) 

Part of section B2 which shows the base of the sequence (facies 1), in the middle the facies 4 

and on top the facies 3. 

At the western part of this section at least 6 cycles with interbedded facies 2 with facies 1 are present, 

whereas and only in the upper two cycles facies 4 also is present (Fig. 4C), at the base of each cycle. 

In facies 2 the sandstone beds show an upward decrease both on bedding thickness and on particle 

size. So, from the above we can suggest for the western part of this section a middle fan environment 

where channel-fill deposits were accumulated, whereas fine-grained sediments could represent levee 

deposits. 

Section B2: This S-N section and from older to younger deposits, for a distance of 1,7km, is 

characterized by facies 1 at the base, facies 4 in the middle part, facies 3 in the upper part (Fig. 4D) 
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and facies 1 in the uppermost part. Northwards the rest section (for about 800m distance) is 

characterized by thick interbedded of facies 1 with facies 3. The difference between these two parts 

of Section B2 is that the in lower part facies 3 is characterized by erosional bases and fining and 

thinning upwards of sandstone beds, whereas in the upper part facies 3 is characterized by flat bases, 

lateral extension, and coarsening and thickening upward. So, the lower part with facies 1, 3 and 4 is 

interpreted as channel fill deposits in an inner fan environment and the upper part as lobe deposits 

in an outer fan environment. 

3.2. North of the river Evinos 

North of the river Evinos area was studied in two regions, C and D (Fig. 2).  

Region C: The submarine fan deposits of region C have been studied in two sections, C1 and C2. 

The C1 is stratigraphically below C2. 

Section C1: This section is subdivided into two sedimentary cycles. The lower cycle is constituted 

by facies 1 which pass upwards to facies 2, whereas the upper cycle with facies 1 at the lower part 

pass upwards to facies 3. Each cycle is characterized by coarsening and thickening upward in 

sandstone beds, up to 80cm thick, and s/m ratio changes from 1/1 and finally to 9/1. Facies 2 and 3 

are characterized by flat bases and lateral extend. So, facies 2 and 3 are interpreted as lobe deposits 

and facies 1 as levee deposits. 

Section C2: This section is subdivided into two sedimentary cycles with facies 1 at the lower part 

of each cycle and facies 3 in each upper part. Each cycle is characterized by coarsening and 

thickening upward in sandstone beds and s/m ratio changes from 1/9 to 1/1 and finally to 9/1. Facies 

3 is characterized by flat bases and lateral extend (Fig. 5A). Facies 1 in the lower part is thinly 

interbedded whereas in the upper cycle sandstone beds are up to 10-15cm. So, facies 3 is interpreted 

as lobe deposits, facies 1 in the lower cycle as interlobe-lobe fringe, whereas in the upper cycle as 

levee deposits. 

Region D: This region is characterized by strong deformed sediments, and this deformation is 

restricted only in this region. The submarine fans of area D are characterized mostly by facies 1, and 

only in some places facies 3 and facies 4 are present over facies 1 either with fault controlled contacts 

(Fig.5B) or with angular unconformity (5C). It seems that facies 1 with thinly bedded mudstones 

accumulated in a basin plain environment, represents the lower stratigraphic sediments of the studied 

area and outcropped due to internal thrusting (Gavrovo thrust?). Facies 3 and 4 are characterized by 

erosional bases, channelized geometries (Fig. 5C), and showing channel-fill deposits in an inner fan 

environment. Facies 3 sandstones, of submarine fans, are characterized by Bouma subdivisions Ta, 

Tb and Tc and amalgamation surfaces indicating a medium to high energy environment (Fig. 5D). 

The relation between facies 1 with facies 3 and 4 suggests that there was a synsedimentary 

deformation of this part of the basin explaining the unconformity and the fault controlled contacts. 
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Figure 5 - A) Part of section C2, expressed with outer fan lobe deposits, levee deposits and 

interlobe deposits. B) Conglomerates overlying the basement. We also see faults responsible 

for basement's emersion. C) Channel deposits lying above of the basement. D) Sandstone 

layer with amalgamation surface and the Bouma sequence. 

4. Paleocurrent directions 

Palaeoccurent regime, based on measured traces (groove marks), showed a northward trend for areas 

A and B, indicating an axial transporting regime, whereas the main paleocurrent direction of the 

region C (Arakinthos mountain) is NW-SE and the main direction of the area D is towards the west. 

5. Paleogeographic evolution  

Studied area is organized into two evolutionary stages. 

Stage A: During Upper Eocene (Fig. 6A) clastic sedimentation starts in the study area at the part 

northern of the river Evinos, expressed with basin plane deposits. The transition is characterized by 

thick turbiditic limestones, indicating a stronger instability regime of the western margin of the basin 

in this part. Meanwhile, during the same period starts the deposition of submarine fans at the part 

south of river Evinos, which is also expressed with basin plane deposits. 

Stage B: During Oligocene (Fig. 6B) outer fan lobes were deposited north of river Evinos and 

specifically in areas C and D channel deposits dominate. At the South because of Gavrovo ridge the 

relief of the bottom of the basin is directly affected with the deposits in the regions A and B 

characterized as inner fan deposits with deposition of the coarser material nearby the ridges of 

Klokova and Varasova. Furthermore, the Pindos overthrust seems to be still active as paleocurrent 

directions in the north showed NE-SW. Finally, during the Lower Oligocene shallowing of the basin 

continues while Pindos thrust is gradually inactivated and pressure migrates towards the west 

converting the basin into a piggy back basin. 
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Figure 6 - A) Map which shows the paleogeographic evolution in the Upper Eocene. B) Map 

which shows the paleogeographic evolution in the period of Upper Eocene-Oligocene. 

6. Conclusions 

Studied area is characterized by the evolution of submarine fans. In detail, in both areas basin plain 

deposits were accumulated during late Eocene, but after this stage they had different evolution. 

During Oligocene the northern area (Fig. 7) is characterized by more dipper and distal conditions 

than the southern area. In the northern area outer fan lobes were deposited, whereas in the southern 

area inner fan channel deposits were accumulated, showing that only the southern area was 

influenced by the internal Gavrovo thrusting, which produced more restricted conditions in this area. 

 

Figure 7 - Section north of the Evinos river. For location see figure 2. 

The presence of high deformed outer fans in the northern area (Fig. 7) and in relation with the 

presence of inner fan deposits over outer fans in this area introduce a strong influence of the northern 

area from the internal Ionian thrust. 

Due to Gavrovo thrust activity Klokova and Varasova Mountains were formed and Cretaceous 

basement was outcropped (Fig. 8), but only in the area south of Evinos River, whereas due to internal 

Ionian Thrust activity Arakinthos Mountain with submarine fans, north of Evinos River, was 

deformed; whereas this activity is not outcropped south of Evinos River. 

The palaeocurrent regime showed that during Oligocene the activity of Gavrovo and Internal Ionian 

thrusts produced restricted narrow sub-basins in different phase and paleoflows changed from a 

westward direction (in an open basin) to axial trends (in the restricted conditions) during the 

sedimentation. 

Basin Plane Deposits 

Up.Eocene 

Paleocurrent 

directions 
Paleocurrent 

directions 

Up.Eocene-

Oligocene 
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Figure 8 - Section south of the Evinos river. For location see figure 2. 

From the above, in the studied part of the Pindos foreland, it seems that Evinos River probably flows 

on a previous strike-slip zone, acted during the sedimentation of submarine fans. Due to this strike-

slip fault zone different depositional conditions were produced south and north of Evinos River. 

This strike-slip fault zone cross-cut both internal thrusts (Gavrovo and internal Ionian) and acted as 

the major pathway for the sediment transportation in more distal parts (Fig. 9). 

 

Figure 9 - Possible schematic tectonic model of the study area, depicting Evinos pathway. 
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Abstract 

Τhe most important active fault that intersects the eastern tip of Corinth Canal,the 

Kalamaki-Isthmia fault, is studied in detail, involving data analysis from nine 

boreholes, magnetic susceptibility measurements within boreholes and 

paleoenvironmental interpretations. Samples taken from boreholes were analysed 

and paleoenvironmental changes in the sequence are described. We correlate 

magnetic susceptibility (MS) measurements with paleoenvironmental and lithological 

alternations within the boreholes. We have ascribed low MS values to marine 

highstand deposits and high MS values to lowstand terrestrial deposits. 

Glacioeustatic sea level changes and tectonic movements have led to a very 

complicated lithosedimentary pattern that involves subaerial exposure, fluvial-

terrestrial, lagoonal, shallow marine environments and possibly even some lake 

sediments. Our results indicate that the Kalamaki fault is active and has a low slip 

rate of 0.05±0.02 mm/yr. 

Keywords: Benthic foraminifera, active faulting, Corinth gulf, Saronic Gulf. 

Περίληψη 

Το σημαντικότερο ρήγμα του Ισθμού, το ρήγμα του Καλαμακίου-Ίσθμιων,  μελετήθηκε 

λεπτομερώς, μέσω της μαγνητικής επιδεκτικότητας των ιζημάτων και την ανάλυση του 

παλαιοπεριβάλλοντος σε 9 γεωτρήσεις. Δείγματα από τις γεωτρήσεις αναλύθηκαν ως 

προς το παλαιοπεριβάλλον, και συσχετιστήκαν με τις τιμές της μαγνητικής 

επιδεκτικότητας. Συσχετίσαμε τις χαμηλότερες τιμές με τις μεσοπαγετώδεις αποθέσεις 

και τις μεγαλύτερες τιμές με τις παγετώδεις. Οι ευστατικές κινήσεις τις στάθμης της 

θάλασσας σε συνδυασμό με τις τεκτονικές κινήσεις έχουν δημιουργήσει ένα εξαιρετικά 

σύνθετο λιθοστρωματογραφικό μοτίβο, που περιλαμβάνει ποταμοχειμάρειες αποθέσεις, 

θαλάσσια και λιμνοθαλάσσια ιζήματα, καθώς και πιθανά λιμναία περιβάλλοντα. Είτε 
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μέσω του παλαιοπεριβάλλοντος, είτε μέσω της μαγνητικής επιδεκτικότητας 

καταλήγουμε πως το ρήγμα έχει χαμηλό ρυθμό ολίσθησης. 

Λέξεις κλειδιά: Βενθονικά τρηματοφόρα, ενεργά ρήγματα, Κορινθιακός κόλπος, 

Σαρωνικός κόλπος. 

1. Introduction 

The Corinth region is influenced by significant active normal faults, such as the Kechriaie, the South 

Alkyonides Fault System (SAFS) and the Loutraki faults (e.g. Armijo et al., 1996; Collier et al., 

1992; Roberts et al., 2009). Shorter normal faults located at the Canal have also affected the 

topography displacing Plio-Pleistocene sediments (Figure 1). Currently, the entire Isthmus 

undergoes uplift controlled by the major faults north of the Perachora peninsula. Glacioeustatic sea 

level changes and/or tectonic movements have led to a complicated lithosedimentary pattern with 

alternating marls, sands and gravels of Plio-Pleistocene age (e.g. Freyberg, 1973; Collier, 1990; 

Collier and Thomson, 1991; Collier and Dart, 1991). The Corinth Canal offers a unique opportunity 

to study the faults in the area. Most of these faults do not displace the topography and are of limited 

length. They are commonly considered secondary structures with low slip-rates (Papanikolaou et 

al., 2015). However, towards the southeastern end of the Canal we traced an ENE-WSW trending 

fault (the Kalamaki-Isthmia fault), dipping 60°-65° towards the SSE (e.g. Collier, 1990; Pallikarakis 

et al., 2015; Papanikolaou et al., 2015). It offsets Middle and Upper Pleistocene sediments and 

bounds alluvial deposits that are located on its hangingwall. Its length is approximately 5.5 km, but 

it controls the topography of the area, producing up to 150 m of displacement towards its centre. 

Towards its central part the upper layers dip 5o to 10o towards NNW, while the lower layers dip 20o 

to 35o towards NNW. Layers in the centre of the fault dip 35o while these closer to its tip dip 5o to 

15o to the NNW (Papanikolaou et al., 2015). 

 

Figure 1 - A) Simplified geological map showing the major faults; the Kalamaki-Isthmia 

fault is highlighted in red (modified from Bornovas et al., 1972, 1984; Collier, 1990; 

Gaitanakis et al., 1985; Papanikolaou et al., 1989, 1996, 2015). B) Boreholes location at the 

footwall and hanging-wall of the Kalamaki fault. 

2. Materials and Methods 

Samples from nine boreholes which were drilled on either side of the Kalamaki-Isthmia fault were 

examined for micropaleontological content. 292 m of cores were examined and 252 samples were 
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extracted (Figure 2). We described alternations of sand, clay, clayey sand, conglomerate, marl, 

fractions of limestone and topsoil within the borehole cores. We encountered the same complicated 

lithological pattern within the boreholes and through geological mapping. There is a poor correlation 

among these layers. The latter indicates that there are major lateral alternations and stratigraphic 

variations. A series of different depositional environments were recognized through 

micropaleontological analysis of the benthic foraminiferal fauna (Figure 3) (e.g. Triantaphyllou et 

al., 2003). 

 

 

Figure 2 - Samples from the drill cores. (A) Borehole GA-4 from 18.30 m - 19.20 m, showing 

the transition from fluvial (gravels) to marine (silt). (B) Borehole GA-4 from 33.00 m - 33.90 

m, showing the transition from gravels to sitly sand. (C) Borehole GA-5 from 28.60 m - 29.70 

m, showing the transition from marine (clayey sand) to fluvial gravels. 

We have described and analysed borehole cores focusing on the micropaleontological content. 

Alternations of clay, sand, and gravels were encountered and the paleoenvironmental conditions 

varied from fluvial-terrestrial to marine. The paleoenvironment was grouped into six categories: 

 Fluvial-terrestrial (F) deposits representing torrential events consisting mostly of well-

rounded gravels and to a lesser degree sand. 

 Coastal (Co) rounded sands and fine gravels representing foreshore paleoenvironment. 

 Shallow (less than 30 m depth) marine (M) shoreface deposits of fine sands and clays. 

 Shallow marine (SM) gravels and sands with mesohaline features influenced by freshwater 

input. This suggests that the paleoenvironment was probably nearest to the coast and 

shallower than (M). 

 Lagoonal clays (L), fine sands and rare gravels indicating a very shallow and closed marine 

paleoenvironment. 

 Brackish-Oligohaline (Br), which consists of clay and fine sand and is similar to a lacustrine 

environment. 

The magnetic susceptibility (MS) of sediments depends mostly on mineral composition and grain 

size. In general, iron bearing minerals lead to high values of MS (dimensionless SI units) (e.g., 

Mullins, 1997; Oldfield, 1991; Da Silva et al., 2009; Reicherter et al., 2010). Terrestrial deposits are 

often characterized by higher amounts of such minerals compared to marine sediments; therefore 

MS measurements can help to distinguish between different sedimentary environments. For our 

study we used the Bartington MS2 system with the MS2K sensor (see also Reicherter et al., 2010). 

The MS measurements were taken in the laboratory every 2 cm along each core or by calculating 

the average value if the sample was in a sample bag. In total, 992 MS measurements were carried 

out on nine different borehole cores. Based on the core descriptions, we correlated the lithology and 

the paleoenvironment with the MS measurements. 
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Figure 3 - (A) Rosalina sp., (B) Aubignyna sp. (broken), (C) Cibicides sp., (D) Ammonia sp. 

Foraminiferal species that were found within boreholes, indicating a shallow marine 

environment (A), (C) or a lagoonal environment (B), (D) Results. 

Micropaleontological analysis showed a complicated paleoenvironmental pattern (Pallikarakis et al., 

2015). In borehole Bh-1 we identified mainly alternations of lagoonal with shallow marine 

sediments, interrupted by a fluvial-terrestrial layer. Paleoenvironment in borehole Bh-3 and Bh-7 is 

more complicated. We identified several alternations of shallow marine to lagoonal sediments, 

interrupted by terrestrial or fluvial terrestrial sediments. At 22 m depth in Bh-3 and at 24 m depth in 

Bh-7 a lagoonal layer with abundant small size Ammonia has been found. In Bh-3 at 21 m depth and 

in Bh-7 at 18 m depth we found a Cladocora caespitosa corals colony in situ. In Bh-7 from 33 to 45 

m depth we found fault’s deformation zone with alternations of cataclastites and fragments of 

limestones. The entire borehole G-1 was described as terrestrial - fluvial paleoenvironment, while 

borehole G-2 was characterized mainly as lagoonal paleoenvironment interrupted by thin layers of 

shallow marine paleoenvironment.  Borehole GA-2 was described as lagoonal to shallow marine 

with mesohaline features. In borehole GA-3 we identified a shallow marine with mesohaline features 

to coastal paleoenvironment. The end of the borehole is characterized as fluvial terrestrial 

paleoenvironment. In borehole GA-4 we mostly identified alternations of shallow marine and 

lagoonal sediments, interrupted by coastal and fluvial sediments. Borehole GA-5 is mainly 

characterized by alternations of coastal to shallow marine with mesohaline features and shallow 

marine paleoenvironments (Figure 4). 
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Figure 4 - Most of the boreholes were drilled at the immediate hangingwall of the fault. Even 

to neighbouring boreholes, there is a poor correlation showing the complexity of the 

sedimentological and paleoenvironmetal pattern. 

MS measurements show a clear difference between marine and terrestrial sediments. Higher values 

are measured in gravely layers, while clayey and sandy layers have less magnetic susceptibility. 

Shallow marine layers with mesohaline features were influenced by fresh water. High diversity 

within these layers is due to the fact that gravels were transported by torrential rainfall events 

(Figures 5, 6). Shallow marine sediments have lower MS ranging from 1 to 70 SI. Lagoonal 

sediments have a unique imprint as well. Here, the MS signal ranges from 3 - 70 SI and is less than 

30 SI in most cases. However, in Bh-7, lagoonal sediments contain clasts which affect the MS signal, 

and as a result higher MS values were measured. Coastal layers range from 4 - 253 SI, as they mostly 

consist of transported rounded clasts and grains. Gravely sediments have a distinct imprint with 

values ranging from 12 - 164 when the clasts consist of limestone or 75 - 582 when the clasts consist 

of Ophiolites. In Bh-1 core MS measurements range from 5 - 267 SI. The lower part of the core is 

characterized by higher MS values. In Bh-3 MS values range from 1 - 207 SI and follow the changes 

of the described environment. In Bh-7 MS values range from 1 to 227 SI. In GA-2 core MS 

measurements in the upper part range from 1 to 97 SI, while the brackish layer has values of 7 to 9 

SI. In GA-3 core MS measurements at the lower fluvial part range from 184.5 to 262; then from 

75.5 to 253.5 for the coastal part; while the upper shallow marine part ranges from 97 to 312. In 

borehole GA-4 MS measurements in lagoonal sediments range from 3 to 70 SI, in coastal sediments 

from 50 to 162 SI, in shallow marine sediments from 1 to 62 SI, in fluvial from 126 to 442 SI and 

in shallow marine with mesohaline features from 2 to 343 SI. In GA-5 MS values in the lagoonal 

environment range from 8 to 12 SI, in shallow marine from 3 to 20 SI, in coastal from 19 to 322.5 

and in shallow marine with mesohaline features from 21 to 424 SI. 
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Figure 5- The magnetic susceptibility (MS) of sediments depends mostly on mineral 

composition and grain size (e.g., Mullins, 1997; Oldfield, 1991). The scale of X and Y axis is 

the same in all boreholes for assisting the comparison. See text for description. 
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Figure 6 - All studied boreholes, in respect to the present sea level. 

3. Discussion 

We conclude that the boreholes show alternations of highstand and lowstand deposits when 

correlating marine sediments with glacioeustatic sea level highstands and terrestrial sediments with 

glacioeustatic lowstands. By correlating the known uplift rate of the area (0.3 mm/yr according to 

Collier et al., 1992), with global sea level change from Siddall et al. (2003), we can imply the relative 

dates of the sediments (Figure 7). We expect that the average age of the marine sediments within 

the boreholes is probably 125 to 200 ka, while within the deepest boreholes (Bh-3 and Bh-7) the age 

of marine layers are probably even 240 to 300 ka. 

The Kalamaki-Isthmia fault is an active syn-sedimentary structure that offsets Pleistocene sediments 

and controls the morphology of the eastern part of the Canal with an elevation of up to 150 m. The 

fault was highly active during sedimentation, since the upper layers towards fault’s centre dip at 

higher angle than these to the lower part. The layers of the central part dip at a higher angle than 

those towards its tip, which indicates that the backtilting is controlled by the slip-rate variability 

from the center to the fault tip (Papanikolaou et al., 2015). The complicated paleoenvironmetal 

pattern is the result of the interplay between the glacioeustatic sea level changes and the tectonic 

movements. 

 

Figure 7- Simplified paleoenvironment in boreholes Bh-3, Bh-7 and GA-4, sea level curve 

from Siddall et al. (2003) and the expected depositional paleoenvironment  based on the 

0.3mm/yr uplift rate from the neighbouring dated corals of Collier et al. (1992). Expected 

marine paleoenvironments are highlighted with blue. 
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MS measurements exhibit a clear difference between marine and terrestrial sediments. Ophiolite 

clasts within the fluvial terrestrial deposits lead to higher MS measurements. These clasts most likely 

originate from the Gerania Ophiolite nappes and could indicate higher erosional rates and transfer 

capacity. Therefore we suggest that these fluvial terrestrial sediments should have been transferred 

and deposited during the glacioeustatic lowstand, when the area was emerged. During emergence 

we observe higher erosion rates and thus high mobility and re-sedimentation of lowstand clasts of 

predominately ophiolitic origin. There is a relationship between ophiolite gravely layers with high 

MS and with glacioeustatic lowstand fluvial deposits (Gawthorpe et al., 1994). The presence of the 

fluvial Ophiolite clasts layer, which is traceable in most of the boreholes, is partially affected by the 

fault’s activity. 

 

Figure 8 - Boreholes Bh-3 and Bh-7 were examined to estimate the faults slip rate by 

correlating Cladocora corals, a lagoonal horizon and magnetic susceptibility. 

Papanikolaou et al. (2015) correlated lagoonal horizons from boreholes Bh-3 and Bh-7 to estimate 

the fault’s mean slip rate at this site. The authors implied a 0.04 ±0.02 mm/yr mean slip rate for the 

last 200 ka. Through magnetic susceptibility values we confirmed the connection between these two 

layers. Even though Bh-7 has poor correlation, the transition from marine to terrestrial is evident. 

By correlating the transition from low MS values to high MS values in boreholes Bh-3 and Bh-7, 

we conclude that the fault’s mean slip rate for the same period is higher, around 0.05±0.02 mm/yr. 

The estimate of Papanikolaou et al. (2015) is based on foraminiferal assemblages, while in this paper 
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we use MS values. Both methodologies are independent of each other. Either way, the Kalamaki-

Isthmia fault is an active but low slip rate fault. MS measurements refine the interpretation of the 

drill cores, thus leading to a better understanding of the tectonic movements relative to sea level. 

Questions arise concerning the influence of the fault on the sedimentation pattern: To what extent 

does the fault control the sedimentation processes? Further analysis might help us distinguish 

between natural fluctuations in sedimentation rates and tectonically driven variability. However, we 

already understand that the complicated paleoenvironmental pattern is the result of the interplay 

between the glacioeustatic sea level changes and the tectonic movements. 

4. Conclusions 

 Magnetic Susceptibility has greater values in fluvial and terrestrial sediments than in shallow 

marine or lagoonal sediments. The presence of Ophiolites clasts mainly in fluvial sediments 

has helped us to distinguish a unique imprint of higher values, in comparison with the marine 

deposits. 

 Paleoenvironmental examination has shown alternations of marine to terrestrial sediments 

within the boreholes. Correlating the glacioeustatic sea level changes with the tectonic uplift 

we suggest that the age of the sediments is from 125 ka to 240 ka and even 300 ka. 

 The offset between lagoonal horizons in boreholes Bh-3 and Bh-7, mentioned by 

Papanikolaou et al. (2015) which they estimated the slip rate of the fault, is highlighted here 

as well by correlating the MS values in boreholes Bh-3 and Bh-7. 
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Abstract 

This study presents new results for the tectonostratigraphic configuration of the 

Cycladic Blueschist unit (CBU) in the islands of Sikinos and Sifnos. These results 

show that the observed tectonostratigraphy in CBU results from tectonic repetitions 

of a thinner sequence. Tectonic repetitions have been achieved by a series of large-

scale ductile thrusts that operated during burial and exhumation of CBU. Restoration 

of the tectonostratigraphy in both islands implies an original, pre-metamorphic 

sequence, which was made up by a volcano-sedimentary complex at the base and an 

overlying carbonate-rich sedimentary succession. This Mesozoic protolithic sequence 

was possibly formed in a continental terrane or in a transitional domain between a 

continental terrane and an oceanic basin. We suggest that the Mesozoic protolith of 

the CBU was formed in an incipient oceanic basin rather than a mature ocean like 

Pindos Ocean. This incipient oceanic basin was developed either along south part or 

along the north margin of Pelagonian microcontinent. 

Keywords: Ductile thrust, Incipient Ocean, Hellenides. 

Περίληψη 

Η παρούσα εργασία παρουσιάζει νέα στοιχεία για την τεκτονο-στρωματογραφική 

διάρθρωση της ενότητας των Κυανοσχιστόλιθων (CBU) στα νησιά Σίκινος και Σίφνος. 

Τα στοιχεία αυτά δείχνουν ότι η παρατηρούμενη τεκτονο-στρωματογραφία της CBU είναι 

αποτέλεσμα τεκτονικών επαναλήψεων μίας πιο λεπτής ακολουθίας πετρωμάτων. Οι 

τεκτονικές επαναλήψεις επιτυγχάνονται μέσω μίας σειράς πλαστικών επωθήσεων 

μεγάλης κλίμακας που λειτούργησαν κατά τον ενταφιασμό και εκταφιασμό των 

πετρωμάτων. Η αποκατάσταση της τεκτονο-στρωματογραφίας και στα δύο νησιά 

φανερώνει μία αρχική ακολουθία, η οποία αποτελείται από ένα υποκείμενο σύμπλεγμα 

ηφαιστειο-ιζηματογενών πετρωμάτων και μια υπερκείμενη ιζηματογενή ακολουθία 

πλούσια σε ανθρακικά πετρώματα. Αυτή η Μεσοζωική ακολουθία, που αποτέλεσε τον 

πρωτόλιθο της CBU, πιθανώς σχηματίστηκε σε ηπειρωτικό φλοιό ή στη ζώνη μετάβασης 

μίας ηπειρωτικής περιοχής σε μία ωκεάνια λεκάνη. Προτείνεται ότι ο πρωτόλιθος της 

CBU σχηματίστηκε σε μία εμβρυική ωκεάνια λεκάνη που δημιουργήθηκε είτε κατά μήκος 

του νότιου τμήματος της Πελαγονικής μικροηπείρου ή του βόρειου περιθώρίου της, παρά 

σε έναν ώριμο ωκεανό, όπως ο ωκεανός της Πίνδου. 

Λέξεις κλειδιά: Πλαστική επώθηση, εμβρυικός ωκεανός, Ελληνίδες. 
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1. Introduction 

The Cycladic Blueschist Unit (CBU; Fig. 1) is characterized by a complex deformation history, 

which is expressed by successive generations of ductile structures developed during the Eocene 

subduction and the subsequent Oligocene-Miocene exhumation of the unit. Subduction-related 

deformation is mainly manifested by ductile thrusting that led to the formation of individual nappe 

stacks within the CBU (e.g, Aravadinou et al., 2016). Ductile deformation during the exhumation is 

represented by thrust-sense shear zones (Xypolias et al., 2012), kilometre-scale folds (e.g., Xypolias 

and Alsop, 2014) and large-scale extensional detachments (Jolivet and Brun, 2010). Therefore, it is 

clear, that these large-scale syn-metamorphic structures have significantly modified the pre-

metamorphic stratigraphy of the Permo-Mesozoic protolithic sequence of the CBU, which was 

dominated by carbonate and pelitic rocks as well as volcanic rocks (Papanikolaou, 2013). Several 

studies suggest that the protolithic sequence of the CBU was formed in a Permo-Mesozoic passive 

continental margin (e.g., Dürr, 1986; Okrusch and Bröcker, 1990) whilst the geochemical signature 

of (meta-) magmatic rocks on Syros and Sifnos can be fitted into a tectonic setting, which 

encompasses the evolution of an island-arc to a back-arc basin (Mocek, 2001). According to some 

authors (Keiter et al., 2011) the occurrence of meta-ultrabasites also implies that at least an incipient 

oceanic lithosphere was occupying the depocentre of the protolithic sequence of the CBU. 

Critical for the distinction between different tectonic models is the knowledge of the original pre-

metamorphic stratigraphy of the CBU. However, this requires at least mapping of the zones of 

tectonic repetition and restoration of the observed tectonostratigraphy. In this work, we provide data 

for the tectonostratigraphy of CBU on Sikinos and Sifnos Islands and describe the pre-metamorphic 

succession of the CBU in these islands. The implications of these results are discussed in the frame 

of the Mesozoic tectonic evolution of Hellenides in Cycladic area.  

2. Geological Setting 

The Cycladic Massif and its structurally overlying Pelagonian Zone were juxtaposed during the 

Alpine orogeny forming a NW-striking belt in the Internal Hellenides, which is bordered by two 

major ophiolitic suture zones, the Pindos suture in the west and the Vardar suture in the east (Fig. 1; 

inset) (Mountrakis, 1986; Doutsos et al., 1993). Within the Cycladic Massif, the CBU occupies an 

intermediate structural position (Fig. 1b). It is overlain by the Uppermost unit (Okrusch and Bröcker, 

1990) and, in turn, is tectonically emplaced over either a crystalline complex of pre‐Alpine rocks 

(Cycladic basement; e.g., Franz et al., 1993), or the Basal unit via a major ductile thrust (Fig. 1a, b; 

Xypolias et al., 2003). 

2.1. Geology of Sikinos 

The rocks exposed on Sikinos are divided in two distinct tectonometamorphic units, the Cycladic 

Basement that crops out at the southeastern part of the island and the overlying CBU (Fig. 2b) (van 

der Maar and Jansen, 1983; Franz et al., 1993; Photiades and Keay, 2003; Gupta and Bickle, 2004). 

The Cycladic Basement is mainly consisting of orthogneisses and garnet-mica schists, and is 

characterized by a metamorphic history, which includes a Hercynian amphibolite-facies and two 

Alpine metamorphic episodes (glaucophane/eclogite-facies metamorphism and greenschist-facies 

retrogression) (Franz et al., 1993). 

Cycladic Basement rocks are tectonically overlain by the CBU. According to Photiades and Keay 

(2003) the CBU on Sikinos is made up by six district tectonostratigraphic horizons, which from 

bottom to top are (Fig. 2b): (a) calcite marbles, (b) schists with intercalations of cipolin marble and 

metabasic lenses, (c) lower dolomite marbles, (d) glaucophane schists with lenses of cipolin marbles 

and metabasites, (e) alternations of marbles and schists with small lenses of ultramafic rocks and (f) 

upper dolomite marbles. These rocks have suffered blueschist facies metamorphism (P ≈ 11kbar, T 

≈ 475°C) of Eocene age followed by a greenschist facies overprint at the Oligocene-Miocene 

boundary (P ≈ 5-7kbar, T ≈ 380-420°C) (van der Maar and Jansen, 1983; Gupta and Bickle, 2004). 
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Deformation history includes three phases of ductile deformation (D1- D3) (Gupta and Bickle, 2004). 

The D1 produced a S1 foliation parallel to compositional layering. Tight to isoclinal folding of S1 

about N-S trending axes during the D2 deformation event, gave rise to a prominent L2 lineation and 

S2 foliation defined by the orientation of glaucophane and epidote (Gupta and Bickle, 2004; Augier 

et al., 2015). The D3 deformation is expressed by the development of S-C fabrics and was 

accompanied by greenschist facies retrogression. All ductile fabrics have overprinted by open 

cylindrical folds and high angle normal faults. Top-to-the-south thrusting that emplaced the CBU 

over the Cycladic Basement possibly occurred at the prograde metamorphic stage during D1 and D2 

deformation (Gupta and Bickle, 2004). Ductile thrust contact was possibly reactivated as an N-

directed extensional detachment during D3 (Augier et al., 2015). 

 

Figure 1 - (a) Simplified geological map of the central–western part of the Cycladic Massif, 

(b) Tectonostratigraphic column showing the main units of the Cycladic Massif (modified 

after Okrusch and Bröcker 1990). Inset: Simplified geological map of the Aegean region 

(CM: Cycladic Massif; BFZ: Bornova Flysch Zone; LN: Lycian Nappes; MM: Menderes 

Massif; SZ: Sakarya Zone; SMRM: Serbomacedonian and Rhodope Massifs). 

2.2. Geology of Sifnos 

The rocks of Sifnos island belong to the CBU and represent a ca. 2500m thick metamorphic pile 

which is subdivided, from structurally highest to lowest, into four subunits (Fig. 2a) (Davis, 1966; 

Matthews and Schliestedt, 1984; Avigad, 1993). (a) The Upper Marble subunit mainly consists of 

calcite and dolomite marble. (b) The Eclogite-Blueschist subunit represents a meta-volcano-

sedimentary sequence, which is characterized by alternating basic and felsic metavolcanic rocks 

(glaucophanites-eclogites and jadeite-quartz gneisses, respectively) and interlayers of 

metasediments (i.e., mica schists, calcite schists, quartzites). (c) The Main Marble subunit comprises 
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chiefly calcite marbles with local schist intercalations. Recently, Aravadinou et al. (2016) unified 

the Upper and the Main marble subunit into a single subunit. (d) The Greenschist subunit is built up 

by a meta-volcano-sedimentary assemblage equivalent to those of the Eclogite-Blueschist subunit 

and consists of metasediments, metabasites and metaacidites of middle Triassic protolith age 

(Bröcker and Pidgeon, 2007). This rock assemblage has been widely transformed into greenschists 

facies rocks. Several P-T paths have been proposed for the metamorphic evolution of Sifnos Island. 

The peak of Eocene HP-metamorphism has been estimated at 450°-550°C and 12-20 kbar while the 

P-T conditions of Oligo-Miocene greenschist-facies retrogression have been estimated at 350°-

450°C and 6-9 kbar (e.g., Schmadicke and Will, 2003). 

 

Figure 2 - Geological map and tectonostratigraphic columns of CBU for (a) Sifnos (modified 

after Avigad, 1993; Aravadinou et al., 2016) and (b) Sikinos islands (after Photiades and 

Keay, 2003). 

In terms of deformation history, three phases of ductile deformation have been distinguished (D1-

D3) (Lister and Raouzaios, 1996; Aravadinou et al., 2016). The D1 phase is sparse and characterized 

by an S1 foliation, which is presented as internal foliation in garnets or recognized where it wraps 

around the hinges of isoclinal, intrafolial folds. The D2 phase occurred at the prograde metamorphic 
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stage and is characterized by ESE-directed ductile thrusting that emplaced meta-volcano-

sedimentary rocks over marbles. The D3 represents the main deformation phase and is manifested 

by a penetrative S3 foliation and a NE-trending L3 lineation associated with top-to-the-NE sense of 

shear. Additionally, this phase is represented by outcrop- to map-scale cylindrical F3 folds, with 

NE- trending axes, parallel to L3 lineation. During D3 deformation, the early D2 thrust contact was 

folded by F3 recumbent to gently inclined folds, which are genetically associated with thrust-sense 

shear zones. On south Sifnos, the contact between Main marble subunit and Greenschist subunit is 

considered to be a brittle extensional detachment but with limited displacement (Avigad, 1993, Ring 

et al., 2011). 

3.  Results 

3.2. Tectonostratigraphy of CBU on Sikinos 

Based on new field observations on Sikinos, we have distinguished four main lithological subunits 

within the CBU, which from structurally lowest to highest are: (a) the Meta-Volcano-Sedimentary 

(MVS) subunit (b) the Dolomite Marbles subunit, (c) the Schists subunit and the (d) Calcite Marbles 

subunit. The MVS subunit mainly consists of epidotites, epidote-chlorite schists and acidic 

orthogneisses while locally are observed intercalations of glaucophane schists and quartzites. This 

subunit is resulted from the metamorphism of a rock complex dominated by basic and felsic volcanic 

rocks as well as clastic sediments. All rock types in MVS subunit display a well-developed, foliation 

defined by the shape preferred orientation of blue amphibole, chlorite, epidote, actinolite, white mica 

and quartz. The Dolomite Marbles are mainly massive and display light grey to white tints. 

Intercalations of calcite marbles occur throughout the subunit but the dolomite/calcite proportion is, 

in average, higher than 3/1. The Schists subunit is characterized by alternating mica-schists, chlorite-

schists, calcite-schists and albite-quartz schist, which exhibit an intensely developed foliation. Minor 

intercalations of marbles are mainly observed at the lower and the upper tectonostratigraphic levels 

of the subunit. It should be noted that dolomite marbles intercalations occur typically at the lower 

levels whilst calcite marbles occur at the upper levels. Possibly this subunit has been resulted from 

metamorphism of pelitic and clastic sedimentary rocks with minor amounts of carbonate rocks. The 

Calcite Marbles are strongly foliated and mainly exhibit a grey-blue colour; although white calcite 

marbles are locally observed. Schist intercalations are quite common at the deeper levels of the 

subunit. In order to investigate the structural position of the individual subunits of CBU on Sikinos, 

we constructed three synthetic tectonostratigraphic columns from three different locations in central-

north Sikinos (Fig. 3). 

Specifically, the tectonostratigraphy of CBU on central Sikinos (Bonamas area; Fig. 3A) includes: 

Calcite Marbles lying over a ca. 70m thick package of the Schist subunit which, in turn, overlie ca. 

60m thick Dolomite Marbles. The latter is underlain by strongly foliated rocks of the MVS subunit 

(ca. 30m in thickness). In Bonamas area, MVS subunit is tectonically emplaced over mylonitized 

calcite marbles with schist intercalations, which corresponds to the Calcite Marbles subunit. 

Therefore, this tectonic contact represents a ductile thrust that duplicates the tectonostratigraphy 

(Fig. 3A). Mylonites defining this ductile thrust show evidence of extensive greenschist facies 

retrogression. 

In Dialiskari - Ag. Georgios areas, the tectonostratigraphic succession of CBU includes from top to 

bottom: the Calcite Marbles subunit (ca. 110m in thickness), alternating greenschists and meta-

pelites (ca. 70m in thickness), which belong to Schist subunit, ca. 300m thick Dolomite Marbles and 

a ca. 40m thick package of the MVS subunit (Fig. 3B). At deeper levels, the rocks of the MVS 

subunit lying over ca. 50 thick strongly foliated to mylonitic Calcite Marbles, which are underlying 

by the Schist subunit. The MVS subunit above the Calcite Marbles are strongly deformed exhibiting 

mylonitic texture and isoclinal-tight folding. Based on this findings, we interpret the contact between 

the MVS and the Calcite Marble subunit as a ductile thrust zone, which duplicates the original 

tectonstratigraphic succession (Fig. 3B). Also, it should be noted that the mylonitic texture in MVS 
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is defined, among others, by the strong shape preferred orientation of both blue and green 

amphiboles revealing that mylonitization commenced at deep subduction levels and continued 

during exhumation of the CBU.  

 

Figure 3 - Tectonostratigraphic columns (A, B, C) showing the structure of CBU in Sikinos. 

The locations of columns are illustrated on map. 

The CBU on north Sikinos (Cape Maltas area; Fig. 3C) is made up of dolomite-calcite marbles 

alternations (ca. 300m in thickness) of Dolomite Marbles subunit, which is underlain by ca. 50m 

thick metavolcanic rocks of the MVS subunit. This rock package is tectonically emplaced over a 

succession of ca. 520m thick calcite marbles with schist intercalations of Calcite Marbles subunit, 

which lying over the Schist subunit (ca. 350m in thickness). Along the tectonic contact between 

MVS and Calcite Marbles subunit, metavolcanic rocks are strongly foliated and display extensive 

greenschist facies retrogression. Therefore, we interpret the MVS - Calcite Marbles contact as a 

ductile thrust that duplicated the tectonostratigraphic succession during exhumation of the CBU. 

3.2. Tectonostratigraphy of CBU on Sifnos 

On Sifnos Island we have distinguished two main distinct subunits: (a) the Marble subunit and (b) 

the Meta-Volcano-Sedimentary (MVS) subunit. The Marble subunit is composed of calcite and 

dolomite marbles. Calcite marbles are the prominent rock type in the subunit. Calcite marbles are 

strongly foliated and close to contacts with MVS commonly display a mylonitic fabric. Dolomite 

marble horizons vary in thickness from few centimetres to several tens of meters. Dolomite marbles 

are typically massive and display a slight developed foliation near the contact with MVS. Generally, 

dolomite/calcite proportion increases toward the lower tectonostratigraphic levels of the marble. 

Also, thin (ca. 1-5m) quartzite intercalations also occur locally. The MVS subunit consists of 

alternations of basic and felsic metavolcanic rocks as well as by metasediments. The metabasites on 
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north Sifnos are represented by glaucophanites and eclogites, while felsic metavolcanic rocks are 

represented by jadeite-albite gneisses. On the other hand, on south Sifnos, all metavolcanics are 

strongly retrograded to greenschist facies rocks. Throughout the island, the dominant 

metasedimentary rocks in MVS subunit are quartz-mica schists and quartzites. 

 

Figure 4 - Tectonostratigraphic columns (A, B, C) showing the structure of CBU on Sifnos. 

The locations of columns are illustrated on map. 

Concerning the tectonostratigraphy, on south Sifnos (Apollonia area; Fig. 4C), the MVS subunit is 

overlain by ca. 800-900m marbles. It is noted, that the contact between these two subunits is an 

extensional detachment with limited displacement (Ring et al., 2011), revealing minor disruption of 

the original stratigraphic succession. On north Sifnos (Cherronisos and Psarobitima areas; Fig. 4A, 

B), the Marble subunit is overlain by the MVS subunit. This contact is characterized by mylonitized 

eclogites and glaucophanites revealing that the juxtaposition of these subunits attributed to a ductile 

thrust that was active during the subduction stage (Aravadinou et al., 2016). In Psarobitima this 

subduction-related thrust brings ca. 150m thick rocks of the MVS over the marble, while in 

Cherronisos the thickness of the thrusted MVS is ca. 100m (Fig. 4A, B). On north Sifnos, the early 

tectonostratigraphic succession that was developed during subduction stage is restacked by a series 

of younger ductile thrusts. These ductile thrusts are defined by mylonitic zones occurring coeval 

with retrogression of high-pressure parageneses and, therefore, are interpreted as exhumation-

related ductile thrusts. Restacking of the tectonostratigraphy by these thrusts is expressed by the 

emplacement of marbles over the early established MVS-marble succession (Fig. 4A, B). On north 

Sifnos, we have recognized three main thrust sheets, which have thicknesses ranging from 200 to 

500m. Within individual thrust sheets the thickness of marbles, which occur at the base, varies 

significantly (200m in Cherronisos and 50m in Psarobitima; Fig. 4A, B). This difference in marble 

thickness reveals that ductile thrusts cut across different tectonostratigraphic levels. The restoration 

of the nappe stack on north Sifnos implies a possibly pre-metamorphic stratigraphic succession in 

which the protolithic rocks of the MVS subunit are overlain by the protolith of marble subunit. A 

similar succession is also observed on south Sifnos. 
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4. Discussion and Conclusions 

Our study on Sikinos and Sifnos Islands showed that the observed tectonostratigraphic configuration 

of CBU results from tectonic repetitions of a thinner sequence. Tectonic repetitions have been 

achieved by large-scale ductile thrusts that operated during burial (i.e., north Sifnos) and exhumation 

of CBU. Restoration of the observed tectonostratigraphy in both islands implies an original, pre-

metamorphic sequence, which was made up by a volcano-sedimentary complex at the bottom and 

an overlying carbonate-rich sedimentary succession (Fig. 5a). Within this succession the pelitic-

clastic component is significant higher on Sikinos than those on Sifnos where the Marble subunit 

includes minor intercalations of meta-pelitic/clastic rocks (Fig. 5a). Moreover, the MVS subunit on 

Sifnos has a thickness of ca. 1000m (Avigad, 1993), while on Sikinos the maximum observed 

thickness of MVS subunit is ca. 50m. However, it remains unclear whether the thickness of MVS 

subunit on Sifnos reflects an originally thick volcano-sedimentary complex or is the result of tectonic 

duplications/repetitions occurring at the base of the stratigraphic pile during subduction and 

exhumation. 

 

Figure 5 – (a) Stratigraphic columns showing the proposed Mesozoic stratigraphy of CBU’s 

protolith; see Figs. 4, 5 for explanation of symbols). (b) Tectonic models showing the position 

of CBU’s protolith during Late Mesozoic; see text for references. 

Isotopic dating data (U-Pb on zircon; Bröcker and Pidgeon, 2007) have yielded Triassic ages (ca. 

227–240 Ma) for the magmatic precursors of metavolcanic rocks on Sifnos. These ages coincide 

with the period of Triassic rifting that have been recorded throughout the Hellenides and resulted to 

the opening of several Neo-Tethyan oceanic strands in Jurassic (e.g., Robertson et al., 1991). 

Therefore, it seems that the volcanic rocks of MVS subunit both on Sikinos and Sifnos were erupted 

in a rift and then overlain by platform carbonates. Possibly, the volcanic activity was absent or very 

restricted during carbonate sedimentation since marbles show no evidence of intrusions. Limited 

exposures of metavolcanic rocks in form of outcrop-scale lenses where found in Schist subunit of 

Sikinos, which possibly reflect a primary association between volcanic and sedimentary rocks. 

Based on the two tectonostratigraphic models (continental platforms vs. oceanic basins) proposed 

by Papanikolaou (2013) for the Hellenides, it seems that the protolithic sequence of CBU on Sikinos 

and Sifnos resembles more a continental terrane or the transition from a continental terrane to an 

oceanic basin. In any case, the results presented here do not support the occurrence of a mature 

oceanic basin as the potential site for the formation of the CBU on Sikinos and Sifnos. However, it 

should be emphasized that in other islands the CBU shows evidence for larger oceanic component 

expressed by the presence of metacherts-rich marbles (e.g., Evia; Xypolias et al., 2012) and 

ultrabasic rocks (e.g., Syros and Tinos; Bulle et al., 2010). Therefore, it is reasonable to assume that 
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the original protolithic sequence of CBU on Sikinos and Sifnos were formed along the margin of 

the rift basin. 

However, the position of this rift basin in the Mesozoic palaeogeographic context is a matter of 

debate and several contrasting models have been proposed. Many studies assume that the CBU is 

the metamorphic equivalent of Pindos Zone in External Hellenides and therefore suggest that the 

Mesozoic protolith of the CBU was formed at the south part of the Pindos Ocean (Fig. 5b: I; e.g., 

Jolivet and Brun, 2010; Papanikolaou 2013). Other studies suggest that the protolith of CBU was 

formed in a back-arc basin with an incipient ocean crust. This basin was developed along the south 

part of Pelagonian microcontinent above a north-dipping subduction zone, which is related with the 

consumption of Pindos Ocean beneath Pelagonian (Fig. 5b: II; Keiter et al., 2011). A third model 

suggest that the rift basin that hosted the protolith of CBU was situated between the north margin of 

Pelagonian and the Olympos-Almyropotamos continental fragment (Fig. 5b: III; Doutsos et al., 

1993; Xypolias et al., 2003). Note that the latter fragment was separated from Pelagonian forming 

a narrow basin with an incipient oceanic crust. Tectonostratigraphic data presented here are 

compatible with the formation of the Mesozoic protolith of the CBU in an incipient oceanic basin 

(Fig. 5b: II, III) rather than in a mature ocean like Pindos Ocean (Fig. 5b: I). This is also supported 

by the fact that U-Pb zircon ages of 80 Ma from (meta-)gabbroic rocks cropping out on several 

Cycladic Islands (Bulle et al., 2010), indicate Late Cretaceous basic magmatism, which has not been 

recorded from the ophiolite complexes related with Pindos Ocean (Dilek et al., 2007). However, 

more data are required to discriminate between models suggesting an incipient oceanic basin for the 

formation of the CBU’s protolith. 
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Abstract 

Preliminary interpretation of swath bathymetry data and seismic profiles acquired 

during four cruises of "YPOTHER/Aegean Explorations" project aboard R/V Aegaeo 

provides insights into the fault network, fault kinematics and deformation pattern of 

the western part of the North Aegean Trough (NAT). The N40°E trending western part 

of the dextral North Anatolian Fault (NAF) runs along the southern margin of the 

NAT. Numerous high-angle fault splays initiate from and at low angle to NAF. They 

run firstly in NE-SW direction and then gradually turn to SE-NW forming an imbricate 

fault pattern, a nicely developed horsetail structure at the western termination of the 

NAF. The horsetail pattern deforms the NAT's sedimentary infill forming elongate, 

curved, uplifting or subsiding tectonic blocks arranged along the fault splays. Instead 

of the expected transtension, the Western NAT's infill displays dextral shearing and 

transpression associated with a major stress axis in NW-SE direction. The possible 

explanation for the transpressional deformation of the Western NAT infill may be 

related with the change of the trend of NAF from N40°E in the western trough to 

N70°E east of Lemnos Island. 

Keywords: strike-slip fault, horsetail structure, transtension, transpression, North 

Anatolian Fault. 

Περίληψη 

Πρώτα αποτελέσματα της επεξεργασίας βυθομετρικών δεδομένων και σεισμικών τομών 

που συλλέχθηκαν στη διάρκεια τεσσάρων πλόων του προγράμματος ΕΣΠΑ 

"YPOTHER/Aegean Explorations" με το Ω/Κ Αιγαίο παρέχουν νέα στοιχεία για τον 

τεκτονικό ιστό, την κινηματική των ρηγμάτων και το είδος της παραμόρφωσης στο 

δυτικό τμήμα της Τάφρου του Βορείου Αιγαίου (NAT). Το δυτικό τμήμα του Ρήγματος 

Βόρειας Ανατολίας (NAF), με διεύθυνση N40°E, εντοπίζεται κατά μήκος του νότιου 

περιθωρίου της NAT. Πολυάριθμα δευτερεύοντα ρήγματα με μεγάλη γωνία κλίσης 

αρχίζουν από το ίχνος του NAF και με μικρή γωνία ως προς αυτό. Η διεύθυνση τους 

αλλάζει σταδιακά από NE-SW σε SE-NW και δημιουργούν ένα σύνολο επάλληλων και 

διακλαδιζόμενων, καμπύλων ρηγμάτων, μια καλοσχηματισμένη δομή "ουράς αλόγου" 

(horsetail structure) στο δυτικό άκρο του NAF. H δομή αυτή παραμορφώνει την 

ιζηματογενή ακολουθία της NAT δημιουργώντας επιμήκη, ατρακτοειδούς και καμπύλου 
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σχήματος, ανυψούμενα και βυθιζόμενα, τεκτονικά μπλοκ. Σε αντίθεση με το 

αναμενόμενο πλαγιο-εφελκυστικό καθεστώς, το δυτικό τμήμα της NAT 

παραμορφώνεται με διάτμηση και πλαγιο-συμπίεση που συνάδουν με συμπίεση σε 

διεύθυνση NW-SE. Η πιθανή εξήγηση της παραμόρφωσης αυτής σχετίζεται με την 

αλλαγή της διεύθυνσης του NAF από N40°E σε N70°E στο ανατολικό τμήμα της NAT. 

Λέξεις κλειδιά: ρήγμα οριζόντιας ολίσθησης, δομή "ουράς αλόγου", πλαγιο-

εφελκυσμός, πλαγιο-συμπίεση, Ρήγμα Βόρειας Ανατολίας. 

1. Introduction 

The northern boundary of the actively deforming Aegean Region to the relatively not-deforming, stable 

Eurasia continent is marked by the North Aegean Trough (NAT), a complex, almost 300km long 

depression, ranging from the Pelion Peninsula on the west to the Gulf of Saros on the east. NAT has 

developed along the westward prolongation of the dextral strike-slip North Anatolian Fault (NAF) 

(McKenzie, 1970, 1972, 1978; Brunn, 1976; Dewey and Sengör, 1979; Sengör, 1979; Le Pichon and 

Angelier, 1979, 1981; McKenzie and Jackson, 1983; Taymaz et al., 1991; Armijo et al., 1999). 

Detailed morphological and morphotectonic analysis of the western part of NAT has been given by 

Papanikolaou et al. (2002). Data on the seismic stratigraphy of NAT's infill indicate up to 6km thick 

Middle or Late Miocene to present sediments including evaporite-bearing strata, with the thickest 

deposits located below the Sporadhes Basin (Needham et al., 1973; Jongsma, 1975; Lalechos and 

Savoyat, 1979; Brooks and Ferentinos, 1980; Lyberis, 1984; Mascle and Martin, 1990). 

Systematic and comprehensive interpretation of the fault network in the NAT has been firstly presented 

by Mascle and Martin (1990) on the basis of low-resolution multi-channel seismic profiles and more 

recently by Papanikolaou et al. (2002, 2006) based on swath bathymetry data and single channel 

seismic profiles. The steep, southern margin of the Trough has developed along a major fault zone, 

considered as the westward prolongation of the North Anatolian Fault in the North Aegean Sea through 

the Saros Gulf. Both the trace of NAF and the axis of the NAT display a dual character in terms of 

trend: a) N40°E in the western part, Sporadhes Basin, between Pelion Peninsula and Lemnos Island 

and b) N70°E in the eastern part, east of Lemnos Island and the Saros Gulf (Fig. 1). Mascle and Martin 

(1990) suggest that the western part of the NAT was created by NW-SE extension in Middle or Late 

Miocene which may have progressively followed by NE-SW extension along with a transcurrent 

component due to the dextral movement of the NAF. 

 

Figure 1 - EMODNET 250m grid DEM of the North Aegean Sea with the western and 

eastern parts of the North Aegean Trough. ChP: Chalkidiki Peninsula, I: Imvros, L: 

Lemnos, Le: Lesvos, MS: Marmara Sea, PP: Pelion Peninsula, S: Samothraki, SB: Skyros 

Basin, SG: Saros Gulf, SpA: Sporadhes Archipelago, Th: Thasos, ThG: Thermaikos Gulf. 
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GPS measurements over the last decades (Le Pichon et al., 1995; Barka and Reilinger, 1997; 

Reilinger et al., 1997, 2000; Kahle et al., 2000, McClusky et al., 2000, Müller et al., 2013) indicate 

that oblique opening at 30mm/yr across the Sporades Basin is compatible with the cumulative 

deformation of the basin (Papanikolaou et al., 2002; 2006). Refined analysis and interpretation of 

previous GPS data by Nyst and Thatcher (2004) suggest that the predicted South Marmara-Eurasia 

motion across the northern North Anatolian Fault and the North Aegean Trough is 23 mm/yr of 

almost pure right-lateral strike-slip. Their model requires all relative motion between central and 

northern Greece to occur across the North Aegean Trough, while GPS velocity gradients across the 

North Anatolian Trough are high, with 60–70% of Eurasia-South Aegean relative motion occurring 

there. Building on the previous works as briefly described above, we present new swath bathymetry 

and seismic profiling data from the western part of the North Aegean Trough, between Pelion and 

Lemnos Island, we provide new information on the seismic stratigraphy and the fault network and 

we discuss the deformation pattern of NAT's sedimentary infill. 

2. Materials and Methods 

Data presented hereafter were collected during four cruises of R/V AEGAEO in the western NAT 

in 2013, 2014 and 2015, in the framework of the nationally funded "YPOTHER/Aegean 

Explorations" project, implemented by the Institute of Geology & Mining Exploration (IGME) and 

the Hellenic Centre for Marine Research (HCMR). Swath bathymetry data were acquired with a 20 

kHz SeaBeam 2120 (L3 ELAC Nautic), hull-mounted, multibeam system and were complemented 

with data acquired in 2000 (Papanikolaou et al., 2002), reprocessed at 25m grid. 

An airgun (BOLT) operating with air-chambers of 10in3 and 40in3 volume, triggered at 4 seconds 

rate with frequency range between 20 and 400 Hz, was used for the acquisition of single channel 

seismic profiles. A Sauer Compressor Type WP4351 (J.P. SAUER & SOHN, DE) delivered 

pressurized air at 2000psi and a SIG streamer, Model 16.48.65, 65m length with 48 hydrophones at 

1m spacing was used for the reception of the seismic signal. SB-Logger and SB-Interpreter software 

(Triton Inc.) was used for the digital acquisition and processing of the profiles. In total, about 420 

nautical miles of airgun 40in3 and 225 nautical miles of airgun 10in3 were acquired across the 

western NAT and its southern margin respectively. 

3. Results 

3.1. Seismic Stratigraphy 

The seismic source used in this survey provided maximum resolution of about 10 milliseconds and 

penetration up to about 1.2 to 1.5 seconds two-way travel time below the seafloor at frequency range 

between 20 and 400Hz. These characteristics allow a fairly detailed study of the seismic stratigraphy 

of the upper part of the western NAT's sedimentary infill. 

Three major, basin wide, seismic stratigraphic units have been distinguished on the basis of their 

seismic character, separated from each other by two major unconformities (Fig. 3 and 4): 

The uppermost seismic unit Q is characterized by a sequence of continuous, parallel, densely spaced, 

high-amplitude reflectors alternating with low-amplitude, transparent layers. The thickness of Q 

ranges from 0.1-0.2 seconds in the relatively uplifted parts of the basin to >0.5 seconds in the 

relatively subsided parts. Maximum thicknesses have been observed below the southwestern part of 

the western NAT, north of Alonissos Island and east of Skopelos Island and the southern Pelion 

Peninsula, and in the area southeast of Mount Athos. The seismic character of unit Q with the 

alternating high- and low-amplitude reflectors indicates continuous sediment deposition during the 

successive high and low sea-level stages of Quaternary. 
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Figure 2 - Seismic profiles and swath bathymetry (25m grid) in the western NAT, 

EMODNET bathymetry (250m grid, www.emodnet.eu) in the surrounding areas and 

SRTM90 land topography. Inset map shows detail of the Sporadhes basin's seafloor. 

The lower reflectors of unit Q onlap a major unconformity (orange line, Fig. 3 and 4) which marks the 

top of unit P. The latter displays in general a more transparent acoustic character, with wider spaced, 

parallel internal reflectors. The transparent acoustic character of unit P becomes dominant in the lower 

half of it. The thickness of unit P ranges between 0.2-0.3 seconds in the relatively uplifted parts of the 

basin and >0.5-1.0 seconds in the same areas as above for unit Q. The internal reflectors of unit P onlap 

a major unconformity (blue line, Fig. 3 and 4) which marks the top of unit M. In agreement with the 

seismic stratigraphic interpretation given by Mascle and Martin (1990) we consider this unconformity 

as the top of the Messinian and ascribe a Pliocene age to unit P. 

Consequently, unit M represents sediments, including evaporites, deposited in the Messinian and 

Upper Miocene. The base of unit M has not been imaged with the seismic source used in this survey, 

thus no information on its thickness can be given. Note that the depocenters of units Q and P occur 

in the same locations and coincide with the areas of maximum sediment thickness observed by 

Lyberis (1984). The acoustic basement represents the alpine basement of the area. In the profiles 

presented here it has been imaged only below the margins of the basin. 

3.2. Fault Network 

The most striking tectonic element in the western NAT is the westernmost part of the North Anatolian 

Fault. Detailed mapping by using high resolution swath bathymetry and short seismic lines across the 

southern margin of NAT revealed over twelve individual segments which all together form the 

complex fault zone of NAF at its termination. Some of the fault segments overlap with others, they 

frequently display anastomosing shape and they form structural "highs" and "lows" along the trace of 

the major fault zone. Very significant cumulative subsidence of NAT in respect to its southern margin 
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(Sporadhes Arhipelago) of >2km (Papanikolaou et al., 2006) or even >4km as indicated by the seismic 

data presented here has occurred simultaneously to the dextral horizontal offset. In fact, we observe 

that maximum subsidence occurs below the southwestern corner of NAT and coincides with the area 

of maximum sediment thickness accumulated since the Messinian (Fig. 3). The enhanced subsidence 

north of Alonissos Isl. and east of Skopelos Isl. and Pelion Peninsula (Papanikolaou et al., 2006) is 

driven by both the SW-NE trending dextral NAF and the NNW-SSE trending, apparently normal faults 

which mark the western margin of NAT (Fig. 5). 

 

Figure 3 - Airgun 40in3 seismic profile (Line 1-2, see Fig. 2 for location). Vertical 

exaggeration X15. Inset: Detail of interpreted profile with two unconformities at the top of 

M and P. The blue line marks the top of Messinian (M). The orange line marks the top of 

Pliocene (P). Yellow lines indicate reflectors within Quaternary (Q). SZ: Shear Zone. Red 

and Blue arrows indicate relative uplift and subsidence of the basin's floor, respectively. 

An equally important feature is the numerous, smaller or larger faults and fault splays, which crosscut 

predominantly the southwestern half of the western NAT (Fig. 3, 4 and 5). Combined analysis of the 

new swath bathymetry data and the seismic profiles has shown that they originate from the trace of the 

NAF and are curved: they initially run towards SW, then progressively bend to E-W and finally turn 

to NW-SE direction, as they enter the Thermaikos Gulf, where they fade out. In the section of the sub-

seafloor imaged in the seismic profiles, most of the faults and fault splays are very steep (>60°) or 

nearly vertical, their sense of vertical motion changes both along strike and with depth, they are closely 

spaced and form negative or positive flower structures (Fig. 3 and 4). Such a positive flower structure 

has been imaged by the profile shown in Fig. 4. The profile's section of Fig. 7B of Mascle and Martin 

(1990) from the same area is given for comparison. 
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Figure 4 - Airgun 40in3 seismic profile (Line 13-14, see Fig. 2 for location). Vertical 

exaggeration X10. The blue line marks the top of Messinian (M). The orange line marks the 

top of Pliocene (P). Yellow lines indicate reflectors with Quaternary (Q). B: Acoustic / Alpine 

Basement. Red and Blue arrows indicate relative uplift and subsidence, respectively. Inset 

profile from Mascle and Martin (1990, Fig. 7B). 

At the scale of the basin we observe that the numerous faults and fault splays separate the basin's 

infill into uplifted and subsided vertical slices (Fig. 3 and 4). In the western half of the survey area 

(Fig. 3) the basin displays a dual character: the northern half is uplifted forming an anticline-like 

structure, with the individual slices displaying increasing uplift rate from the flanks to the hinge of 

the anticline. The southern half is relatively uniformly subsided, though split in vertical slices too. 

Subsidence increases rapidly south of a distinctive zone of enhanced shearing (SZ in Fig. 3; see also 

"shear zone" of Papanikolaou et al., 2006) which has almost entirely destroyed the seismic 

stratigraphic texture within it (Fig. 3). In map view (Fig. 2, Fig 5) the shear zone is curved and 

extends from the western bounding fault (Pelion) to the trace of NAF at the southern margin. The 

seafloor within this zone is undulating, with the axes of the "anticlines" and "synclines" running 

SW-NE, oblique to the WNW-ESE trending shear-planes of the shear zone (Inset map in Fig. 2). 

We interpret this zone as a dextral, intra-basin shear-zone which transfers shear-motion from the 

southern part of the western (Pelion, Skopelos), NE-facing, predominantly normal, bounding fault 

to the predominantly dextral strike-slip NAF. 

Further east (Fig. 4) the deformation pattern changes within the basin. The northern part displays 

subsidence, while the southern part has been uplifted, as postulated by both the morphology of the 

seafloor and the updomed shape of the top of the Messinian (blue line). Uplift and subsidence is 

again driven by intra-basin faults and faults splays. Figure 6 shows a map of the western NAT with 

the spatial distribution of uplift and subsidence and their relationship with the tectonic framework. 
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Figure 5 - Fault network in the western North Aegean Trough. NAF: North Anatolian Fault; 

PSF: Pelion-Skopelos Fault; CF: the "Crustal Fault" studied by Laigle et al. (2000). 

4. Discussion 

We interpret the overall complicate, imbricate fault network observed in the western North Aegean 

Trough as a right-stepping "horsetail structure" developed at the western termination of the North 

Anatolian Fault, on the side of the northeastwards moving block. 

This interpretation, although partially compatible with the expected geometry and spatial 

configuration of the faults and fault splays in other, similar, horsetail structures, contradicts to the 

expected fault-kinematics. Right-stepping horsetail structures are associated with dextral shearing 

along with oblique normal (extensional) motion along low-angle, listric, imbricate faults and fault 

splays.  In the western NAT the faults and fault splays are steep, while the overall image of the Plio-

Quaternary infill presents a rather shear-dominated character along the fault splays and a SW-NE 

oriented transpression instead of extension, as indicated by the uplifting and subsiding, vertical slices 

and the overall "folding" at the scale of the basin, as shown on the profile of Fig. 3. 

We believe that the discrepancy described above can be explained by considering that the North 

Anatolian Fault in the Aegean Sea is split into two main segments: an eastern one, running N70°E, 

and a western one, running N40°E (Fig. 7), with the bending point located north of Lemnos Island. 

We suggest that the dominant principal stress axis σ1, responsible for the dextral strike-slip motion, 

trends N65°W - N115°E, at 45° angle in respect to the eastern NAF segment. The "normally 

expected" prolongation of the latter towards west would follow the white dashed line in Fig. 7. 

Instead, the western NAF segment runs at 75° in respect to the inferred σ1. This geometrical 

relationship results in oblique compression towards the western NAF segment. 
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Figure 6 - Fault network and deformation pattern in the western North Aegean Trough. 

Zones of uplift and subsidence are shown in red and blue colours respectively. The yellow 

zone indicates a dextral shear zone transferring strain from the NE-facing, Pelion-Skopelos 

margin to the dextral NAF. Note that maximum subsidence and Plio-Quaternary sediment 

thickness occurs below the SW corner of the basin, south of the yellow-coloured shearzone. 

We note that the western part of NAT has developed within the triangle delineated by the virtual 

prolongation of the eastern NAF segment (Fig. 7), the NE-facing Pelion-Skopelos Fault and the 

western NAF segment. Due to the prevailing stress regime and the dextral strike-slip motion the 

basin is forced to move towards N70°E, away from the Pelion-Skopelos Fault but obliquely towards 

the N40°E western NAT segment. This kinematic geometry leads to: (i) the enhanced subsidence, 

observed both in this paper and by Lyberis (1984), below the southwestern corner of NAT, south of 

the "Shear Zone" (yellow zone in Fig. 6), (ii) the creation of the "horsetail" faults and fault splays, 

along which the basin infill is split into nearly vertical, curved slices moving towards NE, tending 

to escape from the "obstacle" posed by the obliquely trending western NAF and (iii) the enhanced 

transpressional deformation observed in the western NAT. 

5. Conclusions 

Three seismic stratigraphic units of Quaternary, Pliocene and Messinian / Upper Miocene age, 

separated from each other by two major unconformities at the top of Pliocene and of Messinian, 

have been recognized in the upper 1.0-1.5 seconds two-way travel-time below the seafloor of the 

western North Aegean Trough. The total thickness of the Plio-Quaternary deposits ranges between 

0.2-0.3 seconds and >1.5 seconds. Maximum thickness occurs below the southwestern corner of 

NAT, where the NAF meets the Pelion-Skopelos NE-facing Fault. 
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Figure 7 - Tectonic sketch of the North Aegean Trough with the main tectonic elements and 

the suggested, dominant stress field. The white dashed line marks the virtual westward 

prolongation of the N70°E trending eastern sector of NAF. Note that the western NAT and 

the observed horsetail structure have developed within the triangle delineated by the white 

line, the Pelion-Skopelos Fault (PSF) and the western, N40°E trending sector of NAF. 

Numerous high-angle, curved faults and fault splays crosscut the basin's infill, separating it in 

uplifting and subsiding slices (elongate, curved, tectonic blocks) and forming a nicely developed, 

right-stepping, horsetail structure at the western termination of NAF. Instead of transtensional 

deformation accommodated by listric, extensional faults, the western NAT rather displays 

transpression and shearing along the intra-basinal faults and fault splays. 

We explain this discrepancy as the result of the bending of the North Anatolian Fault from N70°E 

east of Lemnos Island to N40°E along the southern margin of the western NAT. The here proposed 

N65°W-N115°E directed principal stress axis σ1 is compatible with the dextral strike-slip motion 

along the eastern, N70°E trending, segment of NAF. The western NAT is being pushed eastwards 

to collide obliquely with the western, N40°E trending segment of the NAF, undergoes extensive 

shearing and transpression in a tendency to escape towards northeast. True subsidence and extension 

is localized at the SW corner of the western NAT, north of the westernmost segments of the NAF, 

east of  the NE-facing Pelion-Skopelos Fault and south of the roughly E-W trending shear zone 

connecting the two faults. 
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Abstract 

Twenty five years after a first attempt by Mascle and Martin (1990), this paper aims 

at delivering an updated and considerably richer, map of the offshore faults in the 

Aegean Sea. Reinterpretation of vintage analogue seismic profiles, interpretation of 

new profiles and records of swath bathymetry data made available in the last two 

decades, as well as relocation of published faults originally interpreted on low-

resolution bathymetric maps, on the new, more accurate bathymetric background 

have enabled the preparation of a more precise and complete map of active faults 

occurring in the Aegean Sea. This attempt is a first step towards the creation of an 

offshore faults database. 

Keywords: tectonics, vintage/new data, processing, review/reappraisal. 

Περίληψη 

Είκοσι πέντε χρόνια μετά τον πρώτο χάρτη που δημοσιεύτηκε από τους Mascle and 

Martin (1990), αυτή η εργασία παρουσιάζει έναν ενημερωμένο, σημαντικά πληρέστερο 

χάρτη των υποθαλάσσιων ρηγμάτων του Αιγαίου. Η ερμηνεία των διαθέσιμων 

παλαιότερων και των πρόσφατων σεισμικών, η ανάλυση και επεξεργασία των 

σύγχρονων βαθυμετρικών δεδομένων και η εκ νέου σχεδίαση του ίχνους των ρηγμάτων 

από παλαιότερες εργασίες στο νέο, υψηλής ακρίβειας βυθομετρικό ανάγλυφο, οδήγησαν 

στη δημιουργία ενός κατά το δυνατόν πληρέστερου χάρτη υποθαλάσσιων ρηγμάτων του 

Αιγαίου πελάγους. Αυτό είναι το πρώτο βήμα στη κατεύθυνση της δημιουργίας μιας 

βάσης δεδομένων υποθαλάσσιων ρηγμάτων. 

Λέξεις κλειδιά: τεκτονική, παλαιά/νέα δεδομένα, επεξεργασία, ερμηνεία. 

1. Introduction 

The Aegean Sea has been the subject of extensive research with the aim to better understand its 

complex geological structure, in particular the active tectonics and deformation pattern, as well as 

their link to the seismicity. Most of previous studies were based mainly on seismological data and 

rather poorly mapped faults and fault-zones, low-resolution seafloor bathymetry and GPS data to 

define the major tectonic elements of the area and interpret its kinematic regime and deformation 

(McKenzie, 1972, 1978; Le Pichon and Angelier, 1979, 1981; McKenzie and Jackson, 1983; 

Taymaz et al., 1991; Le Pichon et al., 1995; Davies et al., 1997: Clarke et al., 1998; McClusky et 

al., 2000; Goldsworthy et al., 2002; Nyst and Thatcher, 2004). Based on widely spaced industrial, 

multi-channel, seismic reflection profiles, Mascle and Martin (1990), were the first to provide a 
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synthesis map of the offshore faults in the Aegean Sea. Since then, only few surveys have been 

conducted aiming at the systematic mapping and understanding of the offshore fault network. 

Twenty five years after the paper of Mascle and Martin (1990), our paper aims at providing a 

considerably updated map of the offshore fault network in the Aegean Sea; this work is based on 

swath bathymetry data obtained during the last two decades, interpretation and reinterpretation of 

recent and former seismic profiles and reinterpretation, on the new, high resolution bathymetry, of 

the traces of faults mapped in the earlier literature. 

 

Figure 1 - Location of areas surveyed in the past, contributing to the mapping of offshore 

faults in the Aegean Sea. 
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1.1. Literature overview (Fig. 1) 

Lyberis (1984) provided a first map of offshore faulting in the North Aegean Trough; this was based 

on the interpretation of single-beam bathymetry and a few industrial seismic data. Papanikolaou et 

al. (2002, 2006), using swath bathymetry and single channel seismic profiles mapped in some detail 

various faults cutting across the western North Aegean Trough. Yaltirak et al. (1998) and Kurt et al. 

(2000) provided maps of offshore faults in the Saros Graben, the easternmost area of the North 

Aegean Trough. Recently, additional swath bathymetry data and seismic profiles from the western 

North Aegean Trough allowed a reinterpretation and detailed mapping of the fault network 

(Sakellariou et al., in press). 

Apart from the regional synthesis of Mascle and Martin (1990), from the North Aegean Trough to 

the Cyclades Archipelago, only very few works have contributed to the mapping of offshore faults. 

Işler et al. (2008) provided a map of the faults off the Turkish coast, north and northwest of Lesvos 

Island while Lykousis et al. (1995) have published high-resolution seismics in the Ikarian Basin, 

north and south of Ikaria Island. Onshore faults mapped by Chatzipetros et al. (2013) on Lemnos, 

Agios Efstratios, Lesvos and Chios Islands allow inferring their offshore prolongation. Ocakoglu et 

al. (2004, 2005) provided new data on faulting for the regions of Izmir Bay and Kusadasi. 

Considerably more data and information on offshore faulting are available for the South Aegean 

Sea. Bartole et al. (1983) and Rossi et al. (1986) surveyed the Cretan Sea and published early 

tectonic maps of this area. Perissoratis and Papadopoulos (1999) defined the major faults of the area 

from Argolic Gulf, on the west, over the southern Cyclades Archipelago to the Island of Kos on the 

East. Papanikolaou et al. (1988) traced the faults of Saronic, Argolic and South Evia Gulfs. Piper 

and Perissoratis (2003) provided a synthetic map of both, new and previously known, offshore faults 

in the South Aegean Sea. Swath bathymetry and single channel seismic profiles have been used to 

map the faults in the area of Nisyros and Kos Islands (Tibaldi et al., 2008; Nomikou and 

Papanikolaou, 2011), around Santorini (Sakellariou et al., 2010) and in Christiana Basin, between 

Santorini and Milos Islands (Tsampouraki-Kraounaki et al., 2015). 

Recently, the Greek Database of Seismogenic Sources (GreDaSS) has been compiled (Caputo and 

Pavlides, 2013; Sboras, 2012) as an updatable database and repository of active-fault data for the 

Greek territory and its surroundings based on geological, tectonic and seismological data. 

2. Materials and Methods 

Our mapping of the offshore faults discussed here is based on the processing and interpretation of 

literally all available bathymetric and seismic profiling data from the Aegean Sea recorded since the 

seventies. 

The bathymetric relief shown on Fig. 2 includes all swath bathymetry data collected during the last 

fifteen years, chiefly by the Hellenic Centre for Marine Research. All former and new swath 

bathymetry data have been reprocessed, GEBCO bathymetry has been used for the areas not 

surveyed by swath bathymetry, while single beam bathymetry data have been locally used 

complementary to the GEBCO bathymetry. In the framework of DG MARE EMODNET 

Bathymetry project (www.emodnet.eu/bathymetry) all available bathymetric data (swath 

bathymetry, GEBCO, single beam echo-soundings) have been re-processed and gridded to 250m 

cell-size resolutions to create a digital elevation model of the seabed of the Aegean Sea as shown in 

Fig. 2. 

Further processing and analysis of the bathymetric data have included slope analysis in order to better 

define and highlight steep slopes and visualize their spatial distribution. Steep slopes are commonly 

associated with, or created, along active faults with significant vertical offset. The map of Fig. 3 shows 

the distribution of slopes in the Aegean Sea. The slopes are categorized in four groups according to the 

sloping values (0-3%, 3-5%, 5-10% and >10%) aiming at differentiating the steep slopping linear 

features, which are probably associated with faulting, from the gentler slopping areas. 
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Figure 2 - Digital Elevation Model (250 m grid) of the seabed of the Aegean Sea derived from 

the combination and reprocessing of swath bathymetry, GEBCO and single-beam echo-

sounder data in the framework of DG MARE EMODNET Bathymetry project 

(www.emodnet.eu/bathymetry). 

Old and recent, multi- and single-channel, analogue and digital, high-, moderate- and low-resolution 

seismic reflection profiles available at HCMR (Fig. 4) have been reprocessed and re-interpreted. 

The vintage former analogue data have been digitized and many of them transformed into SEG-Y 

format. Reinterpretation of these profiles under the light of the new knowledge gained over the last 

decades along with taking advantage of the new high-resolution bathymetric data provided 

significantly improved localization and better tracing of the faults imaged within them. 
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Similar procedure has been used for the recent, digitally acquired, seismic reflection profiles 

collected by HCMR over the last two decades. Many of them have been re-interpreted, other are still 

under re-interpretation, in order to extract information on fault location and kinematics. 

 

Figure 3 - Slope map of the seabed of the Aegean Sea derived from the slope analysis of the 

bathymetry shown in Fig. 2. 

A significant amount of information on offshore faulting is available in the earlier research papers, 

as indicated in chapter 1.1. By taking advantage of the currently available, most up-to-date DEM of 

the Aegean seabed, the tracing of faults extracted from the literature have been re-localized by taking 

into consideration the seabed morphology, in particular the slopes' orientation , to comply with the 

seabed's relief. 

The area of Santorini - Amorgos Islands has been selected as an example to visualize the 

methodology we have followed to generate a new map of offshore faults. Figure 5A shows the 

bathymetric map compiled from swath bathymetry data combined with GEBCO data. 
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Figure 4 - Location map of multi- and single-channel seismic profiles acquired in the Aegean 

Sea since the seventies, archived at HCMR. 

Reinterpreted SEISA (1974) multi-channel seismic Line 25 (Mascle and Martin, 1990) (Fig. 5B) 

and interpreted HCMR single channel seismic line (Fig. 5C) are also shown. Faults imaged on the 

seismic line of Fig. 5B have been located more precisely than initially, on the bathymetric map, 

using the associated morphological features. Similarly, faults imaged on the seismic line of Fig. 5C, 

and also mapped on swath bathymetry, can be traced across the boundary to the GEBCO bathymetry. 

Faults mapped by Perissoratis and Papadopoulos (1999) have also been redrawn on the new 

bathymetry. The faulting networks as shown on Fig. 5A and based on all available data sets, have 

been constructed using the same methodology. 

The refined map of faults of Santorini-Amorgos area shows two elongate, and clearly tectonically 

controlled basins, the Anyhdros and Amorgos basins, running parallel to each other in a SW-NE 

trend and separated from each other by a structural high. The latter connects Anyhdros Island to the 

westernmost edge of Amorgos Island. Thus, "the Amorgos Fault", believed to have moved during 

the 1956 earthquake, appears to be a segment of one long fault zone controlling the southeast margin 

of the Santorini-Anyhdros-Amorgos-Kinairos-Levitha basement ridge. 
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Figure 5 - A: DEM and faults of Santorini-Amorgos area. B: SEISA multi-channel Line 25 

(Mascle and Martin, 1990). C: Single channel HCMR profile (Sakellariou et al., 2010). Red 

stars in 5A show the epicenters of the 1956 Amorgos earthquakes. 
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Figure 6 - A: Map of offshore faults of the Aegean Sea derived from the processing and 

interpretation of bathymetric and seismic profiling data. 

3. Results - Discussion 

The map of the recent and active fault systems of the Aegean Sea (Fig. 6) show the most up-to-date 

information derived from bathymetric and seismic reflection data available so far. Note that faults 

derived from seismological data only, are not included in this map. Some areas are better covered in 

terms of available data, for many others, our confidence in the fault tracing is moderate due to limited 

data availability. This is the case for example the North Aegean Sea between the North Aegean 

Trough and the Cyclades Archipelago, the Myrtoon and Karpathian Seas. Other areas have been 

analysed only in terms of widely spaced seismic profiles. For all these areas it will be necessary to 

collect new swath bathymetry and seismic profiling data. 
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Analysis of the kinematics of the mapped faults is beyond the scope of this paper. The fault-map 

shown here is a first attempt towards the creation of a GIS-based offshore fault database, which will 

be continuously updated as soon as new data and information will be available This work aims at 

complementing earlier and ongoing projects such as the GReDaSS (Caputo and Pavlides, 2013; 

Sboras, 2012) and others, and will be hopefully linked to them. 
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Abstract 

The carbonate-platform-complex and the oceanic formations of the central 

Pelagonian zone of the Hellenides evolved in response to a sequence of plate-tectonic 

episodes of ocean spreading, plate convergence and ophiolite obduction. The bio-

stratigraphies of the carbonate platform and the oceanic successions, show that the 

Triassic-Early Jurassic platform was coeval with an ocean where pillow basalts and 

radiolarian cherts were being deposited. After convergence began during late Early-

Jurassic - Middle Jurassic time, the oceanic leading edge of the Pelagonian plate was 

subducted beneath the leading edge of the oceanic, overriding plate. The platform 

subsided while a supra-subduction, volcanic-island-arc evolved. Biostratigraphic and 

geochemical evidence shows that the platform and the oceanic floor, temporarily 

became subaerially exposed during Callovian time. This “Callovian event” is 

suggested to have taken place as oceanic lithosphere first made compressional, 

tectonic contact with the carbonate platform, initiating a basal detachment fault, 

along which the platform was thrust upwards. The central Pelagonian zone became 

an extensive land area that was supplied with laterite from an ophiolite highland. A 

similar emergence of Vardar ophiolite most likely took place in the Guevgueli area. 

The Callovian emergence shows that the initial ophiolite obduction onto the platform 

took place about 25 million years before the final emplacement of the ophiolite during 

Valanginian time. 

Keywords: Bio-facies, litho- facies, Foraminifera, Radiolarite, Plate convergence, 

Laterite, Callovian event, Ophiolite obduction. 

  

mailto:gmelende@unizar.es
mailto:m.fadel@ucl.ac.uk


145 

 

1. Introduction 

The Pelagonian carbonate complex of the Hellenides is covered by sporadically-distributed remnants 

of an ophiolite sheet (Fig.1) which was obducted onto the Pelagonian micro-plate during Valanginian 

time. The convergence of the oceanic (ophiolite) plate with the Pelagonian plate has been postulated t

o have begun around late Early-Jurassic time as a result of intra-oceanic subduction (Bèbien et al., 19

80, and Spray and Roddick 1980) (compare Scherreiks et al., 2014). However, about 25 ma prior to 

the final emplacement of the ophiolite during Valanginian time, both the platform and the ophiolite 

became subaerially exposed during late Bathonian to early Oxfordian time. This major tectono-

stratigraphic event of Callovian time is the main theme of this contribution which is founded on the 

interpretations and re-evaluations of bio- and litho-stratigraphic- and geochemical-analyses, and field 

investigations (Scherreiks et al., 2014). In a regional context, this palaeogeographic conception 

generally corresponds to the palaeogeographic evolution that has been forwarded for the Vardar Ocean 

Unit of the Balkan (Robertson et al., 2013; Kukoc et al., 2015). Basic previous research has been done 

by Aubouin and Guernet (1964), Katsikatsos (1976), Machairas (1978), Katsikatsos et al. (1980, 1981, 

1984) and Scherreiks (2000). 

 

Figure 1 - The study area in the Pelagonian zone of the Internal Hellenides (Ophiolite 

remnants shown in green). 

2. Stratigraphy, litho-facies and palaeontology (cf. Fig. 2) 

2.1. The Late Triassic-Early Jurassic, peritidal carbonate-platform and the coeval 

oceanic realm prior to plate convergence 

A peritidal carbonate platform evolved between the Late Triassic and the Sinemurian (Fig.2). The 

typical cyclical peritidal facies (Bosence et al., 2009) are characterised by pervasively dolomitized 

microbial mats (stromatolites), pisolite rudstone with meniscus cements, intraclast floatstone, and 
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intertidal mudstones. The bio-stratigraphy verifies Late Triassic through Sinemurian age of the 

peritidal platform (Table 1), which evolved concurrently with an oceanic realm, characterised by 

(MORB) pillow basalt and (below CCD) radiolarites of Late Triassic age (Table 2a). 

Table 1 - Rhaetian - Sinemurian foraminifera, determined in co-operation with Boudagher-

Fadel (2008). 

Grillina sp. 

Auloconus permodiscoides 

Aulotortus friedly 

Siphovalvulina gibraltarensis 

Siphonina gibraltarensis 

Table 2 - Radiolarians cherts above pillow basalts, determined in co-operation with P. O. 

Baumgartner (Baumgartner et al. 1995). 

a. Carnian to Lower Norian 

Annulotriassocampe ? sp. 

Castrum ? sp. 

Corum ? sp. 

Capnuchosphaera cf. crassa Yeh. 

Capnuchosphaera sp. 

b. Middle to Upper Jurassic 

Spongocapsula hooveri Meyerhoff Hull. 

Parvicingula dhimenaensis s.l. Baumgartner 

Transhuum brevicostatum Ozvoldova 

Protunuma sp. 

Sethocapsa sp. 

 

Figure 2 - Composite stratigraphies of the platform and ophiolite complexes of northern 

Evvoia. 

2.2. Pliensbachian-Bathonian plate convergence, platform subsidence and ocean-

floor uplift 

From the Sinemurian onwards the platform subsided continuously until Bathonian time, which is 

indicated by a succession of deepwater carbonates: thin-shelled (filament) wackestone, siliceous 

spiculite - radiolarian wackestone, and calcisphere-spiculite-radiolarian packstone. The bio-

stratigraphy Table 3a-c) verifies Pliensbachian through Bathonian age. 
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The Middle Jurassic subsidence of the platform is attributed to the convergence of the eastern 

ophiolite sheet over the oceanic leading edge of the Pelagonian micro-plate (Fig. 3a). This is 

documented by Middle Jurassic radiolarians which have been found in the melange below the 

overriding ophiolite sheet (Danelian and Robertson, 2001; Scherreiks et al., 2014), showing that the 

ophiolite advanced over an ocean floor during Middle Jurassic time (Fig.3a). Coeval Middle Jurassic 

radiolarites also occur, in sedimentary contact, with basalts of the eastern Vardar ophiolite 

(Guevgueli Ophiolite Complex of Macedonia: Kukoc et al., 2015). 

The upper part of the oceanic stratigraphic-column (Fig. 2) consists of gabbro, flood- basalt, and 

pillow basalt covered by radiolarite of late Middle Jurassic age (Table 2b). Nodular-chert carbonates 

occur toward the top (Fig 2 Elias complex), indicating that the ocean floor had been uplifted above 

the concurrent CCD during late Middle Jurassic time (Fig. 3b). Previously carried out geochemical 

analyses (Scherreiks et al., 2014) have shown that the gabbros and basalts conform to the calc-

alkaline magmatic series which is related to volcanic island-arc realms. This has also been confirmed 

in tectonic discrimination diagrams (Scherreiks et al., 2014). A supra-subduction, volcanic, island 

arc is thought to have evolved during the Middle Jurassic and is represented by the Elias Complex 

(Fig. 2 and Fig. 3a), which became uplifted during the convergence of the two plates. 

Table 3 - Pliensbachian-Oxfordian bio-stratigraphy, determined in co-operation with 

Boudagher-Fadel (2008). 

a.Lithiotis sp. (Pliensbachian) 

b. Mesoendothyra croatica (Aalenian-Bathonian) 

c. Bathonian-Callovian foraminifera: below the laterite 

Pseudomarssonella bipartita 

Redmondoides medius 

Andersenolina elongata 

Riyadhella sp. 

Ammobaculites sp. 

Textularia sp. 

Trocholina sp. 

Palaeodasycladus cf. mediterraneus sp. 

Pseudopfenderina sp. 

Everticyclammina sp. 

Siphovalvulina sp. 

Riyadhoides sp. 

d. Callovian-Oxfordian: on top of laterite 

Chablaisia sp 

Septatrocholina banneri 

Andersenolina elongata 

Andersenolina sp. 

Palaeodasycladus sp. 

2.3. The Callovian event: ophiolite obduction and sub-aerial exposure of the 

ophiolite and the platform] 

Unconformities of Callovian age are widespread in the Mediterranean region (Meléndez, 1989 and 

Meléndez and Martínez, 2007). In the central Pelagonian zone, laterite occurs in discontinuous karst 

vugs and caverns and as lateritic crusts on top of shallow marine limestones (Fig.2). Previous 

analyses have shown that these laterites are bauxites (Guernet and Robert, 1973). The foraminiferal 

assemblage of the limestones subjacent to the laterite (Table 3c) contains Pseudomarssonella 

bipartita Redmond (Bou Dagher-Fadel, 2008; Scherreiks et al., 2014) of Late Bathonian age, 

verifying that the event of emersion, during which time the laterites were deposited, must have 

occurred during or after the late Bathonian. The laterite is an aluminium-enriched bauxite (>71 % 
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Al2O3) with high trace element contents of Co, Cr, Ni and V, which have been verified in the 10-

500 PPM range in numerous laterite occurrences of the study area (Scherreiks et al., 2014). The high 

aluminium content and the trace element contents of Co, Cr, Ni and V, fingerprint basalt as having 

been the most probable source of the lateritic deposits, definitely indicating that oceanic crust had 

been subaerially exposed during later Bathonian time and had undergone lateritic weathering. 

Ophiolite-derived laterite apparently had been transported and deposited onto the 

contemporaneously exposed, karstic platform surface, forming lateritic regolith that infiltrated 

pervasive fractures, karstic vugs and karst collapse breccias. 

The limestones cropping out immediately above the laterites are shallow marine, peloid-bioclast 

grainstones and packstones. They contain a Callovian-Oxfordian foraminiferal assemblage (Table 

3d) in which the presence of Chablaisia shows them to be not younger than early Oxfordian (Bou 

Dagher-Fadel, 2008; Scherreiks et al., 2014). They document an early Oxfordian transgression over 

the laterites. From the above, the period of emergence during which the platform and ophiolite had 

been exposed occurred between late Bathonian and before the transgression of the early Oxfordian 

shallow marine carbonates. 

The emersions of the ophiolite and platform were coeval with the carbonate deposition on top of late 

Mid Jurassic radiolarites of the rising oceanic island arc (Fig. 2, Table 2b, and Fig. 3b-c). 

2.4. Oxfordian-Valanginian: platform drowning prior to the final ophiolite 

emplacement 

Shallow marine carbonates devoid of ophiolite detritus appear on top of the Callovian laterite (Fig. 

2). The temporarily exposed ophiolite of Late Bathonian to early Oxfordian time apparently became 

submerged during early Oxfordian time. Reef limestones occur (Fig. 2), which are characterised by 

Cladocoropsis mirabilis Felix (Scherreiks et al., 2014), of the middle Oxfordian Cladocoropsis 

Zone (Turnsek et al., 1981). The upper stratigraphic range of the Cladocoropsis zone, in the study 

area, most probably extends into the Berriasian, because C. mirabilis occurs together with 

Zergabriella embergeri, which has a stratigraphic range from Tithonian to Valanginian (Granier, 

1989). Cladocoropsis and Zergabriella were found together (Scherreiks et al., 2010) in turbidite that 

interfingers with radiolarian cherts and shales that range in age from Berriasian to Valanginian 

(Baumgartner and Bernoulli, 1976). 

Lenses of fine-grained turbiditic, siliciclastic sandstones interdigitate with cherts and shales in the 

upper part of the drowned platform radiolarite sequence (Fig. 2). Inasmuch as this greywacke 

succeeds Berriasian-Valanginian radiolarite, it is most probably of later Valanginian age. The 

ophiolite nappe together with sub-ophiolite mélange advanced over and scraped up greywacke and 

radiolarite and terminated platform sedimentation in the vicinity of the study area during 

Valanginian time. However, it is noteworthy that the actual ophiolite obduction onto the platform 

began 25 ma earlier during late Bathonian time (see above). 

3. Discussion 

Intra-oceanic subduction and convergence initially led to the obduction of the overriding ophiolite 

sheet onto the oceanic leading edge of the Pelagonian micro-plate (Fig. 3a). This was a diachronic 

process that began around late Early Jurassic to early Mid Jurassic time and finally led to the 

emplacement of the ophiolite on top of the Pelagonian carbonate platform during Valanginian time. 

The evidence for this time-schedule stems from the dating of radiolarians from the mélange beneath 

the ophiolite and the radiolarians from the drowned carbonate platform. The mélange contains mid 

oceanic pillow basalt with Mid Jurassic radiolarite, indicating that the ophiolite sheet must have 

been advancing over oceanic crust during Mid Jurassic time, whereas the age of the youngest 

drowned-platform radiolarians is Valanginian. But when did the ophiolite begin its obduction over 

the carbonate platform? 
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Fig. 3 - Schematic plate-tectonic episodes of obduction and emersion of the ophiolite and the 

platform during Callovian time (SM: Serbo-Macedonian Massif). a) Intra-oceanic 

subduction initiates back-arc volcanism. b) Ophiolite obduction leads to thrust faulting in 

the platform and uplift of back-arc. c) Platform is thrust upward and the overriding 

ophiolite becomes emergent, resulting in karstification and laterite deposition. d) Platform 

loading and continued obduction initiates the Oxfordian-Berriasian inundation. 
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The earliest evidence that the ocean floor began to rise above the CCD is found in the stratigraphy 

of the Elias complex which shows a succession of late Middle Jurassic pillow basalt and radiolarite 

covered by pelagic limestone (Fig. 2 and Fig. 3b). The stratigraphy of the carbonate platform shows 

that as the ophiolite rose during the late Middle Jurassic, the platform also rose during late Bathonian 

time. The platform then became emergent during Callovian time, was karstified, and was covered 

by laterite having an ophiolitic geochemical signature. Thus, it is apparent that the ophiolite must 

also have been emergent. In spite of the evidence, it appears illogical that a plate that is being 

overthrust would be uplifted, it should have subsided. This paradox is resolved by postulating that 

the platform was thrust upwards as it made contact with the advancing ophiolite (Fig. 3b-c). 

Evidence for a basal detachment fault is given by the crushed Triassic carbonates at the base of the 

carbonate platform (Fig. 2). As the ophiolite initially overrode the Pelagonian plate it was uplifted 

(Fig. 3c) and was weathered before it was inundated together with the carbonate platform during 

Oxfordian time (Fig. 3d). 

4. Conclusions 

The ophiolite sheet advanced over Mid Jurassic oceanic lithosphere toward the Pelagonian platform 

while a supra-subduction volcanic arc (Elias complex Fig. 2) evolved within the overriding plate 

(Fig. 3b). The actual tectonic contact of oceanic lithosphere with the Pelagonian platform began 

during late Bathonian time and is thought to have initiated the detachment fault within the platform 

(Fig. 2). The platform was thereby thrust upwards while the front of the ophiolite sheet and the 

platform became emergent (Fig. 3b-c). As a result, a karstic land area and an ophiolite highland, that 

underwent lateritic weathering, existed in the central Pelagonian zone during Callovian time. 

Ophiolite subaerial weathering has also been reported from the Guevgueli Complex (Robertson et 

al., 2013; Kukuc et al., 2015) and most likely correlates with the Callovian event of the central 

Pelagonian area. The Late Jurassic conglomerates of the eastern Vardar Unit (Kukoc et al., 2015) 

are suggested here to have been derived from the eastern side of an uplifted back-arc complex, of 

which the Elias Complex is a small preserved more westerly situated remnant. 

Renewed subsidence of both the ophiolite and the platform during the Late Jurassic is suggested to 

have been caused by gravitational pull and rollback of the subducted leading oceanic edge of the P

elagonian plate (Fig. 3c-d). Subsidiary thrust faults formed within the ophiolite as it advanced during 

the Late Jurassic (Fig. 2 and Fig 3c-d). The ophiolite sheet continued to advance in the study area 

until Valanginian time. The basal detachment fault beneath the platform may have been reactivated 

after Valanginian and post- Cretaceous time, as the Serbo-Macedonian massif advanced and closed 

the adjacent eastern Vardar ocean (Fig. 3c-d) (Scherreiks et al., 2014). The closure of the Vardar 

ocean and the collision between the Serbo-Macedonian massif and the Pelagonian plate most 

probably caused the Upper Cretaceous erosional unconformity (Fig. 2). 
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Abstract 

We focus on the central and eastern southern onshore parts of the Corinth Rift (CR), 

where basement outcrops are few and of limited extent, to study three key locations: 

a basement inlier east of Xylokastro, a new outcrop of the Tripolis Unit at the western 

edge of the Xylokastro horst, and a re-mapped and re-evaluated outcrop of the Pindos 

Unit northwest of Nemea. The results of this study show that there are elements which 

could help overcome the significant difficulties in our understanding of the structure 

and evolution of the rift, posed by the lack of basement outcrops in the central and 

eastern onshore parts of the Rift. This, in turn, calls for a reconsideration of the 

generally accepted idea that the broader onshore eastern sector of the CR lacks 

significant basement and intrabasinal faults. 

Keywords: Post-orogenic extension, Tripolis Unit; Pindos Unit. 

Περίληψη 

Η παρούσα εργασία εστιάζει στο ανατολικό και νότιο χερσαίο τμήμα της Κορινθιακής 

Τάφρου, όπου μελετώνται τρεις περιοχές: μία απομονωμένη εμφάνιση υποβάθρου 

ανατολικά του Ξυλοκάστρου, μία αχαρτογράφητη μέχρι σήμερα εμφάνιση της ενότητας 

της Τρίπολης στο δυτικό άκρο του τεκτονικού κέρατος του Ξυλοκάστρου και μία 

εμφάνιση της ενότητας της Πίνδου, βορειοδυτικά της Νεμέας, όπου αναθεωρείται 

παλιότερη χαρτογράφηση και επανεκτιμάται η σημασία της. Στην περιοχή αυτή, η 

απουσία εμφανίσεων του υποβάθρου, σε συνδυασμό με το μεγάλο πάχος των συν-

ταφρικών αποθέσεων έχει οδηγήσει στην εικόνα μιας ευρείας περιοχής με πρακτικά 

απόντα τεκτονικό ιστό. Ωστόσο τα αποτελέσματα των υπό εξέλιξη ερευνών δείχνουν 

την ύπαρξη μεγάλων ή μικρότερων ρηγμάτων, τα οποία διαμορφώνουν μια νέα 

θεώρηση αναφορικά με τη δομή και εξέλιξη της Τάφρου. 

Λέξεις κλειδιά: Μετα-ορογενετικός εφελκυσμός, Ενότητα Τρίπολης, Ενότητα Πίνδου. 

1. Introduction 

The Gulf of Corinth Rift (CR), one of the most rapidly extending continental rifting zones worldwide, 

is a young structure, overprinting at high angles the tectonic grain of the Hellenides, inherited from the 

alpine orogeny. At its present form it is ca 100 km long and it comprises an active, mainly offshore 
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part 30-40 km wide, which corresponds to the Gulf of Corinth and a less active, onshore landstrip (ca 

40 km wide) along the Northern Peloponnesus (Fig. 1). Current extension rates across the rift are in 

the order of 10-16 mm/yr (e.g. Avallone et al., 2004), with extension oriented approximately N-S (e.g. 

Clarke et al., 1998). The origin of extension, in general and particularly the strain focusing on the CR 

is still matters of debate; suggested models involve subduction-driven rollback and back-arc extension, 

gravitational collapse of thickened crust, or influence from the westward propagation of the North 

Anatolian Fault (e.g. Armijo et al., 1996; Jolivet et al., 2010). 

The understanding of the Corinth rift evolution calls, among others, for constraints on the pre-rift 

(alpine) structure and geometry. The quantification of parameters such as the displacement of rift-

bounding faults (but also of intrabasinal ones) is facilitated if a known marker can be located both 

on their hanging- and footwalls. The tectonic contacts between the geotectonic units that build the 

tectonic edifice of the pre-rift basement have been used as markers for the estimation of the extension 

across the CR, the displacement of the onshore rift-forming faults and the palinspastic reconstruction 

of the rift (e.g. Ford et al., 2013). One such marker, which was used in other parts of the CR, is the 

tectonic contact of the Pindos Unit pelagic limestones over the flysch of the Tripolis Unit (e.g. Sorel, 

2000; Skourtsos and Kranis, 2009). However, this is mainly true for the western southern onshore 

part of the rift, because its southern eastern onshore segment (i.e. between Xylokastro in the west 

and Corinth in the east), the absence of basement outcrops has led to the assumption that this part of 

the rift is devoid of large faults and follows a different evolutionary pattern. 

In the light of the above, we focus on the central and eastern southern onshore parts of the CR, where 

basement outcrops are few and of limited extent. We study three locations: a basement inlier east of 

Xylokastro, which has been mapped and appears in the published IGME map (Koutsouveli et al., 

1989), a newly mapped outcrop of the Tripolis Unit, at the western edge of the Xylokastro horst, 

and a re-mapped and re-evaluated outcrop of the Pindos Unit North-west of Nemea. These may aid 

our understanding of the structural grain in a relatively poorly investigated area within a continental 

rift of world-wide importance. 

2. Geological and Tectonic Setting 

The southern onshore part of the CR extends from Mt Panakhaikon in the west to Corinth in the east 

(Skourtsos and Kranis, 2009). Terrestrial and marine sediments, with thickness exceeding 2.8 km, 

were deposited during the phases of the CR evolution. These synrift deposits were classified in three 

groups, namely (i) a lower group, of probable Pliocene age, which comprises terrestrial deposits, 

including alluvial fans in the west and lacustrine sediments in the east; (ii) a middle group, which 

includes large marginal fan deltas; and an upper group, which comprises the marine and fluvial 

terraces that flank the southern onshore part of the CR at Northern Peloponnesus (Rohais et al., 

2007). This broad zone has been undergoing uplift, albeit at varying rates along the rift axis, and 

synrift sediments are now found at altitudes above 1.6 km (Dufaure, 1977).  

The pre-rift Hellenide (‘alpine’) basement of the CR comprises various Tethyan fragments, which 

were successively detached from the subducting African plate and accreted to the southern margin 

of the Aegean microplate on the Hellenic subduction zone. 

As regards the central part of the Northern Peloponnesus, the tectonically lower Unit is the Phyllites-

Quartzites (PQ) Unit, which consists of high-pressure mica schists and quartzites, along with rare 

ultramafic rocks. The Tripolis Unit (TU), which overlies the PQ is characterized by a thick shelf U. 

Triassic- U. Eocene carbonate sequence, deposited on an Upper Palaeozoic – L. Triassic 

volcanosedimentary complex, collectively known as the Tyros Beds. This carbonate sequence is 

capped by a flysch sequence, of L. Eocene – Oligocene age. The uppermost Unit of the pre-rift 

basement is the Pindos Unit (PU), a Mesozoic sequence of pelagic sediments (limestones and cherts), 

topped by a Palaeocene – Eocene flysch. At the eastern onshore part of the CR (Corinth and Perahora 

peninsula), the pre-rift basement is represented by the rocks of the Sub-Pelagonian Unit (SU) and 

comprise mainly Upper Triassic to Jurassic neretic limestones, followed by Mid-Upper Jurassic 
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shales, sandstones and cherts. Finally, an ophiolite thrust sheet is found at Geraneia Mountains, in 

the eastern edge of the Gulf of Corinth. 

The synrift sediments in the Northern Peloponnesus have been deposited upon the alpine, pre-rift 

basement and the western and central portions of the CR are characterized by E-W to ESE-WNW 

faults that acted during the early stages of rift evolution now juxtapose basement outcrops against 

synrift sediments (Skourtsos and Kranis, 2009; Ford et al., 2013).  

 

Figure 1 - Synthetic tectonic map of the Gulf of Corinth, to show the Hellenide Units that 

constitute the basement to the GoC Rift, modified after Kranis et al. (2015). Structural data 

from Beckers et al. (2015), Charalampakis et al. (2014), Nixon et al. (subm.) (offshore), Ford 

et al. (2009, 2013) (south –western onshore), Skourtsos and Kranis (2009) and Leeder et al. 

(2013) (southern central) Freyberg (1973), Collier and Dart (1991) (eastern onshore); and 

own mapping. Dashed line offshore delineates the possible eastern margin of the External 

Hellenides beneath the Gulf. A: Akrocorinth; V: Vouraikos; K: Krathis. 

3. The Melissi inlier 

A minor basement outcrop (area ca 0.02 km2) consisting of carbonates and clastics, is located at the 

seaside town of Melissi, 5 km SE of Xylokastro. The carbonates occupy a small knoll, just north of 

the Corinth-Patras highway, while the clastics were mainly exposed on the roadcut, covered, capped 

by an U. Pleistocene marine terrace (Fig.2). The construction of the new highway, through widening 

of the original route exposed the clastic sequence for a distance of ca 300 m along the road, but 

subsequently involved the erection of retaining walls, which have now covered almost the entire 

outcrop of the clastics. 
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The clastics consist of brown clays, intercalated with dm-thick banks of calcareous conglomerates 

and fine-grained sands and include rare angular to well-rounded limestone blocks (<0.5 m3). The 

sequence appears deformed in tight folds at the eastern part of the exposure, but towards the west it 

presents a steady NW-dipping geometry. Information provided by professional drillers in the area 

(F. Chatoupis, 2012, pers. comm.) confirms that the within a ca 5 km distance to the SE and S from 

the Mellissi outlier, the synrift deposits are underlain by clastic sediments with close affinities to the 

clastic sediments exposed along the roadcut. 

The carbonates are whitish, massive or thick-bedded and densely fractured limestones, while small, 

irregular calcite veins run through the carbonate mass. The nature of the contact between the clastics 

and the carbonates could not be verified in the field, as it obscured by the national road. The northern, 

steep boundary of the calcareous mass is densely fractured by E-W steep planar discontinuities and 

corresponds to a degraded fault scarp. 

A number of samples was obtained both from the clastic sequence, especially from the olistholites 

and the conglomeratic intercalations and from the calcareous mass. The microfacies analysis of the 

breccia and conglomerate banks, included in the clastic sequence revealed that their elements may 

be composed of fragments of one stratigraphic level or different stratigraphic levels of the Tripolis 

platform. The elements may be of small size (up to 1mm) or be coarser ones. More specifically, in 

a microbrecciated bank of Tertiary, age evidenced by the presence of Globorotalia sp. (Fig. 3), small 

sized elements of exclusively Late Cretaceous age are found in the cement, including fragments of 

bivalves, rudists, echinoids, as well as Orbitoides media, Lepidorbitoides sp., Siderolites 

calcitrapoides, Cuneolina sp, indicating L. Campanian-Maestrichtian age.  

 

Figure 2 - Map of the Melissi inlier (see Fig 1. for location). The knoll north of the highway is 

an outcrop of L. Paleocene - E. Eocene age limestones, in faulted contact with the flysch of 

the Tripolis Unit. The marine terrace that caps the hill south of the highway corresponds to 

the MIS3.3 (ca 55 ka BP) Kariotika -1 terrace (Armijo et al., 1996). 

In other cases, finer and coarser unsorted elements are found. Different stratigraphic levels are 

recognized: Elements of mudstone containing Ophthalmidiids, ostracods, Bolivinopsis, Aeolisaccus 

kotori indicate a Late Cretaceous age, of inner platform provenance. Ped and fenestra structure 

consisting of ellipsoidal to round pelletoid elements, separated by irregular pore spaces, observed in 

certain breccia elements, indicate an intertidal to supratidal provenance. 
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Figure 3 - Microphotographs from samples obtained from the study sites. Samples A-C and 

D-E are from the clastics and the carbonates of the Melissi inlier, respectively; F-H are from 

the Pindos outcrops at Boziká. (A): Globorotalia sp. in the matrix of a microbreccia 

containing fragments of bivalves and rudists; (B): Siderolites calcitrapoides; (C): bioclastic 

limestone with Chapmanina and Asterodiscus; (D): Biosparite with Ranikothalia; (E): 

Biomicrite mudstone with Discocyclina and echinoid spine; (F): Biomicrite mudstone with 

Globotruncanidae; (G): Orbitolinid in clastic limestone; (H) Hedbergella cf trochoidea 

(Gandolfi). 

Similar facies are observed in different levels of the upper Cretaceous sequence of Tripolitza 

platform (Zambetakis Lekkas et al., 1988, 1998, 2007; Pomoni-Papaioannou and Zambetakis-

Lekkas, 2009), but also of Lower Cretaceous age (Zambetakis-Lekkas et al., 1995). These elements 

are found among others of sandstone and microfossils that are transported as independent breccia 

elements. Their different stratigraphic attribution and their occasional intensively eroded appearance 

testify their transportation. 

On the other hand, the micropalaeontological study of the carbonates showed that they consist of 

biomicritic-biosparitic limestones, mudstones-wackestones or grainstones and are characterized by 

the abundance of corals. Hydrozoans, bivalves, echinoderms Algues Melobesia and rare gastropods 

are also present, along with foraminifera as miliolids, rotaliids, Discocyclina sp.and Ranikothalia, 

which yield a Late Paleocene - Early Eocene age (Fig. 3). The fact that the carbonates belong to the 

underlying stratigraphic level of the clastics (i.e. U. Eocene) points to the existence of a tectonic 

contact between these two formations, which is interpreted as a fault that has been obscured by the 

construction of the motorway. 

4. Occurrence of the Tripolis Unit in the Xylokastro horst block 

A major basement outcrop occurs south-west of Xylokastro. This is elongated fault block, uplifted 

in the footwall of the Xylokastro fault. Recently published work (Leeder et al., 2012) shows that 

this block corresponds to an intrabasinal horst, faulted against syn-rift sediments both on its northern 

margin (via the Xylokastro F.), but also on its eastern and southern margins, via the Koutsos fault. 

Until recently, the basement outcrops within the Xylokastro block were considered to comprise 

solely the formations of the Pindos Unit. However, geological mapping in the area showed that the 

underlying (lower) Tripolis Unit is also exposed in this horst block. 

The Tripolis outcrop is located at the western edge of the horst and covers an area of ca 0.6 km2, at 

a moderately north-dipping slope. It consists solely of carbonate rocks and specifically thick-bedded 

to massive light or dark grey limestones, which are intensely brecciated and dolomitized. This is 

partly attributable to the fact that the slope that the carbonates occur practically coincides with the 

fault surface (i.e. a ‘fault-slope’) of the Xylokastro fault. Nonetheless, the facies and sedimentary 

structure of the carbonates have close affinities to the Late Cretaceous-Eocene limestones of the 

Unit. 

The outcrop occurs as a lower-order horst within the Xylokastro block, meaning that it is in faulted 

contact with the Pindos limestones in the south and south-east and with the syn-rift sediments in the 

north and north-west. The southern margin of the outcrop is an E-W, south-dipping fault, which 

juxtaposes the Tripolis carbonates against the Pindos limestones. Its northern margin corresponds to 

the western termination of the main, north-dipping Xylokastro fault, which juxtaposes the Tripolis 

rocks against synrift sediments. The latter are deformed in a well-defined fault-drag fold, with 

northerly structural dips increasing towards the trace of the Xylokastro Fault. 
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Figure 4 - Geological map of the Xylokastro horst. See Fig. 1 for location. The basement 

outcrops within the horst belong to the formations of the Pindos Unit (cherts and 

limestones), with the lower Tripolis Unit outcropping at the western part of the horst. 

 

Figure 5 - The previously unmapped outcrop of Tripolis Unit limestones at the western tip of 

the Xylokastro horst. View to ESE. 

5. The Pindos inlier group at Boziká 

Geological mapping in the area of the Boziká settlement (Fig .6), showed a number of occurrences 

of the Pindos Unit, overlain by synrift deposits of the CR. The northernmost outcrop consists of 

green mudstones, clastic limestones with red and green clasts and muddy radiolarites that pass 
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southwards to red mudstones and further the south to laminar, thin-bedded, and whitish to beige 

limestones with thin black chert nodules. The limestones (biomicrites, mudstones) contain 

Globotruncana asymetrica (Sigal) and Globotruncana concavata (Grotzen) are determined, 

indicating Santonian age (Fig. 3). The medial outcrop consists of green sandstones, mudstones and 

fine conglomerates containing quartzitic and volcanic clasts, and intercalations of clastic limestones 

that include Orbitolinidae and Miliolidae and Hedbergella cf trochoidea (Gandolfi). (Fig. 3). The 

latter narrows down the age of the formation to Aptian- E. Cenomanian. The southernmost outcrop 

has also comparable lithology, although green mudstones and sandstones dominate. The fossils, and 

the microfacies both in the clastics and in the carbonates show that these outcrops belong to the “first 

flysch” of the Pindos Unit as it was named by Aubouin (1959) and was included by Fleury (1980) 

in the Radiolarites Formation (upper member). 

The clastics are folded in places with closed to tight folds striking N30o, but also isoclinal folds and 

microbending, striking N150° and N-S, respectively, were observed. 

The southernmost occurrence of the Pindos Unit is covered unconformably by sandstones, 

mudstones and conglomerates with dips up to 40° to the S-SSW, which further south are covered by 

a thick sequence of conglomerates and sandstones that are part of a large alluvial fan delta. The 

alpine outcrops are faulted by a suite of E-W, N-dipping high-angle normal faults, which juxtaposed 

them against the synrift sandstones and mudstones which exhibit high-angle southerly dips. The 

latter are covered uncomfortably by a group of conglomerates and coarse sandstones of another 

alluvial fan delta.  

 

Figure 6 - Geological map of the area around Boziká (see Fig. 1 for location). 

6. Discussion - Implications 

The lack of basement outcrops in the central and eastern onshore parts of the Corinth Rift poses 

significant difficulties in our understanding of the structure and evolution of the rift. Detailed 

geological and structural mapping, in the last few years, however, has shown that there are elements 

which could help overcome some of these obstacles. 

The Melissi inlier is one of these ‘stepping stones’ between the Xylokastro block in the west (which 

is the easternmost basement outcrop along the Gulf of Corinth shore) and the next significant 

basement exposure, which is at the Akrocorinth horst block in the east (Fig. 1). The importance of 
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this outcrop is enhanced by the results of offshore geophysical surveys. Specifically, Taylor et al. 

(2011) show that a set of N-dipping offshore faults, located off the coast of Melissi (the Sythas and 

offshore Xylokastro faults) are responsible for the formation of a secondary footwall basin, while 

the continued activity of these faults has led to significant footwall uplift, eventually leading to the 

subaerial exposure of basement rocks, such as at the Melissi inlier. 

 

Figure 7 - Outcrop of the ‘1st Flysch’ Pindos formation at Boziká. 

The Tripolis outcrop at the Xylokastro horst and the Melissi inlier are the two northernmost 

exposures of the Unit at Northern Peloponnesus, within the onshore landstrip of the Corinth Rift. 

Other Tripolis outcrops are located at the footwalls of rift-related faults, such as the Valimi and 

Pyrgaki-Mamoussia Faults, in the valleys of Krathis and Vouraikos, respectively (Fig. 1). In these 

locations the contact between the Tripolis and Pindos Units is mappable and it corresponds to an 

extensional fault that has replaced the original thrust contact between these units. Such extensional 

structures could be related the early syn-orogenic extension that has affected the central and southern 

Peloponnesus in the U. Miocene (Skourtsos, 2002; Skourtsos and Lekkas, 2010), but they can also 

be linked to the formation and evolution of the Corinth Rift. In the latter case the magnitude of 

extension across the rift has to be greater than what was calculated through palinspastic 

reconstructions (e.g. Sorel, 2000), which do not take into account these south-dipping faults. 

Geological mapping and micropalaeontological analysis of the Pindos Unit outcrops at Boziká show 

that they belong to the middle Cretaceous clastic series of the Unit, instead of the Palaeocene – 

Eocene Pindos Flysch, as shown by Tataris et al. (1970). The presence of Hedbergella cf trochoidea 

(Gandolfi) within a stratigraphic horizon from the middle part of the formation shows that the onset 

of the deposition of the “First Flysch” in the area was earlier than the age indicated by the fossil 

itself, probably during the Barremian, as suggested by Fleury (1980) for central Greece. 

The Pindos outcrops at Bozika can be described as rotated fault blocks, controlled by E-W, north-

dipping normal faulting, which is connected to a major marginal fault along the northeastern flanks 

of Mt Ziria. Additionally, the presence of two big alluvial fan deltas north and south of these faulted 

outcrops can be compared to the evolution of the central onshore CR where multiple and 

diachronous fan deltas were deposited along the southern margins of the rift, as fault activity 

migrated northwards. 

Finally, the occurrence of the basement outcrops themselves and the fact that they are fault -

controlled, raises the issue of re-consideration of the structural grain in the onshore eastern sector of 

the Corinth Rift, where the image of an extended area devoid of significant basement and 

intrabasinal faults is based on dated data and maps, which should be revised. 
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Abstract 

New results for the recent tectonic activity in the northern part of the Gulf of Corinth 

rift are presented. Geological mapping and morphotectonic study re-populate the 

area of study with numerous active and possible active faults. The area is dominated 

by individual and segmented normal faults along with major structures like Marathias 

and Delphi-Arachova faults. The results are in accordance with recent studies that 

reveal a more complex and wider structure of Corinth Rift to the north. 

Keywords: Active Tectonics, Seismic Hazard, Normal Faults, Extension, Delphi 

Fault. 

Περίληψη 

Νέα δεδομένα για την πρόσφατη τεκτονική δραστηριότητα στο βόρειο τμήμα του 

βυθίσματος του Κορινθιακού Κόλπου παρουσιάζονται. Με βάση γεωλογική 

χαρτογράφηση και λεπτομερή μορφοτεκτονική μελέτη, η περιοχή μελέτης εμπλουτίζεται 

με πολυάριθμα ενεργά και πιθανά ενεργά ρήγματα. Στην περιοχή επικρατούν 

μεμονωμένα και συνενωμένα κανονικά ρήγματα, καθώς και μεγάλες κύριες τεκτονικές 

δομές όπως τα ρήγματα Μαραθιά και Δελφών-Αράχωβας. Ta αποτελέσματα έρχονται 

σε συμφωνία με πρόσφατες μελέτες που αποκαλύπτουν μια περίπλοκη και πιο ευρεία 

δομή της τάφρου του Κορινθιακού στα βόρεια. 

Λέξεις κλειδιά: Ενεργός τεκτονική, Σεισμική Επικινδυνότητα, Κανονικά Ρήγματα, 

Εφελκυσμός, Ρήγμα Δελφών. 

1. Introduction  

The Gulf of Corinth Rift is a rapidly expanding intra-continental extensional rift in a W-E setting, 

across the Alpine formations of the External Hellenides Geotectonic units of Pindos, Vardoussia, 

Parnassos and Beotia (Celet, 1962; Doutsos et al., 1988; Ori, 1989; Armijo et al., 1996). The 

initiation of the rift is estimated at the Late Pliocene (3.3 Ma - Leeder et al., 2012) and is currently 

involving extension along segmented and individual normal fault of W-E to WNW - ESE strike in 

a broad zone from Patras Gulf to the west up to Beotia and Asopos rift to the east (McNeil et al., 

2005; Tsodoulos et al., 2008; Taylor et al., 2011; Bernard et al., 2015). Evidence of the active 

deformation state and rate of the Corinth Rift are numerous and strong historical and recent 

earthquakes, intense microseismic activity and extension measured by GPS and surveys (Sebrier 

1977; Ambraseys and Jackson 1990; Hatzfeld et al., 2000; Papadopoulos et al., 2000; Bell et al., 

2009; Lambotte et al., 2014). Earlier interpretations of the Corinth Rift as an asymmetrical basin 

with fault activity concentrated on the southern north-dipping faults are being revised as a more 

complex basin structure is revealed from detailed offshore surveys. The scope of this study is to fill 

a gap of onshore fault activity in the northern part of the rift in order to assess seismic hazard in a 
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poorly mapped area, further understand the structure of Corinth rift and document the transitional 

zone between the Gulf of Corinth and the northern active extensional basins of Kifissos, Evoikos 

Gulf and Spercheios Rift. 

 

Figure 1 - Active and possible active faults of the northern Gulf of Corinth. Fault numbers 

are in accordance with Table 1. Bedrock formations with dark grey color and post-alpine 

sediments with light grey colors. Index boxes A, B and C show location of Figures 2 and 3. 

Seafloor topography of Corinth Gulf is shown with shaded relief. Grey fault lines denote 

offshore faults from Stefatos et al. (2002), McNeil et al. (2005) and Bell et al. (2009). 

2. Active Faults of the Area 

2.1. Delphi - Arachova Fault Zone 

The Delphi - Arachova fault zone is a large active extensional structure north of the central part of 

the Gulf of Corinth that defines the southern slope of Parnassos Mountain (Péchoux, 1977; de Boer 

and Hale, 2000; Piccardi, 2000). The main Delphi - Arachova fault consists of two normal fault 

segments dipping south, with a length of about 10 km each (Figure 1 and 2). The Delphi fault to the 

west is clearly defined by a large morphological scarp from the Amfissa-Itea plain to the east of 

Delphi archaeological site with a trend of NW-SE to W-E. The Arachova fault to the east, is less 

accurately defined and mapped due to the large slope debris and avalances and the erosivity of the 

flysch basement formation. Fault measurements and morphotectonic features show a complex 

normal fault zone with an oblique slip (fault lineations 600 to the west). Overal morphological scarp 

reaches up to 500 meters in the Plistos Valley, with a post-glacial striated fault scarp of up to 10 

meters. The fault zone is distributed with multiple parallel fault scarps along strike (Figure 3) 

converging at a depth to the main Delphi fault surface, as is evident in the area of the Delphi Oracle 

(Piccardi, 2000; Valkaniotis et al., 2011). The Delphi Oracle site complex is situated inside the fault 

zone on the hanging wall and is disrupted by at least two historical surface ruptures in 373 BC and 

1870 (de Boer and Hale, 2000; Piccardi et al., 2008). The most recent activation of the fault zone 

was in the 31 July/1 August 1870 earthquake cluster with the main event having a possible 

magnitude of M=6.7, one of the strongest historical earthquakes in the central Greece (Ambraseys 

and Pantelopoulos, 1989; Papadopoulos et al., 2000; Ambraseys, 2009). 
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The western limit of Delphi-Arachova fault zone is defined by the southern limit of entrenching of 

the meander of Skitsa River. There were found no evidence of propagation and linkage of the fault 

zone to the Amfissa active fault to the north-west. To the east, the limit of the fault zone is obscure, 

with the probability of the NE-SW propagation through Parnassos Mt. The Plistos watershed is 

propagating to the east, capturing drainage that previously flowed to the east (Figure 3). This is 

explained to be a result of the deepening of the basin in the central and western parts of the basin 

due to the subsidence in the hangingwall section of the fault. 

 

Figure 2 - The Delphi - Arachova Fault zone. Neogene and Quaternary sediments from this 

study and IGME Geological Maps. 

 

Figure 3 - A) Interpretive section with the tectonic model of the Delphi-Arachova Fault 

Zone. B) The eastern half of Plistos valley. Plistos basin (blue line) is expanding eastwards, 

capturing drainage that previously flowed to the east (yellow dotted line). Arachova fault 

and possible extensions with red line. 

A complex array of normal and strike-slip faults with a W-E/WNW-ESE strike and north-dipping 

was mapped displacing Quaternary sediments in the Agia Efthimia plateau. The relation of this fault 

complex with the Delphi-Arachova Fault Zone is unkown, with a probable interpretation as an 
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antithetic western extension. Agia Efthimia fault is believed to be a candidate for the 1580 historical 

earthquake (Papadopoulos et al., 2000; Ambraseys, 2009). 

2.2. Western Corinth Gulf 

In the western part of the area studied, multiple onshore and coastal en-echelon normal faults were 

mapped (Figures 1 and 4). The largest structures are the Marathias and Trizonia fault zones, dipping 

to the south in the western rim of the Gulf of Corinth. Marathias fault has an evident morphological 

scarp trending W-E along the coast. 

The Kokkinovrachos fault (Figure 4) south of Lidoriki, is a north-dipping normal fault antithetic to 

the general fault setting (Valkaniotis, 2009). It is interpreted as an inherited structure, re-activated 

in the current stress regime, with evidence of Late Quaternary-Holocene activity (recent colluvial 

sediments and a possibly post-glacial fault scarp). 

Along the northern coast, the coastal fault zones of Agioi Pantes and Galaxidi are found to the east 

of Eratini (Figure 4). The Galaxidi fault has a WSW-ENE strike and terminated onshore to the east 

of Galaxidi town. A continuous post-glacial striated fault scarp along the limestone bedrock is 

evident for a recent (Holocene) activation of the fault. Parallel to the Galaxidi fault is the Agioi 

Pantes fault, dipping also south, and both forming an overlap zone (ramp structure in Figure 4). 

 

Figure 4 - Above: The Agioi Pantes and Galaxidi Fault Zone. A ramp structure is formed in 

the overlap area between the two faults. Elevation and bathymetry contour interval is 20m. 

Below: Kokkinovrachos Fault. Normal Fault scarps mapped with thick black lines and dot 

on downthrown side. 
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Figure 5 - A) Fault zone detail of the Galaxidi Fault. B) Fault scarp of Kokkinovrachos 

Fault. Site of images is shown in Figure 3.  

The inland faults in the western area, like Kokkinovrachos, Amygdalea and less likely Kallithea 

Fault, could be the source of the 1909 M=6.3 Fokis earthquake, as the damages and macroseismic 

intensities correlate with a northern sited fault and possibly north-dipping (Ambraseys and Jackson, 

1990; Valkaniotis, 2009). 

Using the morphotectonic approach to study the faults in the area is a useful method to assess the 

activity of the faults. An example is shown in Figure 6, for the western part of the area, between 

Mornos fan and Eratini. The lesser order basins and drainage in Trikorfo mountain area were 

analysed. The hypsometrical integral values show a non-mature state of the basins (values > 0.5), 

and correlate with incision and erosion due to the higher deformation in the central part of the 

footwall of Marathias, Trizonia and Marathakia faults. SL-index values measured along the streams 

also indicate erosion and uplift in the footwall of these faults. A high value anomaly of the SL-index 

to the central part of the area, not correlated with lithological changes, hints to the presence and 

possible deformation in the Trikorfo fault zone. 

 

Figure 6 - A) Drainage basins in Trikorfo area, classified with hypsometric integral (Hi) 

values. Major faults are also shown. B) SL-index values in the same area. High values (red) 

indicate rapid uplift and erosion in the footwall drainage. 

3. Central Part - Antikira Gulf 

In contrast to the southern part of Corinth Rift, the northern part is characterised by a complex and 

variable fault structure, possibly related to the influence of inherited bedrock structures and older stress 

regimes. A fault structure irregular to the general setting of the Corinth Rift is the Antikira fault in the 

western rim of the Antikira Bay, in the central part of Corinth Gulf. The Antikira normal fault has a 

NE-SW strike and dips to the east. It forms a steep morphological scarp of 100-300 meters height. The 
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fault has been mapped and described earlier by Sebrier (1977), but erroneously was recognised as a 

reverse structure (Figure 7B). Field investigation in this study, along the fault and in the original site 

that Sebrier describes reveal a normal fault, that possibly has been recentrly re-activated in the present 

stress regime. A sketch of the site (near the road Desfina - Antikira) is shown in Figure 7. The local 

curvature of the fault plane that is exposed at the specific site leads to a flipping of the fault surface to 

the west and measurements taken there show a reverse component. No evidence for a reverse fault 

zone was found elsewhere along the fault. Measurements in striated fault surfaces show at least one 

older phase with horizontal dextral striations, and the recent normal-oblique striations. The last phase 

of striations (NNE-SSW direction of extension - fit to present state of extension), Late Quaternary and 

Holocone sediments on the hangingwall, and the morphology of the fault scarp lead to a 

characterization of the fault as possible active, with at least Late Quaternary activity. 

 

Figure 7 - A) Scetch based on field observations, explaining the mis-labeling of Antikira fault 

as reverse by Sebrier (1977). The curvature of the fault surface. B) Original sections at 

Antikira fault from Sebrier (1977). C) Profile of central section of Antikira Fault. 

 

Figure 8 - Examples of normal faulting in the northern Gulf of Corinth Rift. A) Excavation 

outcrop of Amfissa Fault to the north-west of the city of Amfissa. B) The Antikira Fault 

scarp in the western side of Antikira Gulf. 
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Evidence of NE-SW faults were also found to the north, along the narrow valley corridors that pass

 through Distomo, up to the east of Delphi-Arachova fault zone, without any large fault structure to

 be evident. This is interpreted as an older tectonic structure or a lower crust anomaly. 

4. Discussion -Results 

Recent studies and new data from the present research reveal a complex structure of the northern 

part of the Gulf of Corinth rift and populate the poorly mapped region with numerous and new faults. 

A summary of the main active and possible active fault for the area of research is shown in the Table 

1. Faults are classified with categories according the last evident activation, based on seismicity, 

historical earthquakes, geological data and morphotectonic features. As Holocene category, we 

classify faults that exhibit post-glacial activation (post-glacial striated fault surfaces, hanging wall 

colluvial sediments or modern seismicity) an age which corresponds to 18.000 years BP for the 

Aegean. Slip rate data are scarce and those that can be measured (fault scarps) show a mostly low 

to very low slip rate of 0.1-0.2 mm/yr and a large repeat time (Valkaniotis, 2009), in accordance 

with active faults of mainland Greece. Marathias and Trizonia to the west, Delphi-Arachova and 

some coastal major fault zones have possibly a larger slip rate, as is evident in the seismological and 

geological data. The area of the northern Gulf of Corinth Rift is comprised of individual and en-

echelon normal faults with a low slip-rate and evident of a lesser extensional activity. The fault 

structure seems to deviate from the previous understanding of a general uniform subsidence and 

inactivity of the area, although there are not enough evidence to assign the tectonic deformation of 

the area to the Corinth Rift extension or the general back-arc extension of the Aegean area. 

The new data reveal a more complex setting for Seismic Hazard since most of the area was 

considered as a lower hazard in relation with the southern and the major offshore faults. Estimated 

maximum credible earthquake magnitude for the faults presented in this study is M=6-7, according 

to empirical relationships between fault length and magnitude in the Aegean area (Wells and 

Coppersmith, 1994; Pavlides and Caputo, 2004). Results from the current study of active faults in 

the northern Gulf of Corinth were incorporated in the Greek Database of Seismogenic Sources 

(GreDaSS) in the form of fault models and seismogenic sources (Caputo et al., 2012). More data 

from paleoseismological studies, fault trenching and dating of geomorpholic surfaces are crucial to 

the better understanding of the deformation rate and earthquake cycle in the area. More detailed 

mapping in the inland mountainous area of Fokis to the west and Beotia to the east is necessary to 

reveal and document poorly mapped or unkown active structures. 

Table 1 - Summary of the main Active and Possible Active Faults of the Northern Gulf of 

Corinth Rift. Fault numbers correspond to Figure 1. Category classifies faults according to 

the last evident activation of the fault zone. 

No - Name 
Length 

(Km) 
Category No - Name 

Length 

(Km) Category 

1 - Agia 

Efthimia  

7 Historical? 

(1580?) 

12 - Marathias 16 
Holocene 

2 - Amfissa 5 Late 

Quaternary 

13 - Kallithea 5 
Late Quaternary 

3 - Delphi - 

Arachova 

20-30 Historical - 

1870 

14 - Zaltsa 14 
Late Quaternary 

4 - Antikira 6 Late 

Quaternary 

15 - Elikonas 10 Middle-Late 

Quaternary 

5 - Sikia 8 Late 

Quaternary 

16 - Thisvi 5 
Holocene 
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No - Name 
Length 

(Km) 
Category No - Name 

Length 

(Km) Category 

6 - Kourmoutsi 8 Late 

Quaternary 

17 - Domvrena 15 
Late Quaternary 

7 - Makrigialos 7 Late 

Quaternary 

18 - Neochori 11 
Holocene 

8 - Galaxidi 6 
Holocene 

19 - Efpalio - 

Drosato 

5-6 
Late Quaternary e 

9 - Agioi Pantes 6 Late 

Quaternary 

20 - Amigdalea 6 Middle-Late 

Quaternary 

10 - 

Kokkinovrachos 

7 Late 

Quaternary 

21 - Trikorfo - 

Filothei 

12 
Late Quaternary 

11 - Trizonia 9 Holocene 22 - Marathakia 5 Late Quaternary 
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Abstract  

The Southern Marmara Region is an active deformation area, which is a transition 

zone between the strike-slip tectonics manifested by the North Anatolian Fault System 

and the N-S extensional regime of the Aegean Region. 

We have reviewed tectonic and geological structure of the region, based on 

seismological studies. We have obtained a total of 37 earthquake moment tensor 

solutions between 1953 and 2015. In addition, stress tensor analysis has been carried 

out using 37 earthquake moment tensor solutions. Also long term seismicity were 

investigated and a,b, Mc values were calculated and mapped. Moment tensor solutions 

indicate that the source of these earthquakes are mostly NE-trending dextral strike-slip 

faults and some of them are E-W trending dip-slip normal faults. The stress tensor 

analysis shows that the direction of the regional compressive stress  is NW-SE. 

The temporal and spatial distrubution of the large earthquakes (1944, 1953, 1964) 

indicate that the ruptures unilaterally propagate from SW to NE. The 1855 earthquake 

had been occurred to the east of Manyas Lake. The elapsed time (160 year) and 

regional stress transfer suggest that the segments to the east of Manyas Lake form a 

probable seismic gap and this area has a high earthquake risk. 

Keywords: Moment Tensor Solution, Stress Tensor Analysis, b value, North Anatolian 

Fault, Southern Marmara Region, Aegean Region. 

1. Introduction 

The active deformation in the eastern Mediterranean region is closely associated with the Aegean 

and Cyprean subduction zones and the continental collision that is taking place between the African-

Arabian and the Eurasian plates. As a result, active tectonics of the eastern Mediterranean region is 

mainly controlled by the dextral North Anatolian Fault System (NAFS) and the sinistral East 

Anatolian Fault System (EAFS), The Dead Sea Fault Zone (DSFZ) and the Aegean and Cyprean 

Subduction Zones. 

The NAFS is a major active dextral strike-slip fault system in the eastern Mediterranean region. It 

extends from the Karlıova triple junction in eastern Turkey to the Gulf of Saros in the North Aegean 

Sea for an approximately 1200 km (Barka and Gülen, 1988 and Şengör et al., 2004) (Figure 1). The 

NAFS continues across the northern Aegean Sea, and it crosses central mainland Greece as a broad 

shear zone (termed the Gracian Shear Zone by Şengör, 1979) and it eventually links up with the 

Aegean Arc (Dewey and Şengör, 1979; Le Pichon et al., 1993; McKenzie and Jackson, 1983 and 

Şengör et al., 2004). The NAFS bifurcates into three strands just to the east of Sakarya, around the 
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Mudurnu valley, forming a horse-tail structure (Barka and Gülen, 1988 and Barka, 1992) (Figure 1). 

The northern strand starts from the south-east of Sapanca Lake and it passes through the Marmara 

Sea, Gulf of Saros and the North Aegean Trough (Lyberis, 1984 and Kürçer et al., 2015). The central 

strand follows the path through Geyve basin, Pamukova, South of İznik Lake, southern coast of 

Marmara Sea and Bandırma, where it makes a restraining bend and continues south-west in the Biga 

Peninsula (Kürçer et al., 2015). The central strand of NAFS consists of several dextral strike-slip 

fault segments in the Biga Peninsula. The southern strand of NAFS consists of the Bursa Fault, the 

Uluabat Fault, the Manyas Fault, the Yenice Gönen Fault, the Evciler Fault and the Edremit Fault 

in Biga Peninsula and it extends towards the Skyros Basin in the Aegean Sea (Figure 1). The 

deformation of the Southern Marmara Region is mainly controlled by the middle and southern 

strands of the NAFS and the Aegean Extensional Regime. The seismotectonic characteristics of the 

Southern Marmara Region and its vicinity have been studied by several authors (see Üçer et al., 

1997; Nalbant et al., 1998; Gürbüz et al., 2000; Gürer et al., 2003 and 2006 and Kürçer et al., 2015). 

Neotectonic and paleoseismological studies on several segments of the middle and southern strand 

of the NAFS produced new data about the kinematic characteristics and the time record of major 

earthquakes (Kürçer et al., 2008). The GPS measurements show that relative displacement of 

Anatolia with respect to Eurasia is mainly accomodated by the northern strand of the NAFS (Straub 

and Kahle, 1994, 1995; Barka and Reilinger, 1997; Meade et al., 2002; Kreemer et al., 2004 and 

Reilinger et al., 2006). The two other strands of the NAFS are less active with respect to the northern 

strand. Meade et al. (2002) suggest 6.8 ± 2.3 mm/yr and similarly, Kreemer et al. (2004) suggest 7 

mm/yr strike-slip rates for these middle and southern strands of the NAFZ. Many destructive and 

moderate earthquakes have occurred in the southern Marmara region during both historical and 

instrumental periods. Some of these are the October 6, 1944 Gulf of Edremit - Ayvacık earthquake 

(Ms=6.8; Ambraseys, 1988), the March 18, 1953 Yenice-Gönen earthquake (Ms=7.2; McKenzie, 

1972), the October 6, 1964 Manyas earthquake (Ms=6.9; Taymaz et al., 1991). Many destructive 

historical earthquakes had occured in this area such as AD. 123, 160, 368, 1855 (Ambraseys, 2002), 

AD. 1737 and 1850 (Ambraseys and Jackson, 2000), AD. 155, 543, 1323 (Ambraseys and Finkel, 

1991). 

This study is mainly concerned with the interactions between earthquakes that occured in the region 

and temporal and spatial distribution of these events. The aim of this paper is to better understand 

the geometric and kinematic features of the faults in the Southern Marmara Region. The current 

state of stress of the regional crust has been investigated and the results are discussed in the context 

of regional tectonic setting and seismic hazard assessment. 

2. Moment Tensor Solution, Stress Tensor Analysis and b value analysis  

In this study a regional seismic source model has been prepared using an updated active fault database, 

instrumental and historical earthquake database for the study area. The instrumental earthquake near 

field wave forms were obtained from the Kandilli Observatory and Earthquake Research Institute 

Regional Earthquake-Tsunami Monitoring Center (KOERI-RETMC). Firstly, source parameters of 30 

events that have magnitudes Mw ≥ 3.3 have been modelled by seismic moment tensor inversion 

developed by Sokos and Zahradnik (2006) algorithm (Figure 2). Secondly, stress tensor inversions 

have been carried out using the Micheal (1987) method. The results of the moment tensor solutions for 

earthquakes with moment magnitude greater than Mw>1.9 (Table 1) were inverted to obtain stress 

tensors and they were mapped (Figure 3). Orientation of the σ1, σ2, and σ3 were computed and the 

principal stress axes are projected onto a lower hemisphere Wulff net. The shape factor (R) was 

calculated by using the focal mechanism solutions for the seismogenic zone. 

The results of regional stress tensor analysis for the shape and orientation of the stress tensors calculated from the 

obtained 37 fault plane solutions (Figure 2). The principal directions are projected onto a lower hemisphere Wulff 

net. The white rectangle, green triangles and purple circles indicate the azimuths and plunges of the maximum 

compression axis σ1, the intermediate stress axis σ2 and the minimum stress axis σ3. 
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Figure 1 - Active faults in the western Turkey, northern Aegean Sea and northern Greece 

(active faults were compiled from the following references; in mainland Turkey: Emre et al. 

(2013) and the references included therein; Troy area: Kürçer et al. (2012); South-west 

Marmara Sea: Yaltirak (2002); Çanakkale Strait: Gökaşan et al. (2008); active faults at the 

western part of Gulf of Edremit and its vicinity: Yaltirak et al. (2012); North-eastern Greece: 

Pavlides et al. (2007); Agios Efstratios fault: Chatzipetros et al. (2012); active faults near 

Bozcaada: Kürçer et al. (2015). 

 

Figure 2 - Focal mechanisms and MT solutions compiled and obtained respectively in the 

study for the region. The numbers in the map and near the mechanisms indicate earthquake 

numbers in Table 1 which also contain source parameters. 
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The best fit was attained for Phi = 0.75+/ −0.12964 that indicates that the stress regime is strike slip with 

azimuth and plunge pair of (-72.5°, 19.9°) for σ1, (142.3°, 66.2°) for σ2 and (22.1°, 12.5°) for σ3, 

respectively (Figure 3a).The stress tensor analysis of studied earthquakes in the region indicates that the 

region has predominantly strike-slip faulting with a minor normal component (Figure 3). These results 

indicate the presence of a transtensional tectonic regime in the southern Marmara region. 

Thirdly, an instrumental earthquake catalog was prepared for the seismogenic zone using the seismic 

database of KOERI-RETMC. Aftershocks, foreshocks and earthquake swarms are removed using 

the declustering algorithm of Reasenberg (1985). As a result of declustering a total of 1357 events 

that form 402 clusters were removed from the dataset. Gutenberg and Richter (1944) parameters (a 

and b values) were calculated for the seismic source. b value is a constant parameter which has been 

shown to be inversely related to the stress in the crust (Wiemer and Wyss, 1997), and  the a value is 

a function of earthquake activity rate of the crust, size of the region, and observation time (Kalafat 

et al., 2013). Especially, the time distribution histogram of the catalog indicates that the seismic 

catalog is complete for which magnitude Mc=2.9 since 1983 for the seismogenic zone. Therefore, 

the KOERI catalog was re-analysed for the period between 1983-2015. Based on the maximum 

likelihood solution; we obtained b= 1.29+/-0.1 and a= 7.3. 

 

Figure 3 - a) The result of regional stress tensor analysis for the shape and orientation of the 

stress tensor calculated from compiled and the obtained 37 fault plane solutions given in Table 

1 a) The white rectangle, green triangles and purple circles indicate the azimuths and plunges 

of the maximum compression axis σ1, the minimum stress axis σ3 and the intermediate stress 

axis σ2. The best fit was attained for Phi = 0.75+/ −0.12964 that indicates that the stress regime 

is strike slip with azimuth and plunge pair of (-72.5°, 19.9°) for σ1, (142.3°, 66.2°) for σ2 and 

(22.1°, 12.5°) for σ3, respectively b) Strain ellipsoid for a dextral strike-slip fault (Principle 

deformation zone), the positions of the sigma 1 and sigma 3 principal axes of stress, and the R 

and R’ orientations c) The plot of stress ratio relative to fraction cases d) The histogram of R-

value. Note that the inversion result indicates a strike-slip regime with minor normal 

component that has a relative stress magnitude of between 0.5 and 1. 

The variation of b values has been mapped. a - b values and completeness magnitude have been 

computed using the maximum likelihood method (Aki, 1965) and Wiemer (2001) algorithm. Based 

on the maximum likelihood solution; The variance of b value changes in the range of 0.5-1.40 within 

the seismogenic zone in the southern Marmara (Figure 4). 
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Table 1- Source parameters of the earthquakes used in the study (References: 1- McKenzie, 

1972; 2- Taymaz et al., 1991; 3- Papadopoulos et al., 1986; 4- Harvard Univ., 1998; 5- This 

study; 6- Altuncu Poyraz et al., 2015; 7-Altınok et al., 2012). 

No Lon Lat Year M Day Mw Depth Str. Dip Rake Ref 

1 27.49 40.01 1953 3 18 7.2 40 59 76 174 1 

2 28.20 40.20 1964 10 6 6.9 14 100 40 -90 2 

3 27.50 40.08 1969 3 3 5.7 4 219 65 45 1 

4 27.32 39.62 1971 2 23 5.6 10 86 66 160 3 

5 27.21 40.33 1983 7 5 6.1 15 254 49 -173 4 

6 25.86 39.34 2006 4 24 4.0 6 146 44 86 5 

7 25.76 39.50 2007 1 8 3.4 16 44 87 166 5 

8 27.07 40.14 2014 12 16 4.2 2 252 77 -173 5 

9 26.92 39.37 2005 8 3 3.8 8 59 65 -162 5 

10 25.84 39.55 2007 1 8 4.0 4 77 55 -116 5 

11 29.96 40.18 2011 7 11 5.0 5 103 73 80 5 

12 27.03 40.24 2012 1 12 3.3 15 154 31 -126 5 

13 26.11 39.78 2014 1 7 3.7 8 304 36 -70 5 

14 26.13 39.79 2014 1 13 3.8 10 235 65 177 5 

15 26.32 39.40 2015 1 19 4.1 33 308 63 -114 5 

16 29.13 40.41 2015 5 11 4.3 5 134 74 166 5 

17 25.80 39.89 2009 6 23 3.6 24 257 65 -144 5 

18 27.18 39.94 2009 3 29 3.5 4 94 68 178 5 

19 27.85 39.66 2015 3 18 3.8 16 327 28 -106 5 

20 28.58 40.06 2015 1 23 4.2 12 127 83 29 5 

21 29.16 40.62 2014 8 3 3.9 5 82 36 -92 5 

22 30.11 40.40 2014 10 22 4.0 5 59 52 179 5 

23 25.60 39.68 2013 1 9 4.0 4 237 70 -159 5 

24 27.93 40.21 2014 7 3 4.2 12 78 88 166 5 

25 27.83 39.68 2015 7 2 4.2 7 215 57 100 5 

26 27.98 40.26 2006 10 20 4.2 5 70 82 -141 5 

27 29.00 40.44 2006 10 25 3.7 11 268 62 -104 5 

28 27.86 39.67 2015 6 30 3.6 17 250 37 -43 5 

29 27.85 39.69 2015 7 2 3.9 5 221 50 103 5 

30 30.29 40.31 1999 9 13 5.8 15 176 86 -31 4 

31 29.95 40.15 2011 7 11 4.6 6 105 77 -66 6 

32 30.14 40.48 2012 6 28 2.1 6.8 77 88 163 6 

33 30.04 40.45 2012 7 10 2.6 9.4 236 83 175 6 

34 30.16 40.39 2013 1 23 2.6 1.8 53 89 -172 6 

35 30.54 40.57 2013 3 7 2.5 5.2 11 68 -151 6 

36 30.48 40.52 2013 4 13 1.9 6.9 354 79 11 6 

37 39.45 26.52 1944 10 6 6.7 * * * * 7 
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Figure 4 - Map view of spatial distribution of b values using the best combination maximum 

likelihood method for the time period between 1905-2015 instrumental catalog. The number 

of earthquakes per sample is 50, the nodal separation is 0.025°, and the radius of the 

cylindrical sample volumes is R≥20 km. 

3. Discussion and Conclusion 

In this study, source parameters of the southern Marmara region earthquakes are investigated using 

the seismic moment tensor method. The sources of southern Marmara Region earthquakes are 

mainly NE-SW trending dextral strike-slip faults and to a lesser extend E-W normal faults based on 

the earthquake moment tensor solutions and spatial distribution of the earthquake epicenters. The 

stress tensor inversions are analysed using focal mechanism solutions and fault groups using a total 

of 37 earthquakes (Table 1 and Figure 3). We have obtained the three principle stresses (σ1, σ2 and 

σ3) and their relative size and uniformity of stress field variations for the all events in the studied 

region. Stress tensor results indicate a strike-slip tectonic regime with minor normal component in 

the southern Marmara region. The 1944 Gulf of Edremit - Ayvacık and 1964 Manyas earthquakes 

were occurred on oblique faults that have major normal and minor right lateral strike slip component. 

The b value varies in the range of 0.5 to 1.4 for the time period between 1905-2015 for the seismic 

source zone. Although the segments in the southwestern and northeastern tips of the study area have 

high b values around 1.1- 1.4, the central segments have very low b values around 0.5 – 0.8 (Figure 

4). The highest b values were observed on the offshore fault segments (near the Lesvos island), so 

we may conclude that a major energy release had occurred during the devastating 1944 Gulf of 

Edremit – Ayvacık earthquake. Apparently, after the October 6, 1944 Gulf of Edremit-Ayvacık 

earthquake (Mw=6.7), stress had been transferred to the 1953 earthquake segment in the NW. 

Similarly, after the March 18, 1953 Yenice – Gönen earthquake (Mw=7.2), stress had been 

transferred to the October 6, 1964 Manyas earthquake (Mw=6.9) earthquake segment to the east. 

These earthquakes and recent earthquakes to the east of Manyas Lake region indicate that there is a 

big earthquake hazard potential. The spatial and temporal distribution of these earthquakes indicates 

that the surface ruptures unilaterally propogate from SW to NE.  The 1855 earthquake had been 

occurred to the east of Manyas Lake. The elapsed time of 160 years and the regional stress transfer 

point out that the segments at the east of Manyas Lake may represent a probable seismic gap and a 

potential earthquake hazard for this region. 
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Abstract 

The North Anatolian Fault Zone (NAFZ) is one of the most destructive fault in the 

eastern Mediterranean region. After Izmit and Düzce earthquakes, the projects on 

monitoring the fault motion increase using instrumental tools like GPS, InSAR, 

LIDAR, creepmeter, etc. The eastern and central part of the NAFZ from Karlıova to 

Vezirköprü has almost strike slip mechanism. The western part of the central NAFZ 

from Vezirköprü to Bolu has transpressive character. The aseismic fault deformation 

(creep) is also important phenomena for these two sections. The InSAR and LIDAR 

studies showed that the Ismetpasa and Destek regions have creep motions. For this 

purpose, the new project has been started to proof this phenomena with GPS data and 

to determine quantitatively the rate of convergence and its variation along segment of 

the NAF between Bolu and Çorum. The main aim of this study is determination of 

creep rate with geodetic measurements and combination of the data obtained from 

seismology, geodesy and geophysics to understand fault mechanism. Therefore, in this 

paper we discuss tectonic phenomena on the central part of the NAFZ and present the 

first results of the project. 

Keywords: Deformation, Earthquake, Geodesy, Creep. 

1. Introduction 

The locked active faults can move abruptly to release the strain accumulation and produce 

destructive earthquakes. The earthquake mechanism along active faults can be subdivided into four 

periods: interseismic, preseismic, coseismic, and postseismic (Reid, 1910). This sequence is called 

the earthquake cycle in the literature (Reid, 1910). On the contrary, the fault can slip freely (creep) 

such as Hayward fault Schmidt et al. (2005), Ismetpasa and Destek segments and of the North 

Anatolian Fault (Ambraseys, 1970; Cakir et al., 2005; Karabacak et al., 2011). The important point 
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of the creep is the threshold of the aseismic slip rate. If the creep motion has velocity equal or longer 

than long-term slip rate along the fault, the fault will continue to slip freely and will not produce 

destructive earthquake (Cakir et al., 2012). Conversely, if the aseismic slip rate is lower than the 

long-term slip rate of the fault, it is possible that the fault can produce the destructive earthquake 

(Karabacak et al., 2011). Therefore, knowledge and motoring of the aseismic fault creep and also 

comparing the results with long-term slip rate are critical to prevent loss of seismic hazard. 

The Ismetpasa and Destek segments where lie from Bolu the west to Corum the east were ruptured 

by the earthquakes in 1943 (Tosya Ms=7.6), 1944 (Bolu-Gerede Ms=7.3) in the last century (Figure 

1 and 2). 

 

Figure 1 - (a) Simplified map of the North Anatolian Fault showing creep locations and 

recent major earthquakes, (b) General trend of the North Anatolian Fault around Destek 

segment. “F” and “D” indicate the locations of the surveyed areas in and near Destek (Fig. 

2b) (from Karabacak et al., 2011). 
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Figure 2 - (a) Detailed map of the Ismetpasa. “R” is the railway station in Ismetpasa, “H” is the 

Hamamlı Village and the dashed line is the trace of the NAF, (b) Detailed map of (D) Destek. 

The dashed line is the trace of the NAF (1944 surface rupture) (from Karabacak et al., 2011). 

2. Tectonic Settings 

Active faults like the NAFZ bounding or within the tectonic plates are generally locked from surface 

down to the bottom of the seismogenic crust, accumulating elastic strain energy over a long period 

of time. When the yielding stress (friction plus effective normal stress) on the fault is reached, the 

fault suddenly slips and produces an earthquake, releasing the accumulated energy (Cakir et al., 

2012). However, some faults are known to slip aseismically at the surface down to some depths, 

accumulating little or no strain and thus producing less frequent or no earthquakes, respectively 

(Burford ve Harsh, 1980; Steinbrugge et al., 1960; Cakir et al., 2005). Therefore, it is essential to 

determine the presence and characteristics of such aseismic motions, known as surface creep (a 

phenomenon rarely observed along active strike slip faults) when determining seismic hazard of a 

region (Bürgmann et al., 2000b; Cakir et al., 2012). 

Aseismic fault creep on the NAF was firstly reported by Ambraseys (1970) at Ismetpasa segment and 

calculated the rate of aseismic slip 20 mm/yr using tape meter measurements. After Ambraseys, the 

first geodetic study was started by establishing triangulation and trilateration network across the fault 

near Ismetpasa. The geodetic measurements indicate that the rate of creep is 9.3±0.7 mm/yr (Deniz et 

al., 1993) and 7.8±0.5 mm/yr (Kutoglu and Akcin, 2006). Using InSAR technique, Cakir et al. (2005) 

estimated the rate 8±3 mm/yr for the creeping on the section. The LIDAR technology was also used 

by Karabacak et al. (2011) to calculate the rate of 6.8–10.0±4.0 mm/yr and 9.1–10.1±4.0 mm/yr. Cakir 

et al. (2012) and Cetin et al. (2014) reported that the rate is not stable along the fault and reaches a 

maximum of 20±2 mm/yr 20km to the east from Ismetpasa (Figure 3 and 4). 



185 

 

 

Figure 3 - Time history of surface creep at Ismetpasa as reported by various studies 

following the 1944 earthquake (from Cetin et al., 2014). Horizontal and vertical bars are the 

time window and error range of measurements, respectively. The question mark 

corresponds to the unknown effect of the 1951 earthquake on creep rate. Curve shows the fit 

of the exponential relaxation function to the change of the creep rate with time (Savage et al., 

2005). 

 

Figure 4 - (a) Geology map of the study region (Herece and Akay, 2003). Geological units 

presumably involved in creeping are shown in colors and the others are labeled in white with 

abbreviations. Black and red lines represent the active fault and the creeping segment, 

respectively. The eastern end of the creeping section can be clearly seen in the inset 

rectangle, (b) Creep rates and error ranges for two individual tracks are indicated in purple 

(track T479) and green colors (track T207) (from Cetin et al., 2014). 

Another aseismic creep segment on the NAF was reported by Karabacak et al. (2011) in Destek 

village on the northeast of the Corum. This segment of the NAF was ruptured in 26 November 1943 

Tosya (Ms=7.6) earthquake. LIDAR results on this part of the fault showed an aseismic slip rate of 
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6.0–7.2±4.0 mm/yr, which releases considerable amount of strain in this part of the NAF but the 

results of the LIDAR measurements were not verified by the another techniques, observations or 

studies. This can be a handicap to explain the behaviour of the fault in this segment. 

The central part of the NAF in our study area, where no another aseismic surface slip section reported 

by previous studies. At the same time, McClusky et al. (2000) , Reilinger et al. (2006), Yavasoğlu 

et al. (2011) and Peyret et al. (2013) indicate that the central part of the NAF in between Destek and 

Ismetpasa are still active and going on strain accumulation with slip rate about 20.5 ± 1.8 mm/yr. 

3. Geodetic Measurements 

The new geodetic network with 23 stations was established to monitor the creep and non-creep 

segments of the NAF using GPS data (Figure 5). The geodetic GPS receivers and antennas were 

used to collect data. The stations were measured at least 10 hours with interval 5 seconds and 10 

decree elevation mask. The most of the stations are pillars and they has force-centered system against 

to blunder error. The force-centered components (chain tripods) were used to fix the GNSS antenna 

on benchmark stations (Figure 5). 

The first and second GPS campaign was carried out in August 2014 and 2015, respectively. The 

campaigns data both obtained from new 23 sites and 48 continuous GPS stations (IGS - The 

International GNSS Service and CORS-TR - Continuously Operating Reference Stations, Turkey) 

were evaluated by GAMIT/GLOBK software (King and Bock, 2003). 

 
Figure 5 - (a) Active seismic fault in Turkey (Emre et al., 2013), (b) Ismetpasa segments, (c) 

Destek segment. Dashed lines represent the profiles, red triangles are CORS-TR stations and 

purple squares are these project new stations. (See in text). 

Pseudo-range and phase GPS data are analysed using GAMIT software as single-day solutions. 

Station coordinates, satellite orbits, 13 tropospheric zenith delay parameters per site and phase 
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ambiguities using double-differenced phase measurements are solved while applying loose a priori 

constraints to all parameters. The IGS final orbits, IERS earth orientation parameters are used, and 

azimuth and elevation dependent antenna phase centre models are applied. 

The evaluation of data obtained from second campaign has been still continued. 

4. Conclusion 

After the evaluation of second campaign, the project will be valuable. The similarities and 

differences in seismological behaviour of the NAF along its creeping and non-creeping sections will 

be investigated for the first time in this study using GPS data. It is an important shortcoming that 

such an investigation has not been conducted yet even though the phenomenon of surface creep in 

Ismetpasa has been known for over 40 years and in Destek discovered recently. Creeping section of 

the San Andreas Fault at Hayward has been monitored using micro geodetic and seismic networks 

for many years, which have revealed important information about the rheology and temporal 

behaviour of the fault and its potential for producing earthquakes (Titus et al. 2006). 
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Abstract  

The contribution of environmental geochemistry to sustainable development is 

discussed through the presentation of different case studies from Greece. The aim is 

to demonstrate the impact of geochemistry to a variety of societal and economic areas 

such as the sustainable exploitation of natural resources, the assessment of 

environmental problems within cities and the sustainable remediation of 

contaminated land. Several examples of completed and ongoing research are 

provided including a pre-mining survey in Skouries, Chalkidiki, a geochemical 

background study in an area of serpentine, agricultural soil in Atalanti, the urban soil 

geochemistry of Athens and the use of natural minerals as amendments for the 

remediation of contaminated land. The paper concludes with some facts on 

opportunities and obstacles to development in the field of environmental geochemistry 

in Greece under the current economic crisis conditions. 

Keywords: baseline geochemistry, geochemical mapping, sustainable remediation, 

urban geochemistry, economic crisis. 

Περίληψη 

Η συμβολή της περιβαλλοντικής γεωχημείας στη βιώσιμη ανάπτυξη αναλύεται μέσω της 

παρουσίασης μελετών περιπτώσεων από τον ελλαδικό χώρο. Κεντρικός στόχος είναι να 

δειχθεί ο αντίκτυπος της γεωχημείας σε ποικίλους κοινωνικοοικονομικούς τομείς όπως 

η βιώσιμη εκμετάλλευση των φυσικών πόρων, η αξιολόγηση των περιβαλλοντικών 

προβλημάτων σε αστικές περιοχές και η βιώσιμη αποκατάσταση ρυπασμένων εδαφών. 

Δίνονται παραδείγματα ολοκληρωμένων και σε εξέλιξη ερευνητικών έργων τα οποία 

περιλαμβάνουν μία προκαταρκτική έρευνα γεωχημικού υποβάθρου πριν την έναρξη των 

μεταλλευτικών εργασιών στις Σκουριές Χαλκιδικής, την εκτίμηση του γεωχημικού 

πλαισίου στην περιοχή σερπεντινικών εδαφών της Αταλάντης, την εδαφογεωχημική 

διασκόπηση του Λεκανοπεδίου Αθηνών και τη χρήση φυσικών ορυκτών στην 

αποκατάσταση ρυπασμένων εδαφών. Το άρθρο καταλήγει με την παρουσίαση των 

ευκαιριών αλλά και των εμποδίων με τα οποία έρχεται αντιμέτωπη η ανάπτυξη της 

περιβαλλοντικής γεωχημείας υπό τις συνθήκες της παρούσας οικονομικής κρίσης στην 

Ελλάδα. 

Λέξεις κλειδιά: γεωχημεία υποβάθρου, γεωχημική χαρτογράφηση, βιώσιμη 

αποκατάσταση περιβάλλοντος, αστική γεωχημεία, οικονομική κρίση. 

1. Introduction 

Environmental geochemistry involves the study of the interaction and circulation of elements in the 

system lithosphere- hydrosphere- biosphere. It examines both natural and anthropogenic processes 
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in the surface environment of our planet, thus contributing to the solution of a wide range of 

environmental pollution problems. Analytical developments as well as conceptual breakthroughs in 

recent years have resulted in great advancements and helped geochemical research to become a 

versatile scientific field covering the entire spectrum of earth sciences (Ludden et al., 2015). 

However, although applied research has a central role in environmental geochemistry, providing the 

evidence to enable decision-making, its social and economic impact is just starting to be recognized 

internationally. Environmental geochemistry has been evolved as a branch of applied geochemistry 

which is directly linked to the development of methods and techniques used for the detection of 

geochemical anomalies, a basic principle in the exploration of mineral deposits. As such, it is directly 

related to the evolution of human societies which intimately depends on the exploitation of natural 

resources. 

In recent years, raised awareness of the resource limits brought the attention on the challenges of 

resource depletion and sustainability within the frame of global economy. An excellent review on 

the current and future availability of many natural resources in the context of sustainable 

development is provided by Sverdrup and Ragnarsdottir (2014). In their discussion they adopt the 

terminology of Alan Atkinson (Atkinson, 2008) who defines sustainable development as: “A 

directed process of continuous innovation and systemic change in the direction of sustainability” 

and sustainability as: “A set of conditions and trends in the given system that can continue 

indefinitely.” They also state that sustainable development implies that there are quantifiable limits 

to physical consumption as well as to natural system acceptable damage and that growth and de-

growth are continuously present in society, representing its relative positioning to the sustainability 

limits. 

The present paper discusses the contribution of environmental geochemistry to sustainable 

development in Greece. In the middle of an economic crisis that lasts over five years, Greek geo-

scientists are faced with enormous challenges as they try to remain focused on their research while 

coping with low career prospects and salary cuts. Although there is no easy answer, this article 

contains some examples underlining the impact of environmental geochemistry to the sustainable 

development of the country and attempts to address the question what are the opportunities and 

obstacles to development in the field of study in Greece nowadays? 

2. Case studies demonstrating the impact of environmental geochemistry in 

sustainable development in Greece 

2.1. A pre-mining geochemical baseline survey in the area of Skouries, Chalkidiki 

This research provided a unique opportunity to study a changing environment and gather pre-mining 

data before the start of exploitation of the Skouries porphyry Cu-Au deposit at Kassandra mining 

district, north Greece. Pre-mining baseline characterization studies of unmined mineralized areas 

may be useful in serving the purposes of sustainable mining by providing a basis for detecting future 

environmental change and setting realistic remediation standards. This study defined the pre-mining 

signatures in soil, sediment and water of the mineralized watershed of Asprolakkas, adjoining to the 

porphyry copper deposit of Skouries (Fig.1). 

The study area of approximately 2 km2 was densely forested and characterized by rough topography 

and high slopes. Local geology comprises metamorphic rocks of mica schist and gneiss. Parts of the 

study area were planned as mine tailing disposal areas and will be receiving waste originating from 

the future open pit mine at Skouries. Sixty five soil samples (0-25 cm depth) were collected on a 

200m x 200m regular grid covering the slopes of the creek. Nine water and stream sediment samples 

were also collected along the main stream of the catchment and at tributaries. Results of total analysis 

of soils indicated elevated mean concentrations of Pb (526mg kg- 1), Zn (350mg kg-1), As (165mg 

kg-1), Sb (13mg kg-1) Cd (16mg kg-1), and Mn (1774 mg kg-1). Acid base accounting indicated a 

positive net neutralization capacity of soil at the time of the study (Argyraki and Kelepertzis, 2012). 
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Elevated levels of Pb (39-1812mg kg-1), Zn (73-2090mg kg-1), As (43-1136 mg kg-1), Mn (680- 

>10000mg kg-1) and Sb (3- 40mg kg-1) in stream sediment samples signified that sediments are a 

favorable sink for elements, which are introduced to the aquatic environment of the drainage system 

following chemical weathering of the existing sulphide mineralization (Kelepertzis et al., 2012). 

Mobility of selected heavy metals in stream sediment samples was investigated through the 

application of a 5-step sequential extraction procedure. Results showed that, despite the high total 

metal content, the majority of analyzed elements are mainly bound to relative immobile 

operationally defined geochemical phases of amorphous to poorly crystalline Fe and Mn oxides and 

the residual fraction. 

 

Figure 1 - Sampling locations in Skouries area. 

Surface waters were predominantly near neutral to mildly alkaline and Eh data indicated moderate 

reducing conditions. Electrical Conductivity (EC) varied widely from 328 to 1669 μS cm-1, 

indicating significant differences between the stream water ion content. The highest metal/ metalloid 

concentrations in water samples were measured for Pb (2-45 μg l-1), Mn (5-106 μg l-1) and As (4-

141 μg l-1). Chemical elements exhibited a wide spatial and seasonal variation in stream water (Fig. 

2). Hydrological conditions are important in modelling the element concentrations. Major ion 

content decreases in the wet period as a result of dilution owing to the heavy winter rainfall. 

The methodology of this research was guided by exposure targets (water wells downstream 

supplying the surrounding villages with domestic water) and the mining development plan. The 

geochemical baseline established for soil was encompassed in the Environmental Impact 

Assessment submitted by the mining company and along with data on stream sediment and water 

quality provide an objective basis for setting realistic remediation targets in the future. 
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Figure 2 - Seasonal variation of metal loadings in stream water in Skouries area. 

2.2. Baseline geochemistry in the area of serpentine soils in Atalanti basin 

Naturally occurring high contents of Cr(III) in ultramafic rocks and serpentinites of ophiolite 

sequences may be oxidized and converted to toxic Cr(VI) by natural oxidants under certain favorable 

environmental conditions (Ball and Izbicki, 2004). In Greece, mafic and ultramafic rocks of 

ophiolithic sequences cover large areas and several recent publications on CrVI contaminated areas 

(e.g. Economou-Eliopoulos et al., 2011; Moraetis et al., 2012; Dermatas et al., 2012) have 

highlighted the need of establishing such baselines in order to provide an objective basis for decision 

making and selection of appropriate mitigation measures. Within this frame, a soil, groundwater and 

plant geochemical survey in the agricultural area of Atalanti, central Greece, has been performed in 

order to establish the local geochemical baseline of soil with respect to geogenic elements derived 

from the ultramafic rocks and to evaluate the impact of ultramafic rocks on soil and groundwater 

chemistry (Kanellopoulos et al., 2015). 

The agricultural soil of Atalanti basin is affected by the physical and chemical weathering of mafic 

and ultramafic rocks outcropping in the surrounding mountainous area, giving rise to elevated 

concentrations of Cr, Ni, Co and other elements. It was found that the supply of material in the 

studied valley is mainly achieved through the drainage network. In uphill areas south of the basin 

influence of relatively unweathered ultramafic rocks on the mineralogy and geochemistry of soil is 

dominant giving rise to maximum concentrations of Cr (4290 mg kg-1), Ni (2730 mg kg-1), and Co 

(250 mg kg-1), in soil (Fig. 3). The Ni hyperaccumulator species Alyssum chalcidicum was identified 

only in these areas, in close proximity to unweathered peridotite rock. Different mobilization 

processes give rise to relatively high groundwater concentrations of Cr (up to 25 μg l-1) and almost 

no detectable concentrations of Ni in the alluvial aquifer of Atalanti plain. The relatively higher Cr 

mobilization and groundwater enrichment in the central axis of the alluvial aquifer is related to the 

increased thickness of sediment column and groundwater flow, allowing for effective water–soil–

rock interaction and release into the water. Nickel is effectively retained in the solid phase under the 

prevailing alkaline soil conditions and has minimal concentrations in groundwater. The results of 

this study can be utilized in future research at areas of similar geology and climatic conditions by 

providing an objective basis for setting realistic threshold values for pollution assessment and 

remediation (Kanellopoulos et al., 2015). 
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Figure 3 - Geological cross-sections of N-S (A) and W-E (B) direction and the related change 

of Ni, Cr and Co concentrations in topsoil of Atalanti basin. Qal = Alluvial deposits, Ng = 

Neogene clastic deposits, Kr-o sh = volcanic-clastic formation, Ji-m= limestone, TR J-sh = 

Middle to lower Jurassic shale-chert formation with serpentinite, p = Peridotite, dunite, 

pyroxenperidotite, olivinite. (Kanellopoulos et al., 2015). 

2.3. Geochemical mapping of the Athens urban soil 

The continuously growing urban population globally has brought the attention of environmental 

geochemistry to the study of the environment within big cities of the word. The challenge in such 

studies is not only to unravel the complicated layering of the urban landscape and identify the natural 

or anthropogenic sources of harmful trace elements, but also to find effective ways to communicate 

the research results to policy and decision makers. Geochemical mapping has been proved to be a 

useful tool in this instance as it enables visualization of the produced data and understanding by non-

experts. 

A systematic geochemical soil survey was performed across Greater Athens and Piraeus, Greece in 

2012. Surface soil samples (0- 10 cm) were collected from 238 sampling sites on a regular 1 × 1 km 

grid and were digested by a HNO3-HCl- HClO4 –HF mixture (Argyraki and Kelepertzis, 2014). A 

combination of multivariate and Geographical Information System approaches were applied for 

discriminating natural from anthropogenic sources using 4 major elements, 9 trace metals, and 2 

metalloids. Based on these analyses the lack of heavy industry in Athens was demonstrated by the 

influence of geology on the local soil chemistry with this accounting for 49% of the variability in 

the major elements, as well as Cr, Ni, Co, and possibly As (median values of 102, 141, 16 and 24 

mg kg-1 respectively). The contribution to soil chemistry of classical urban contaminants including 

Pb, Cu, Zn, Sn, Sb, and Cd (medians of 45, 39, 98, 3.6, 1.7 and 0.3 mg kg-1 respectively) was also 

observed (Fig. 4); significant correlations were identified between concentrations and urbanization 

indicators, including vehicular traffic, urban land use, population density, and timing of urbanization. 
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Figure 4- Dendrogram showing clustering of studied variables in the Athens soil into distinct 

groups of anthropogenic (red) and geogenic (green) elements (Argyraki and Kelepertzis, 

2014). 

A series of geochemical maps have been plotted enabling geochemical data interpretation. Class 

intervals on the geochemical maps were defined by natural breaks in the histograms of the original 

data, and elemental concentrations were plotted as circles with size increasing as a function of 

concentration. The interpolated surfaces using the Inverse Distance Weighting method (IDW) with 

a power of 2 were added in the background for better visual inspection of the spatial trends (red 

being higher and blue being lower) (Fig. 5). It must be noted that interpolated maps must be used 

with caution due to the variability between the sampling locations however, they provide the means 

so that individuals, municipalities, developers and organizations can make informed decisions about 

environmental risks. The baseline study has also guided further research into the speciation and 

environmental mobility of potentially harmful elements (Kelepertzis and Argyraki, 2015) as well as 

into potential risks of the evolving field of urban agriculture in Athens. 

2.4. Mineral amendments as binders of heavy metals in soil for the remediation of 

contaminated sites 

The immobilization of inorganic - non degradable contaminants in soil has been suggested as a 

sustainable remediation method aiming in breaking the pathway between the source and the receptor 

in the widely used 'source- pathway-receptor' risk assessment approach. Within this framework, 

various mineral-based amendments can be used in raw or modified form for inducing 

immobilization of inorganic contaminants in soil with different modes of molecular-scale 

sequestration. 

Several laboratory scale and pilot field experiments have been set up to demonstrate the 

effectiveness of Greek minerals as binders of heavy metals in contaminated soil. For example the 

very high quality zeolitic tuff reduced the leaching of metals (Cr, Mn, Ni, Fe) by 91-100% in 

contaminated soil and sewage sludge (Filippidis et al., 2010; Filippidis et al., 2015). A series of 

batch and pilot scale applications of attapulgite clay, commercially produced by Geohellas S.A. in 

Grevena, Greece have demonstrated the effectiveness of this natural material as an amendment for 

the stabilization of metals in contaminated soil and sewage sludge (Zotiadis and Argyraki, 2013). 

The feasibility of applying attapulgite clay as a binder for in - situ stabilization of heavy metals in 

contaminated soil was demonstrated in a pilot scale experiment at Lavrion. The reduction of water 

leachable metal fraction of metals was determined as high as 17% for Cu, 50% for Pb, 45% for Zn, 

41% for Cd, 46% for Ag, 18% for As, 47% for Mn, 45% for Ba and 29% for Sb (Zotiadis et al., 

2012). Results from this study proved that the presence of attapulgite clay reduced significantly the 

water leachable metal concentrations and subsequently the associated environmental risk to humans 

and biota. However, further research is needed in order to explore the mechanism that controls metal 
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sorption by attapulgite clay. Once this is understood many more applications of this natural material 

will become possible. 

 

Figure 5 - Geochemical maps of selected elements in Athens soil. AR = Athens Ring. 
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In a different study, Greek diasporic bauxite in raw form as well as after heat treatment at different 

temperatures (105oC, 350oC and 450oC) was tested for its effectiveness in reducing the mobility of 

potentially harmful elements (PHE) in contaminated soil (Argyraki et al., 2015). A pot experiment 

was set up where calcined (350oC) bauxite was mixed at different proportions (0%, 1%, 2%, 4%, 

5% and 7%) with contaminated soil from the sulfide ore mining area of Stratoni, north Greece. Total 

concentrations in soil have medians of 1000 mg kg-1 Pb, 712 mg kg-1 Zn, 184 mg kg-1 Cu, 6 mg kg-

1 Cd, 296 mg kg-1 As and 2900 mg kg-1 Mn. The effectiveness of bauxite amendment was evaluated 

by comparing leachable PHE concentrations of treated and untreated soil after a four week period 

of repeated cycles of wetting and mixing. Two leaching tests were used, one using deionized water 

(EN 12457-4) and another using a weak acid solution (TCLP). Also, a comparison of stabilization 

efficiency was carried out for the bauxite material used in the pot experiment (350oC) and bauxite 

treated at different temperatures for a given rate of mixing (7%). Both raw and calcined bauxite in 

a mixing proportion of 7% reduced leachable concentrations of the elements in comparison to the 

original soil. Samples that were mixed with activated bauxite (105oC, 350oC) and raw bauxite 

showed similar results. The corresponding reduction of water leachable metal fraction of PHEs was 

determined as high as 75% for Zn, 66% for Mn, 55% for Cd, 51% for Pb, 44% for Cu and 41% for 

As. TCLP extractable concentrations remained relatively low for Pb (60% reduction), Zn (30% 

reduction) and As (28% reduction). The maximum efficiency was observed by using treated bauxite 

at the temperature of 450oC with negligible water leachable concentrations after treatment. This 

difference in retention efficiency of elements is attributed to phase transitions that occur in Al-

oxyhydroxides and Fe-oxides/oxyhydoxides of bauxite when heated at higher temperatures. The 

above projects are characteristic examples of successful collaboration between the university and 

the research and development departments of companies involved in raw material production and 

processing. 

3. Opportunities and obstacles to development of environmental 

geochemistry in Greece 

Greece is characterized by an exceptionally interesting geological terrain. Laying at the edge of the 

European Continent, the Hellenic arc is geologically a very active area that provides the opportunity 

to observe and study a variety of earth system processes, ranging from typical manifestations of 

orogeny (including several types of ore deposits, active volcanoes and intense seismicity) to 

sensitive terrestrial, marine and coastal environments. As such, there are plenty "natural 

laboratories" providing opportunities to study environmental feedbacks and processes in action. 

Furthermore, the long human history of Greece, combined with the lack of Industrial Revolution 

legacy makes a very interesting case for studying the anthropogenic influence on the chemical 

environment through time.  

A key obstacle in the scientific development is that despite its extremely rich natural capital, the 

country lags behind in regional baseline studies with respect to soil, sediment and water 

geochemistry. Systematic geochemical data are scarce and maps are only available for a few areas 

and at local scale. The Greek Geological Survey (IGME) in cooperation with earth science university 

departments across Greece could play a leading role in the development and publication of the so 

needed regional geochemical databases. There are at least four university departments that could 

contribute to this effort. 

However, the task seems a particularly difficult one under the present economic situation. The 

economic and financial crisis has left a strong mark on research and innovation policies as it shifted 

the attention of government on macroeconomic stabilisation while research and innovation have 

become rather an ‘orphan’ in the highest political discussions (Izsak et al., 2013). During the crisis 

in Greece the severely reduced budget of the Public Investment Programme led to the limited 

absorption of the Structural Funds- almost the only available resource for funding research 

development and innovation projects. The low R&D capacity and links between academia and 
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industry may partially explain this outcome. Many Greek scientists living and working in Greece 

today agree that the ongoing damage to Greek scientific research is not solely due to austerity 

measures. According to Featherstone (2015), an ex- member of Greece’s National Council for 

Research and Technology, political manipulation and institutional weakness are contributing to the 

situation. The above described situation as well as pre-existing obstacles such as the low 

remuneration levels for researchers and limited career progression prospects compared to the offer 

in other Western and Northern European countries is also the root to a severe brain drain 

phenomenon within the research community in Greece; geosciences are not an exception in this. 

So, one wonders if there is a way out of the vicious circle and any chance for advancement in the 

field of environmental geochemistry in Greece at the moment. A first step might be for the Greek 

researchers to try avoid introversion and keep alive the links with the international scientific 

community. Networking opportunities are provided through the participation in national and 

international conferences and the building of interdisciplinary research groups with members of the 

international scientific community. Encouraging students and young researchers to join relevant 

national and international scientific societies may also foster fruitful future collaborations and access 

to research funds. Communication and translation of scientific results is also essential in order to 

demonstrate the impact of environmental geochemistry on socioeconomic aspects to non-experts 

involved in decision making including politicians and policy implementation bodies. 

4. Conclusions 

The impact of environmental geochemistry to sustainable development has been demonstrated 

through a number of research case studies. Surely, there are many more examples of significant 

completed and ongoing research in Greece in relevant topics (e.g. Petrotou et al., 2010; Kazakis et 

al., 2015). It is our duty as scientists to demonstrate the impact of our research outcomes and 

communicate the results to decision makers, especially under the current situation of economic crisis. 

Sustainable development involves quantifying the acceptable damage of the natural system and be 

able to recognize the limits to physical consumption. The building of a strategy and a plan of action 

towards this end at national level would benefit both our geo-scientific community and the so much 

needed development of the country. 
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Abstract 

This paper presents the theoretical approach and the technical steps for the 

development of a questionnaire on lithosphere for the 1st class of Greek junior high 

school. It, also, discusses the importance and the multifunctional role of such a 

questionnaire (i.e. GCI tool). Furthermore it presents an innovative precodification 

of open-ended questions based on the set question - control question, which offers 

valid data for a qualitative study like this. The cognitional control table offers 

abundant data about students’ cognitional structure and about whether conceptual 

change has been achieved. 

Keywords: codification, open-ended questions, generative questions, action 

questions, didactics of geology. 

Περίληψη 

Στην παρούσα εργασία περιγράφονται το θεωρητικό και το τεχνικό πλαίσιο για την 

δημιουργία ενός ερωτηματολογίου στο κεφάλαιο της λιθόσφαιρας που απευθύνεται σε 

μαθητές της Α τάξης του γυμνασίου. Αναδεικνύεται ο πολυδιάστατος ρόλος και η 

σπουδαιότητα αυτού. Επίσης, εισάγεται ένας νέος τρόπος προκωδικοποίησης των 

ερωτήσεων ανοικτού τύπου, ο οποίος στηρίζεται στην ύπαρξη των ερωτήσεων ελέγχου. 

Ο “πίνακας γνωσιακού ελέγχου” προσφέρει ποσοτικά αλλά και ποιοτικά δεδομένα στην 

έρευνα αλλά κυρίως διαπιστώνει το γνωσιακό επίπεδο των μαθητών και εάν έχει 

επέλθει η εννοιολογική αλλαγή για τους ζητούμενους διδακτικούς στόχους. 

Λέξεις κλειδιά: ερωτηματολόγιο, κωδικοποίηση, ερωτήσεις ανοιχτού τύπου, ερωτήσεις 

δράσης, παραγωγικές ερωτήσεις, διδακτική γεωλογίας. 

1. Introduction 

Questionnaire development is a fascinating but also arduous process which demands specialized 

knowledge. According to Davidson (1970), an ideal questionnaire can be resembled to an ideal law, 

in the sense that it must be distinct and minimize the possibility of probable false responses. 

Questions should intrigue students’ imagination and reveal honest responses close to the truth. 

Paraskevopoulos (1993), argues that close-ended questions are much easier and less time consuming 

to be answered, analyzed and codified. Open-ended questions encourage the respondents to unfold 

their inner feelings and ideas about a subject and unveil their wider conceptual basement. However, 

open-ended questions need more effort and time to be answered, a fact that impedes the 
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questionnaire completion. Furthermore, the responses to open-ended questions are much more 

difficult to be analyzed and codified, a fact that influences data validity. 

Cohen et al. (2000), mention that data validity depends not only on the responses but also on properly 

developed questions. Precodified questions rise high validity data. Close-ended questions are easily 

procodified and thus bear high validity. On the other hand, precodification of open-ended questions 

is a laborious procedure but the fact that open-ended questions exhibit the deepest perceptions 

without limitations and prompts, calls for a reliable precodification of open-ended questions. 

The purpose of this paper is to describe the theoretical and technical approach of developing a 

questionnaire on lithosphere and to present its importance. Furthermore it aims to introduce an 

innovative precodification of open-ended questions. The development of the questionnaire intends 

to i) retrieve students’ alternative ideas which constitute the base for the design of the teaching 

process, and ii) to assess the effectiveness of a new experimental teaching procedure on lithosphere 

for the 1st class of the Greek junior high school. The questionnaire precodification aims to the best 

codification of students’ answers, so that the best quantitative and therefore qualitative results on 

our survey can be achieved. 

2. Questionnaire development 

2.1. Theoretical approach 

The theoretical approach of the questionnaire development was based on the GeoCause - PaP - CoRe 

method (Bakopoulou et al., 2015). This method studies the geologic events within the wider terms 

of Planet Earth geosystem. It also focuses on the cause of the phenomenon, the parameters affecting 

it, the accompanying processes, the correlations and interactions among them, and their results on 

Earth’s surface. A questionnaire based on this approach is scientifically and geosystemically 

integrated because it reveals precisely students’ concepts on a sequence of facts about lithosphere 

and it also stimulates students’ causal reasoning and geosystem thinking. Therefore, it reveals 

whether students organize their knowledge within their conceptual framework incidentally and lack 

events’ sequence, or their concepts are correlative and bear continuity. 

The objectives of the experimental teaching procedure are related to lithosphere processes (e.g., 

earthquake, volcano, mountain formation, etc.) and constitute the base for the questionnaire 

development. Firstly, the questionnaire was placed within the broader terms of Earth Planet 

geosystem, so the whole sequence of questions tends to point out if students have affiliated the sense 

of geosystem. The objectives of the teaching procedure developed according to the keywords of the 

GeoCause - PaP - CoRe approach, i.e. cause, parameters, processes, correlation and results. 

Therefore, the questions are based on these keywords and their goal is to explore if students have 

realized a) what is the main cause of lithosphere processes, b) what are the processes that take place 

inside Earth and on Earth’s face, like convective currents and plate movement, c) what are the 

parameters that influence these processes (i.e., we focus on temperature only because of the 

cognitional level of 1st class students at junior high school), d) what is the correlation and interaction 

among processes (temperature, heat, convective currents, plate motion), and finally e) what are the 

results of all the above processes on Earth surface, such as earthquake-volcano-mountain formation, 

constant change of Earth topography. 

For example one of the questions is like Could you dig a hole so deep into the Earth so that you 

reach the other side of it? This question intends to elicit students’ ideas about the extremely high 

temperatures inside the Earth. 

A journey between Europe and America will last longer after a few million years. Could you explain 

why? Or the question ‘The Mediterranean region is going to be different in a few million years. How 

do you think it will look like and why?’ These two questions try to retrieve students’ conceptions 

about the geodynamic processes happening (i.e., plate movements) and about their results on Earth 

surface (i.e., constant topography change). 
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If Earth core was hollow, then could earthquakes occur? Explain. The aim of this question is to 

investigate if students have reached the cognitional level to describe the main cause of geodynamic 

processes and then to correlate processes among them (heat, convection currents, plate motion, 

earthquake occurrence). Furthermore, it can distract concepts about what procedures take place 

inside the Earth and their results on the Earth’s face. 

It is noteworthy that these types of questions (concerning plate motion and convective currents) were 

not included in the questionnaire from the beginning of the survey because they seemed extravagant 

to be addressed to students of 1st class of junior high school, because of their age and conceptual 

level. But during the pilot implementation of the questionnaire, students described such concepts by 

themselves without being asked in open-ended questions. This fact led to the conclusion that 

students have been exposed to such information through TV, the internet and generally social media. 

Thus, these questions were added to the questionnaire because it was a challenge a) to investigate 

how students managed and incorporated such information into their cognitional basement without 

teacher guidance away from school environment, and b) to elicit students’ ideas on the processes 

happening inside Earth and their results on the Earth’s surface, according to the GeoCause - PaP - 

CoRe approach before and after the experimental teaching procedure. 

2.2. Technical development of the questionnaire 

As far as the technical development of the questionnaire is concerned, we describe below some rules 

that are necessary to be followed in order to elicit the deepest students’ ideas and therefore to obtain 

the best qualitative and quantitative results. 

1. We preferred written questions and responses rather than oral and interview-based ones in order 

to avoid a) the researcher’s guidance, and b) the stress of the student when asked orally, and therefore 

to keep the procedure as objective as possible. 

2. We tried to design a delightful and interesting questionnaire, organized in short units, with 

attractive questions for those who may be bored to answer it and assuring for the privacy for those 

who hesitate to. Questions were categorized in units according to the objectives and the structure of 

the experimental teaching procedure. Students were also ascertained that it was not a test to affect 

their school performance but just an educational survey where their contribution was valuable, a fact 

that made them feel important and responsible. Furthermore, it was emphasized that all answers are 

acceptable so that students would feel free to answer spontaneously.  

3. Questions were distinct with plain words, understandable by all students. Scientific vocabulary 

included in the questions was avoided so that students would not be guided. Questions were 

organized in a specific order so that each answer could not be influenced by the previous one. In that 

way we tried to avoid interaction between order and content of the questions (Paraskevopoulos, 

1993) in order not to predispose students on the subject and allow them to give a spontaneous 

answer. 

4. One of the main characteristics of the questionnaire is the wide usage of open-ended questions 

which demand an exclusive and free answer from the student without any kind of restrictions or 

influence -guidance - prompt by the researcher. The answers to open-ended questions depict the 

exact concepts of the students and flourish a qualitative research like this. Close-ended questions are 

standardized, the answers to the questions are given by the researcher and students have only to 

choose (very often accidentally if they do not know the answer). Furthermore, close-ended questions 

often use scientific vocabulary and do not allow students to answer spontaneously and 

independently. The main disadvantage of open type questionnaire is its difficulty to be codified and 

the possibility of disoriented codification (Cohen et al., 2000), thus low data validity. 

5. Vosniadou and Brewer (1992), in order to examine the range of children’s knowledge about the 

earth, asked children two kinds of questions: factual and generative. Consider, for example, the 

question “What is the shape of the earth?” It is possible that children who have been told that the 



204 

 

earth is a sphere answer this question by simply repeating the information they have received from 

adults. Questions of this sort, which is “factual,” provide information regarding children’s exposure 

to certain theoretically important facts, but not about their ability to use these facts in a generative 

way. Generative questions have a far greater potential for providing information about children’s 

underlying conceptual structures. These questions ask children to explain phenomena which they 

cannot directly observe and about which they are not likely to have received any direct instruction. 

Consider, for example, the questions “If you were to walk for many days in a straight line, where 

would you end up?” “Would you ever reach the end or edge of the earth?” and “Does the earth have 

an end or an edge?” In order to answer these questions, children cannot rely on some unassimilated 

piece of information they have received from adults. Rather, they need to create a mental 

representation of the earth which includes information about its shape and use this mental 

representation to provide an answer to the question. 

During the pilot implementation of the questionnaire, we used both factual and generative questions. 

We confirmed that factual questions, which are plain ones that ask for the students’ point of view 

directly (i.e., What is the temperature inside Earth?), offer poor qualitative data about real concepts 

and impede the learning process and the survey. The answers to factual questions are simple 

memorized scientific terms that students probably have not understood. On the contrary, generative 

questions which usually involve students into fantastic activities, provide abundant qualitative data 

about students’ concepts (i.e., Could you dig a hole so deep into the Earth so that you reach the 

other side of it? or If you could go on a journey deep inside Earth how would you feel?). Such 

questions challenge students’ interest and provoke their imagination. Students enjoy themselves by 

participating in the ‘adventure’ and subconsciously reveal their deeper perceptions of their 

conceptual structure. We call these questions action questions. That means that one question 

developed in two different ways (factually and generatively) can be answered with two completely 

different and contradictory responses by the same student. For example, if a student has not 

assimilated the real concept of plate movements but he has been exposed to this information, he is 

probably going to answer the following to the next questions: factual question: Do lithospheric 

plates move? answer: YES, but if we ask the generative question: A journey between Europe and 

America will last longer after a few million years. Could you explain why? the answers could be 

either (1): It is not going to last more but less because airplanes are going to be faster due to 

technology evolution or (2): Nothing is going to change. Another example of generative and factual 

questions is: Do we meet volcanoes in Greece? Why? (generative) - What is the geographical 

distribution of volcanoes? (factual). 

6. Close-ended dichotomous questions which necessitate for a ‘yes’ or ‘no’ answer are used rarely. 

This type of questions is enriched with the answer ‘I don’t know’ because it is undeniably an 

acceptable and real answer. Furthermore, this way we avoid a random response by the students. This 

type of questions is coded easily and quickly and generate high response frequencies and accurate 

statistical results (Cohen et al., 2000). Τhe importance of these questions is that they usually function 

as control questions.  

7. Control questions are those who repeat a previous generative or factual question but formulated 

in different words. The aim of these questions is to reveal whether students’ responses are random 

and contradictory or they are systematic and bear continuity (Vosniadou and Brewer, 1992). 

Consider the example, action question: Could you dig a hole so deep into the Earth so that you reach 

the other side of it? Control question: If you could go on a journey deep inside Earth how would you 

feel? and the given answers are (i) cold, (ii) hot, and (iii) something else. The objective of these two 

questions is common, to reveal whether students are able to describe the high temperatures inside 

Earth. If students’ answers are in accordance with both questions, then their responses present 

continuity and are systematic. So it is obvious that students have incorporated into their cognitional 

framework the concept of high temperatures prevailing within the Earth. If students give one false 

and one right answer to the set generative question - control question, then responses are 
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contradictory and random, which means that students have not consolidated the information and 

thus have not achieved their conceptual change. 

Another set of question - control question is: Do we meet volcanoes in Greece? Why? (1st question), 

Russia or Greece is more probable to suffer from an earthquake? Why? (2nd question). The objective 

to both questions is the geographic distribution of geodynamic phenomena, which is the lithospheric 

plates’ boundaries. Both questions are generative and either can be the control question to each other. 

The goal of these questions is to identify if students have realized where volcanoes and earthquakes 

occur. 

Another set of question - control question is: A journey between Europe and America will last longer 

after a few million years. Could you explain why? (1st question), The Mediterranean region is going 

to be different in a few million years. How do you think it will look like and why? (2nd question). 

Again either question can be the control one to each other and their objective is to elicit and verify 

students’ ideas about plate motion. 

If Earth core was hollow, then could earthquakes occur? Why? (1st question), If the inner part of 

Earth was frozen, then could mountains be formed? Why? (2nd question). This is another set of 

question - control question, the objective of which is to reveal if students are able to correlate the 

main cause of geodynamic phenomena to plate motion, to convective currents and to their surficial 

occurrence. In other words, to assure that students can attribute earthquake, mountain and volcano 

formation to Earths’ inner processes. So far it is obvious that one question can very often be the 

control question to more than one questions. 

During the development and the implementation of the questionnaire we realized that students have 

been exposed to geological information about volcano and earthquake occurrence and plate 

movements through the internet and social media. Thus, it was quite interesting to discover how 

students have managed and structured such information into their conceptual framework without 

teacher and school guidance. So, all the aforementioned questions are developed and organized a) 

to point out how students have included into their conceptual framework the scientific information 

they have been exposed to by internet or media and away from school environment before the 

experimental teaching procedure, and b) to extract students’ concepts in order to investigate if the 

objectives and the conceptual change have been achieved especially after the experimental teaching 

model. 

8. You fill up a glass pot with water. You warm it over fire. Water starts heating. Inside the pot and 

exactly above the fire you drop food coloring. What is going to happen to the coloring? What process 

inside Earth do you think resembles to this experiment? The objective to this question is to find out 

a) if students understood the processes and seized the concepts during the convective currents’ 

experiment, and b) if the experiment contributed to the assimilation of processes happening inside 

Earth and thus to the achievement of conceptual change. The response to this question can be 

confirmed or refuted by three control questions of the questionnaire, ie If Earth core was hollow, 

then could earthquakes occur? Why? 

9. Would you compare Earth’s structure to a) an onion, b) an orange, c) an egg, d) something else? 

The goal to this question is to reveal how the teaching procedure and the geography textbook of 6th 

class of primary school have shaped students’ conceptual structure. It is a quite interesting question 

because this textbook bears ambiguities that often lead students to develop confused cognitional 

frameworks, which are difficult to be reconstructed. 

2.3. Importance of the questionnaire 

The initial purpose of the development of the questionnaire tool was to elicit students’ alternative 

concepts on lithosphere and to enhance the teaching process. During the procedure of 

implementation and improvement of the questionnaire, it was revealed that the data acquired 

exceeded the initial expectations and that the questionnaire had a multiple role. So after the 



206 

 

questionnaire pilot implementation, we deduced that the questionnaire can be used as a tool to serve 

multiple and different functions, such as: 

a) to elicit students’ alternative concepts on lithosphere so as to develop a teaching model based on 

the constructive theory. 

b) to evaluate efficiency of the teaching and learning procedures on lithosphere and improve them 

through the comparison of students’ concepts before and after the experimental teaching procedure. 

c) to discover how students have managed and incorporated new information by social media into 

their cognitional structure without teacher guidance. 

d) to enhance the curriculum objectives on lithosphere through the improvement of the experimental 

teaching model (Bakopoulou et al., 2015). 

e) to be used as a GCI tool (Libarkin and Anderson 2005, 2006; Bakopoulou et al., 2015), in order 

to continuously evaluate the progress of teaching and learning processes on lithosphere at school, 

and to use the results to feedback and refine the lithosphere curriculum development constantly. 

So, it is obvious that the importance of a questionnaire tool, like this GCI tool with multiple usages, 

is invaluable to the educational procedures on lithosphere but also on geoscience in general, because 

they are dynamic and must be resupplied and revised continuously. 

3. Questionnaire precodification 

Generally, researchers prefer to develop close-ended questions rather than open-ended ones during 

a survey because the first are easier to be codified and offer plentiful quantitative data. Our survey 

focuses on qualitative data and thus we developed open-ended questions. These questions demand 

a spontaneous response, elicit deeper preconceptions and map precisely students’ cognitional 

structure. Open-ended questions can offer “diamond” data to a qualitative survey (Cohen et al., 

2000). Besides, during the pilot implementation of the present questionnaire it was the responses to 

the open-ended questions that offered ample information and turned our questionnaire to an 

irreplaceable GCI tool with multiple usages. 

Despite the difficulty to precodify open-ended questions, we introduce an innovative precodification 

method, in order to have best qualitative and quantitative results. Our method depends on the fact 

that each generative or factual question corresponds to at least one control question. The aim of the 

control questions is to verify whether students’ responses are inductive and systematic or not. If the 

responses to both, generative or factual and control, questions are in agreement then students have 

conceived the knowledge and the conceptual change has been achieved. If the responses to both 

questions are contradictory, then students’ answers are random. Thus students have not incorporated 

the knowledge into their cognitional framework and they have constructed a false conceptual 

structure (see above). We name this type of precodification of open-ended questions “control 

question precodification” because it is based on the usage of control questions. 

Each objective corresponds to a question - control question pair, which is organized in a table called 

“cognitional control table”. We call it cognitional control table because the set question - control 

question reveals if the knowledge is incorporated into the students’ cognitional structure or not, as 

described above. In the following example of cognitional control table (Table 1) on lithosphere we 

use number 1 for the factual or the generative question and number 2 for the control question. Note 

that the position (1 or 2) of a question within the set is interchangeable. 

So far the precodification of open-ended questions has been an arduous and time consuming 

procedure with doubtful results. According to the control question precodification, open-ended 

questions in lithosphere questionnaire could be easily and reliably precodified which facilitated 

students’ responses codification. The importance of control question precodification is based on to 

the facts that (i) it offered best and valid qualitative and quantitative results to our survey, (ii) it 
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ascertained whether students had answered randomly or systematically, and (iii) it verified whether 

students managed to bridge the cognitional and conceptual gap or not, and thus if the conceptual 

change has been achieved on lithosphere. Thus it is a challenge to try control question 

precodification of open-ended questions on geoscience educational studies generally. 

Table 1 - Cognitional Control Table: Precodification according to the set question - control 

question. 

1:question 

2:control question 

Experimental team Control team 

Correct 

answer 

Wrong 

answer 

Correct 

answer 

Wrong 

answer 

Earth temperature 

1. Could you dig a hole so deep into the Earth so that 

you reach the other side of it? 
    

2. If you could go on a journey deep inside Earth 

how would you feel? (i) cold, (ii) hot, (iii) something 

else. 

    

Mountain formation 

1. How do you think that mountains have been 

formed? 
    

2. Do you believe that mountains will be formed 

again in the future? Explain. 

    

Earthquake occurrence 

1. What do you think that happens and earthquakes 

occur? 

    

2. Do you think we could stop earthquakes from 

happening? 

    

Earthquake and volcano geographic distribution 

1. Russia or Greece is more probable to suffer from 

an earthquake? Why? 

    

2. Do we meet volcanoes in Greece? Why?     

Lithosphere motion 

1. A journey between Europe and America will last 

longer after a few million years. Could you explain 

why?  

    

2. The Mediterranean region is going to be different 

in a few million years. How do you think it will look 

like and why? 

    

Convective currents – Cause 

1. If Earth core was hollow, then could earthquakes 

occur? Why? 

    

2. If the inner part of Earth was frozen, then could 

the mountains be formed? Why?  
    

4. Conclusions - Proposals 

After the development of lithosphere questionnaire and precodification of open-ended questions it 

is deduced that despite the complexity, the questionnaire offered abundant qualitative and 

quantitative data to the lithosphere educational process. Concluding, it is noteworthy to emphasize 

that: 

1. The questionnaire is the most valuable tool in our educational research on lithosphere. Its 

development is a complicated but exciting procedure. 
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2. The GeoCause - PaP - CoRe approach constitutes the base for the development of a 

geosystemically integrated lithosphere questionnaire with no conceptual gaps. It reveals whether 

students have developed causal reasoning and geosystem thinking or not. 

3. The more precise and organized the development, the more accurate and valid the data acquired. 

Students’ responses are more fruitfully descriptive when open-ended, generative, control and action 

questions are used. 

4. Almost all of the questions are action questions which stimulate students’ interest and lure them 

to participate into the questionnaire filling. 

5. The questionnaire can have a multidimensional role. A questionnaire like this can offer 

information on students’ alternative ideas and on the efficiency of the experimental teaching 

procedure. 

6. It can also be used as a GCI tool which constantly resupplies the curriculum development and 

continuously evaluates learning and teaching techniques on lithosphere. 

7. The control question precodification is an innovative method for codifying open-ended questions 

and provided us with valid qualitative and quantitative results on lithosphere. 

8. The cognitional control table offered precise information of the real conceptual framework of the 

students and whether conceptual change on lithosphere has been achieved or not. 

All the aforementioned conclusions are significant for the educational procedures on lithosphere, so 

we propose that: a) The theoretical and technical methodology followed for the development of the 

lithosphere questionnaire can be used for the development of questionnaires on geosciences 

generally (i.e., GeoCause - PaP - CoRe approach, generative - control - action questions), b) The 

control question precodification on lithosphere can be implemented generally to geoscience open-

ended question precodification. 
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Abstract 

Frangokastello is a medieval castle which was built by the Venetians in 1371-74 in a 

narrow coastal zone at the southeastern part of the White Mountains, approximately 12 

km east of Chora Sfakion. The region around Frangokastello characterized by a strong 

morphological relief, which was formed by activity of normal faults striking E-W, NNE-

SSW and NNW-SSE. The region of interest has covered at the surface from sequences 

mainly marine sediments of Τortonian, Low Pliocene and Lower Pleistocene. 

From the Middle Pleistocene multiple alluvial fans have been cover the alpine 

basement of the region which consists from metamorphic rocks of the Plattenkalk 

Group, Trypali Unit and Phyllite Quartzite Series as well the youngest in age 

formations. Rounded and angular fragments of rock materials from alpine and post 

alpine formations transported and deposited within the various parts of alluvial fan 

which had deposited over the Frangokastello formation, constituted the building 

stones for the construction of the castle. The microclimate of the region and the 

intense tectonic activity associated with relatively high rates of uplift of the tectonic 

segments in the region, has critically affect not only the static of the castle but also 

the resistance from the weathering of building stones after physical dismantling large 

parts of the binding cement and surface from outer wall. On the basis of the above, 

the objective of this work is initially the collection of bibliographic data related to the 

stratigraphy and tectonics of the region. The results obtained, combined with the 

results from counting and statistical processing of various lithological types of 

building materials of the castle can be considered input data to form static models, in 

the framework of proposals for maintenance and restoration of the monument. 

Keywords: Alluvial fan, building materials, restoration, monument. 

Περίληψη 

Το Φραγκοκάστελλο είναι μεσαιωνικό κάστρο που χτίστηκε στο διάστημα 1371-74 από 

τους Βενετούς σε μια στενή παράκτια ζώνη στο νοτιοανατολικό τμήμα των Λευκών 

Όρεων, περίπου 12 χιλιόμετρα ανατολικά της Χώρας Σφακίων. Αυτό το τμήμα 

χαρακτηρίζεται από ένα έντονο μορφολογικό ανάγλυφο που η δημιουργία του καθορί-

στηκε από την κινητικότητα κανονικών ρηγμάτων με γενικές διευθύνσεις Α-Δ, ΒΒΑ-

ΝΝΔ και ΒΒΔ-ΝΝΑ. Την περιοχή ενδιαφέροντος δομούν επιφανειακά ακολουθίες 

(κυρίως θαλάσσιες) του Τορτονίου, του Κάτω Πλειοκαίνου και του Κατώτερου Πλει-

στόκαινου. Από το Μέσο Πλειστόκαινο πολλαπλές συμφύσεις αλλουβιακών ριπιδίων 

mailto:emanout@mred.tuc.gr
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κάλυψαν τόσο το αλπικό υπόβαθρο της ευρύτερης περιοχής που αποτελείται από τα 

μεταμορφωμένα πετρώματα της Ομάδας των Πλακωδών Ασβεστολίθων, της ενότητας 

Τρυπαλίου και της Φυλλιτικής Χαλαζιακής Σειράς καθώς και τους νεότερους σε ηλικία 

σχηματισμούς. Στρογγυλωμένα και γωνιώδη κλάσματα πετρωμάτων των αλπικών αλλά 

και μεταλπικών σχηματισμών που μεταφέρθηκαν και αποτέθηκαν εντός των διαφόρων 

τμημάτων των αλλουβιακών ριπιδίων αποτέλεσαν τους δομικούς λίθους για της 

κατασκευή του κάστρου. Το μικροκλίμα της περιοχής και η έντονη τεκτονική δρα-

στηριότητα που σχετίζεται με σχετικά υψηλούς ρυθμούς ανύψωσης των ρηξιτεμαχών 

στην περιοχή, επηρέασαν καθοριστικά όχι μόνο την στατική του κάστρου αλλά και την 

αντοχή στην αποσάθρωση των δομικών του λίθων μετά την φυσική αποψίλωση μεγά-

λων τμημάτων του κονιάματος του εξωτερικού της τοιχοποιίας. 

Με βάση τα ανωτέρω στόχος της εργασίας αυτής αποτέλεσε αρχικά η συλλογή βιβλιο-

γραφικών δεδομένων σχετικών με την στρωματογραφία και τεκτονική της περιοχής. Τα 

αποτελέσματα που προέκυψαν συνδυαζόμενα με τα αποτελέσματα από την καταμέ-

τρηση και στατιστική επεξεργασία των διαφόρων λιθολογικών τύπων των δομικών υ-

λικών του κάστρου μπορούν να αποτελέσουν δεδομένα εισαγωγής μοντέλων στατικό-

τητας, στα πλαίσια των προτάσεων συντήρησης και αποκατάστασης του μνημείου. 

Λέξεις κλειδιά: Αλλουβιακά ριπίδια, δομικά υλικά, συντήρηση, μνημείο. 

1. Introduction 

The Venetian castle of Frangokastello is built in 1371-1374 in Sfakia region, a narrow coastal zone 

in the south-eastern part of the White Mountains and was the basis of a Venetian military force, 

which essentially never settled in the castle. There have been many alterations to the Frangokastello, 

particularly in the period 1866-1869 by Mustafa Naili; however in its current shape does not show 

significant differences compared with the representations of the Venetian drawings. In this sense it 

follows the old fortification perceptions, before the prevalence of "bastion system", which will arrive 

in Crete before the mid-16th century. The castle is a rectangular building with vertical walls and 

four-sided towers at four corners, from which the southwest is much higher. The towers and the 

walls have on their edges jagged battlements. The main entrance was located south and its current 

form is a reconstruction of the 19th century. Another entrance has been opened in the east. 

The three small towers are preserved with several phases of reconstruction, mainly on floors. From 

the preserved old evidence suggests that the ground floor was vaulted and the upper part rebuilt 

many times with mezzanine and gravel roof on the first floor. The largest tower maintained by 

smaller operations. This tower was a special defensive element of the fort, as was able to 

accommodate larger number of combatants and because of its location there was a greater visibility. 

The ground-floor buildings held in the inner courtyard are reconstructed on recently on the remains 

of the walls of the last building phase. It is adjacent rectangular spaces destined to house the soldiers 

and for other uses (warehouses, kitchens, etc.). 

When large structures such a castle exist in seismically unstable regions, the activity of faults or 

fault systems in and around the sites must be assessed. The walls of the Fragokastello castle are 

crossed by many cracks. There are various possible causes for these damages. The maintenance and 

restoration of damages represent a special challenge at the present time as well. Maintenance and 

restoration is a common problem of historical stone structures since they are under protection for 

their historical value. Building stones have widespread use in historic monuments which may 

provide unlimited durability if adequate conservation methods are applied; however it is well known 

that the great diversity of their nature often impairs the choice of the most suitable maintenance 

procedures. To control the stability and to verify the load-bearing capacity of the castle there are 

several modeling methods from the simple approximate calculations to the difficult numerical 

methods. With the ultimate goal to investigate the geotechnical conditions of the castle, aim of the 
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present work is the characterization due simple statistical analysis various lithologies of the building 

stones of the masonry (Odysseus, 2016). 

2. Geological setting 

The Hellenides as part of the Alpine-Himalayan Orogenic Belt have been interpreted traditionally 

in terms of north directed convergence between Africa and Europe. The island of Crete is located 

north of the Hellenic trench and is a complex horst structure within the present forearc in the upper 

plate, on top of the shallow portion of the active Eastern Mediterranean collision zone. The island 

of Crete is one of the most seismically active area in the eastern Mediterranean. Tectonic uplift 

started since about 0.6 Ma as documented by Middle–Late Pleistocene marine terraces and Holocene 

raised notches along the coasts of the island and, on land. Normal faults typically consist of 4–30-

km-long dip slip segments locally organised in more complex fault zones. They separate carbonate 

and/or metamorphic basement, in the footwall block, from Neogene, but especially loose to poorly 

consolidated alluvial and colluvial materials on the top of the hangingwall. All these faults show 

clear evidences of recent re-activations and trend parallel to two principal directions: WNW–ESE 

and NNE–SSW (Caputo et al., 2010 and references therein). The activity of these faults created the 

Sfakian piedmont, a 24 km-long and 1.5 to 2.5 km-wide east–west trending coastal plain. The 

northern margins of the coastal plain are defined by the Sfakia fault zone that cuts across the lower 

slopes of the Lefka Ori mountain range. The footwall area of the Sfakia fault comprises mainly 

marble of the Plattenkalk Group and Trypali Unit. The western hangingwall area is dominated by 

alluvial fans along the mountain front. To the east the existence of phyllites on the hangingwall area 

of the Sfakia fault indicates significant vertical displacement (throw) of this fault. A complicating 

factor for calculating throws is the existence of the Fragokastello normal fault (Skourtsos et al., 

2007) which runs oblique to the Sfakia fault and terminates against it (Figure 1) (Nemec and Postma, 

1993; Tsimi et al., 2007; Skourtsos et al., 2007; Pope et al., 2008 ).  

The coastal area between Chora Sfakion and Skaloti are covered by Neogene to Lower Pleistocene 

marine deposits (IGME, 1987) partly covered by Middle (?) Pleistocene -Holocene alluvial fans. 

These post-alpine deposits overlie the alpine basement with an angular unconfonnity. Three main 

marine sequences can be distinguished based on lithostratigraphy mapping. In stratigraphic order 

these are: the Skaloti Formation, the Chora Sfakion Formation and the Frangokastelo Formation. 

The Frangokastelo Formation occupies the central part of the coastal zone (Skourtsos et al., 2007). 

The stratigraphic position of the formation is uncertain. It has been tentatively placed in the Middle 

Pliocene by Meulenkamp (1969) and the same outcrops were dated Late Pliocene by van Hinsbergen 

and Meulenkamp (2006). After Skourtsos et al. (2007) the Frangokastello Formation are much 

younger than previous age estimates. Using calcareous nannofossils an Early Pleistocene age for the 

Frangokastello Formation was determined. 

As shown in Figure 2, in a position south of the castle exists a sequence that comprises of limestones 

with pebbles, both rounded and angular, with intercalations of sandstones, clays and clayed marls, 

such as the sequence reported by Meulenkamp (1969) in the village of Agios Nektarios. 
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Figure 1 - a) Geological sketch map of the study area modified from I.G.M.E. (1982, 1987). 

b) The Sfakia coastal zone represents an onshore segment of the South Cretan margin (after 

Skourtsos et al., 2007, modified from Alves et al., 2007). 

 

Figure 2 - Section at the cliff south of the castle: transition of clastic sedimentation 

(sandstones, microconglometates with intercalations of clays and clayed marls) to limestones 

with pebbles and bioclastic limestones. 

3. Materials and Methods 

The masonry of Frangokastello is composed of rocks with various lithologies including different 

forms of carbonate and clastic sediments. The materials are originated from the vicinity of the 
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building, from the nearby alluvial fan deposits. Sedimentary rocks such as sandstones and (micro) 

conglomerates were also identified. Several forms of stones are used as masonry materials. Besides 

cut blocks of marble of the Plattenkalk Group, rounded cobbles of (meta)dolomites of the Trypali 

Unit form also a significant part of the masonry walls. Porous limestone has wide variety in fabric, 

porosity and poresize distribution (Figure 3). 

 

Figure 3 - Various rock types in the masonry walls. 

Aiming at a statistical quantification of the various lithological types of the rock fragments that were 

used to construction of the castle, we performed the following steps: 

Firstly, we choose an appropriate area, i.e. the southern wall of the castle, where the mortar coating 

has been eroded. As a result of the erosion the building rocks are visible and measurable. Thus, it 

was reliable for the counting of rock fragments and subsequently for the statistical analysis on these 

constructions materials. In particular, we used a high resolution image (scale 1:100) of the south 

wall (Figure 4), in order to imprint the various lithologies of the building stones. 

Secondly, image processing was utilized by AutoCAD software as follows: 

(i) We designed the outlines of building stones in a selected wall surface with dimensions 

22,67×2,19 m, which is situated about 30 cm above the ground surface, so that it is easy to have 

access to the area in order to identify and count the rocks (Figure 4 ). 

 

Figure 4 - Τhe south wall designed with the outlines of the building stones of various rock 

lithotypes in selected area with dimensions 22,67×2,19 m. 
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(ii) We printed in scale 1:100 on paper Α0, the image of the surface including all visible and 

measurable outlines of the building stones.  

(iii) In situ observations considering the lithology led to the identification and counting of each bui

lding stone within this area. Different lithologies highlighted with different colours. 

(iv) Due to discrimination problems of two cement types, such as coating and binding cement, we 

performed a simple calculation using AutoCAD software. Specifically, the different lithology of the 

building stones (e.g. dolomites, sandstones), as well as the two cement types were imprinted in the 

paper, and converted manually with the aid of AutoCAD in their corresponding colours. The 

generated AutoCAD electronic file allows further correlations and calculations. 

Figure 5 illustrates the final result of the differentially coloured lithologies of building stones within 

the selected surface on the southern wall of the castle. In the same surface, there are two smaller 

areas, in which the percentage of the binding cement was approximately calculated. The selection 

of surfaces A and B was done with the criterion that within these there are not smaller in size building 

stones which could not be registered. The total area of each surface is in square meters (m2). The 

percentage participation of the binding cement in relation to the total surface area of each surface A 

and B calculated indirectly and automatically with the command AREA in software AutoCAD. For 

the surface A coverage of the mortar is 0,32 m2 and 0,4 m2 for the surface B. Therefore the 

percentage of the total surface area of the covered by the binding cement for surface A and B are 

31.76% and 40.18% respectively, with a mean value at 35.95%. The results for areas A and B are 

presented in detail on the following Table 1. Table 2 shows the areas of building stones in m2 and 

percentages in %. 

Table 1 - Calculation table for Binding Cement. 

 

Surface Α Surface Β 

Surface  

Area m2 
Percentage % 

Surface  

Area m2 Percentage % 

Sandstone 0,0157 3.2 0 0 

Dolomite 0,0767 15,65 0.1086 22,16 

Conglomerates 0.0393 8,02 0.0485 9,9 

Micro Conglomerates 0,0892 18,2 0.0815 16,63 

Biogenic Limestones 0,1036 21,14 0,0253 5,16 

Limestones 0.0089 1,82 0.0259 5,29 

Binding Cement 0,1555 31,73 0,1969 40,18 

0,49 100  0,49 100 
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Figure 5 - View of the surface in which were made the counts and calculations. The various 

lithological visualized in the above memorandum in different colours based on the colour 

scale. At the bottom right the surface A and B used as an approximation calculation of the 

binding cement. 

On the selected surface, as described above, the superficially percentage occupied on the wall by 

various lithological building rocks types was calculated. The surface area of the parallelepiped is 

49.70m2. Besides of the different lithological building rock types this area contains gaps (loopholes), 

the lintel of the gaps (loopholes) and both types of cement, the binding cement and coating cement. 

Table 2 presents in detail the areas of each surface and the percentage in 49,70 m2 of the total area. 

Table 2 - Cover surface and percentage of building rock types which used for construction of 

the castle 

Study Surface Surface Area m2 Percentage % 

Sandstone 1,94 3,90 

Dolomite 6,98 14,04 

Conglomerates 1,38 2,77 

Micro Conglomerates 2,65 5,33 

Biogenic Limestones 3,50 7.04 

Limestones 0,45 0,91 

gaps (loopholes) 2,76 5,55 

lintel of the gaps (loopholes) 0,36 0,72 

Coating cement + Binding Cement 29,63 59,62 

Total Surface 49,70 100 
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The surface area of the binding cement and coating cement were not calculated directly from 

software AutoCAD but indirectly by using the following formula.  

Binding cement and coating cement= total surface area-(sandstones surface area + dolomites surface 

area + conglomerates surface area + limestones surface area + micro conglomerates surface area + 

biogenic limestones surface area + gaps (loopholes) surface area + lintel of the gaps (loopholes) 

surface area namely: 

Binding cement and coating cement= 49,70-(1,94 + 6,98 + 1,38 + 2,65 + 3,5 + 0,45 + 2,76 + 0,36) 

= 29,63m2 

According to the above table, we demonstrate that building rock type with the largest percentage on 

the wall surface area is black dolomite (metadolomite of Trypali Unit) with a percentage 14,04 %, 

followed by biogenic limestone with a percentage 7,04%, micro conglomerates 5,33%, sandstone 

3,90%, and conglomerates 2,77%. A small percentage have gaps (loopholes) 0,72%. The lowest 

percentage on the wall surface area belongs to the white limestone 0,91%. 

4. Results 

Frangokastello is a Medieval castle which was built by the Venetians in 1371-74 in a narrow coastal 

zone at the southeastern part of the White Mountains characterized by a strong morphological relief. 

Τhe creation of the relief was formed by mobility of normal faults with general striking E-W, NNE-

SSW and NNW-SSE. These various tectonic blocks were uplifted several times. By the effect of 

intense tectonic activity the coastal plain was covered by multiple accretions of alluvial fans. 

Frangokastello castle has been built on the biogenic limestone of Frangokastello formation. Rounded 

and angular fragments of resistant rock materials from alpine and post alpine formations transported 

and deposited within the various parts of alluvial fan, which had deposited over the Frangokastello 

formation. The coarse clastic fragments of both formations (Fragokastello and alluvial fans), 

constituted the building stones for the construction of the castle. By the statistical processing of 

measurements of various lithological rock types which were used for the construction of the castle, 

building rock types with the largest percentage on the wall surface area is black dolomite 

(metadolomite of Trypali Unit) with a percentage 14,04 %. Followed biogenic limestone with a 

percentage 7,04%, micro conglomerates 5,33%, sandstone by 3,90%, conglomerates 2,77%. A small 

percentage have gaps (loopholes) 0,72%. The lowest percentage on the wall surface area belong by 

the white limestone (marble of the Plattenkalk Group) 0,91%.  

According to the above data we may conclude: 

(i) Metadolomite of Trypali Unit has been preferred as building stones from all the Pre - alpine rocks 

which were transferred by alluvial fans to the coastline. The reason for this was that they combine a 

high durability, since they are metamorphosed, but simultaneously the external surface is not smooth 

like most other metacarbonate rocks (e.g. calcitic marble of the Trypali Unit and the Plattenkalk 

Group). 

(ii) In contrast, the rest of the building stones do not have a high durability, but they have relatively 

high primary porosity which allows a better connection to the binding cement. 

The results of the first statistical approach of rock fragments, which were the building blocks in the 

construction of the castle, can be input data for static and dynamic analysis models of the structural 

system, under the proposals maintenance and restoration of the monument. From the recording of 

various lithological types of rocks used to build the castle confirmed the fact of the coexistence of 

many different materials in the same construction and the different types of engagement of these 

materials in different parts of the structure. This fact is an important problem in the choice of the 

mechanical characteristics of the masonry to be used in the structural analysis. The choice of these 

parameters for monumental constructions requires research even if there is a possibility of measuring 

the mechanical characteristics of the individual materials which make up the walls. 
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Abstract 

Industrial rocks and minerals of the modern world comprise of natural products 

applied in e.g. energy, cement, plastics, fillers, food, computer hardware etc. Indeed, 

the applications of these minerals are enormous and versatile. On the other hand, 

industrialization had not occurred during the 1st century A.D., when Strabo, the 

famous geographer of the Roman era lived. Thus, the term “industrial” used in this 

study has a rather philological meaning and refers to the useful rocks and minerals 

in the ancient times. Metallic ores (copper, iron, zinc etc.), precious metals (gold, 

silver) and earth minerals (e.g. Kimolo’s earth, Chalkidiki’s earth, Sinopi’s earth etc.) 

are not included in this study. Humans of the antiquity needed building rocks, medical 

and pharmaceautical minerals, fertilizers for their crops, sealing agents and 

millstones, just to mention a few of them. The identification and classification of these 

valuable “industrial” rocks and minerals, mentioned in Strabo’s Geographica, is the 

scope of this work. The spatial distribution of these mineral resources in the ancient 

world of that time, is also studied. The main industrial rocks and minerals are (in 

descending order of the number of citations): salt, marble, asphalt, quarry rocks, 

sulphur, millstones, pyroclastics, clays, soda (sodium carbonate), naphtha 

(petroleum), asbestos and sand. 

Keywords: Strabo’s Geographica, antiquity, salt, marble, asphalt. 

Περίληψη 

Στην παρούσα μελέτη ερευνώνται σχολαστικά τα δεκαεπτά βιβλία των Γεωγραφικών 

του αρχαίου γεωγράφου Στράβωνα (1ος αι. μ.Χ.), με σκοπό να καταγραφούν τα 

σημαίνοντα «βιομηχανικά» ορυκτά και πετρώματα της αρχαιότητας, σύμφωνα πάντα 

με τον Στράβωνα. Με τον όρο «βιομηχανικά» βέβαια αναφερόμαστε στις χρήσιμες για 

την καθημερινή ζωή των αρχαίων ανθρώπων πρώτες ύλες, π.χ. κατασκευαστικά και 

διακοσμητικά πετρώματα, εδαφοβελτιωτικά, στεγανοποιητικά υλικά, μυλόπετρες κλπ. 

Πρέπει να τονιστεί ότι η παρούσα μελέτη δεν περιλαμβάνει τα μεταλλικά ορυκτά 

(σίδηρος, χαλκός, ψευδάργυρος κλπ.) και τις γαίες (Σινωπική, Κιμώλου, Χαλκιδικής 

κ.α.). Τα σημαντικότερα, κατά Στράβωνα, «βιομηχανικά» ορυκτά και πετρώματα είναι 

με φθίνουσα, όσο αφορά το πλήθος αναφορών, σειρά: αλάτι, μάρμαρο, φυσική 

άσφαλτος, λατομικά προϊόντα, θείο, μυλόπετρες, πυροκλαστικά, άργιλοι, σόδα 

(ανθρακικό νάτριο), νάφθα (πετρέλαιο), αμίαντος και άμμος. Η κατανομή αυτών των 

ορυκτών πρώτων υλών στον τότε γνωστό κόσμο περιλαμβάνεται επίσης στην παρούσα 

μελέτη. 

Λέξεις Κλειδιά: Γεωγραφικά, Στράβωνας, βιομηχανικά ορυκτά και πετρώματα, αλάτι, 

μάρμαρο, φυσική άσφαλτος, αρχαιότητα. 
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1. Strabo’s Geography and Mineral Resources 

Strabo, (born c. 64 BCE, Amaseia, Pontus-died after 21 CE), is a Greek geographer and historian 

whose Geography is the only extant work covering the whole range of peoples and countries known 

to both Greeks and Romans during the reign of Augustus (Brittanica, 2015; Strabo, 1815, 1917, 

1994). Geography (Γεωγραφικά) comprises of seventeen books, which present a descriptive history 

of people and places from different regions of the world known to his era. The geological 

information provided by Strabo is notable and has been documented by several scholars (Iordanidis, 

2014). 

The main mineral resources exploited in antiquity are discussed in Geography, implying that the 

exploitation of these resources had always been of paramount importance in human life. While the 

metallic ores were always significant (Wellmer and Becker-Platen, 2007), we emphasize in the 

present study in the non-metallic resources, i.e. the “industrial” rocks and minerals. The term 

“industrial” used in this study has a rather philological meaning and refers to the useful rocks and 

minerals in the ancient times. Metallic ores (copper, iron, zinc etc.), precious metals (gold, silver) 

and earth minerals (e.g. Kimolo’s earth, Chalkidiki’s earth, Sinopi’s earth etc.) are not included in 

this study. These “industrial” rocks and minerals, which are documented in Strabo’s Geography are 

recorded and classified in our study, along with their geographical distribution in the ancient world. 

2. Principal “industrial” rocks and minerals 

The scope of this work is the comprehensive study of the essential mineral resources, emphasizing 

in the “industrial” rocks and minerals, mentioned in Strabo’s Geography. A plethora of minerals and 

rocks is recorded and all information is summarized in the Tables 1-5. The principal mineral 

resources documented by Strabo are, in descending order (considering the times mentioned within 

the text): salt, marble, asphalt, quarry rocks, sulphur, millstones, pyroclastics, clays, soda (sodium 

carbonate), naphtha (petroleum), asbestos and sand. 

 

Figure 1 - The ancient Roman salt mine in Cardona, western Spain (Iberia), as it looks 

today. 

2.1 Salt (άλας) 

Salt is generally recognized to have been an important commodity in ancient times. It is well-known 

that a certain intake of salt is required for human health, and also for animal health, notwithstanding 

the preservation of food, its curative properties, and other applications (Wilson, 2006; Harding, 
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2014). It is thus obvious that salt is the mineral mostly mentioned in Geography. It has also been 

cited by several other ancient scholars, e.g. Herodotus (book 4, paragraph 185) refers to salt mines 

and salt houses in Libya (northern Africa). The exploitation regions include India, central Italy, 

Sicily, Caucasus, Iberia (Fig. 1), Media, Armenia, Pontus, Galatia, Ethiopia, Carmania and Syria 

(Table 1). 

2.2 Marble (μάρμαρο) and Quarry rocks (λατομικά) 

Marble and Quarry rocks are the second most significant resource according to Strabo’s citations 

within Geography. Marbles were, and still are, used for building public monuments, statues, 

sanctuaries and other building projects. Quarry stones had also numerous applications as 

construction material. Marbles had a large variety in colour, quality and form and there were 

transported by sea with a relative ease (Wilson, 2006). All these rocks are distributed throughout the 

ancient world, including the places below: Tyrrhenia and Umbria (central Italy), Illyria, Attica. 

Thessaly, Cyclades, Arcadia, Ionia, Troad, Syria (for marbles, see Table 2) and Latium 

(northwestern Italy), Galatia, Laconia, Attica and Tyrrhenia (for quarry rocks, see Table 3). 

 

Figure 2 – A natural asphalt lake in Trinidad in present times. (photo by 

http://www.vaasphalt.org). 

2.3 Asphalt (πίσσα) 

The first recorded use of asphalt (Fig. 2) as a road-building material was in Babylon. Herodotus 

(book 1, paragraph 179) cites the use of asphalt in the sealing of boats and the construction of bricks 

in Babylon. The ancient Mesopotamians used it to waterproof temple baths and water tanks. The 

Phoenicians caulked the seams of their merchant ships with asphalt. In the days of the Pharaohs, 

Egyptians used the material as mortar for rocks laid along the banks of the Nile to prevent erosion, 

and the infant Moses’ basket was waterproofed with asphalt. The ancient Greeks were also familiar 

with asphalt. The word asphalt comes from the Greek “asphaltos,” meaning “secure.” The Romans 

used it to seal their baths, reservoirs and aqueducts. The geographical distribution of asphalt, based 

on Strabo’s citations, contains regions which are known to have bitumen deposits even nowadays, 

i.e. Illyria, Thessaly Bactria, Iberia, northern Italy, Persia and Syria (Table 4). 

2.4 Other mineral resources 

The other, less cited, “industrial” rocks and minerals by Strabo are, in descending (number of 

citations) order: sulphur, millstones, pyroclastics, clay, soda, naphtha, asbestos and sand (Table 5). 
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Table 1 - Salt mines and exploitation in Strabo’s Geographica (citations by Book, Chapter and Paragraph). 

No Book Cha Par Original Greek text English Translation 

1 V 2 6 καὶ τὰς ἐν Ἰνδοῖς ἅλας the salt-rock in India 

2 VI 2 9 θερμῶν γοῦν ὑδάτων ἀναβολὰς κατὰ πολλοὺς ἔχει τόπους 

ἡ νῆσος, ὧν τὰ μὲν Σελινούντια καὶ τὰ Ἱμεραῖα ἁλμυρά 

ἐστι, τὰ δὲ Αἰγεσταῖα πότιμα περὶ Ἀκράγαντα δὲ λίμναι 

τὴν μὲν γεῦσιν ἔχουσαι θαλάττης 

the island has at many places springs of hot waters which 

spout up, of which those of Selinus and those of Himera are 

brackish, whereas those of Aegesta are potable. Near Acragas 

are lakes which, though they have the taste of sea-water 

3 XI 5 6  and they assemble there mostly in order to get salt 

4 III 2 6 ἅλες τε ὀρυκτοὶ παρ᾽ αὐτοῖς εἰσι καὶ ποταμῶν ἁλμυρῶν 

ῥεύματα οὐκ ὀλίγα 

and they have salt quarries in their country, and not a few 

streams of salt water 

5 III 3 7 ἅλες πορφυροῖ͵ τριφθέντες δὲ λευκοί Their rock-salt is red, but when crushed it is white. 

6 XI 13 2  in which salts effloresce and solidify. These salts cause 

itching and are painful 

7 XI 14 8 

 

the Mantianê, which being translated means "Blue"; it is the 

largest salt-water lake after Lake Maeotis, as they say, 

extending as far as Atropatia; and it also has salt-works. 

8 XII 3 12 

 

Halys River. It was named from the "halae," past which it 

flows. 

9 XII 3 37,

39 
 they contain rock-salt, In Ximenê there are "halae" of rock 

salt 

10 XII 5 4 

 

Lake Tatta is a natural salt-pan; and the water so easily congeals 

round everything that is immersed in it, that when people let 

down into it rings made of rope they draw up wreaths of salt, 

11 XVII 2 2 
 

And they have quarried salt 

12 XV 1 30 
 

in the country of Sopeithes there is a mountain of mineral 

salt sufficient for the whole of India. 

13 XV 2 14  there are two mountains, one consisting of arsenic and the 

other of salt. 

14 XVI 3 3 

 

the soil contains salt and the people live in houses made of 

salt; and since flakes of salt continually scale off, owing to 

the scorching heat of the rays of the sun, 
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Table 2 - Marble quarrying in Strabo’s Geographica (citations by Book, Chapter and Paragraph). 

No Book Cha Par Original Greek text English Translation 

1 V 2 6 τὴν ἐν Πάρωι πέτραν τὴν μάρμαρον the marble-rock in Paros 

2 XIV 1 35 
 

And the island also has a marble quarry 

3 IX 1 23 

 

Near the city are most excellent quarries of marble, the 

Hymettian and Pentelic. 

4 IX 5 16 

 

the quarries of the Scyrian variegated marble, which is 

comparable to the Carystian marble, and to the Docimaean or 

Synnadic and to the Hierapolitic. For at Rome are to be seen 

monolithic columns and great slabs of the variegated marble; 

and with this marble the city is being adorned both at public 

and at private expense; and it has caused the quarries of white 

marble to be of little worth. 

5 V 2 5 μέταλλα δὲ λίθου λευκοῦ τε καὶ ποικίλου 

γλαυκίζοντος τοσαῦτά τ᾽ ἐστὶ καὶ τηλικαῦτα͵ 

μονολίθους ἐκδιδόντα πλάκας καὶ στύλους͵ ὥστε τὰ 

πλεῖστα τῶν ἐκπρεπῶν ἔργων τῶν ἐν τῆι Ῥώμηι καὶ 

ταῖς ἄλλαις πόλεσιν ἐντεῦθεν ἔχειν τὴν χορηγίαν·καὶ 

γὰρ εὐεξάγωγός ἐστιν ἡ λίθος͵ τῶν μετάλλων 

ὑπερκειμένων τῆς θαλάττης πλησίον͵ ἐκ δὲ τῆς 

θαλάττης διαδεχομένου τοῦ Τιβέριος τὴν κομιδήν· 

And the quarries of marble, both white and mottled bluish-

grey marble, are so numerous, and of such quality (for they 

yield monolithic slabs and columns), that the material for most 

of the superior works of art in Rome and the rest of the cities 

are supplied there from; and, indeed, the marble is easy to 

export, since the quarries lie above the sea and p351near it. 

6 X 5 7 

 

and so is the Parian stone, as it is called, in Paros, the best for 

sculpture in marble. 

7 XII 8 14 

 

 

the quarry of "Synnadic" marble (so the Romans call it, though 

the natives call it "Docimite" or "Docimaean"). At first this 

quarry yielded only stones of small size, but on account of the 

present extravagance of the Romans great monolithic pillars are 

taken from it, which in their variety of colours are nearly like the 

alabastrite marble; so that, although the transportation of such 

heavy burdens to the sea is difficult, still, both pillars and slabs, 

remarkable for their size and beauty, are conveyed to Rome. 
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8 XIV 2 23 

 

Mylasa which has a most excellent quarry of white marble. 

Now this quarry is of no small advantage, since it has stone in 

abundance and close at hand, for building purposes and in 

particular for the building of temples and other public works 

9 XIII 1 16 

 

The present Proconnesus, the latter having a city and also a 

great quarry of white marble that is very highly commended; 

589at any rate, the most beautiful works of art in the cities of 

that part of the world, and especially those in Cyzicus, are 

made of this marble. 

Table 3 - Quarrying stones in Strabo’s Geographica (citations by Book, Chapter and Paragraph). 

No Book Cha Par Original Greek text English Translation 

1 V 3 10 

11 

ἐν τῆι Πραινεστίνηι ὁ δῶι κειμένη͵ λατόμιον ἔχουσα 

ὑπουργὸν τῆι Ρώμηι μάλιστα τῶν ἄλλων //  πεδίον 

εὐκαρπότατον παρὰ τὰ μέταλλα τοῦ λίθου τοῦ 

Τιβουρτίνου καὶ τοῦ ἐν Γαβίοις τοῦ καὶ ἐρυθροῦ 

λεγομένου͵ ὥστε τὴν ἐκ τῶν μετάλλων ἐξαγωγὴν καὶ 

τὴν πορθμείαν εὐμαρῆ τελέως εἶναι͵ τῶν πλείστων 

ἔργων τῆς Ρώμης ἐντεῦθεν κατασκευαζομένων. 

Gabii, situated on the Praenestine Way, with a rock-quarry that 

is more serviceable to Rome than any other // the quarries of the 

Tiburtine stone, and of the stone of Gabii, what is called "red 

stone"; so that the delivery from the quarries and the 

transportation by water are perfectly easy - most of the works of 

art at Rome being constructed of stone brought thence. 

2 IV 1 6 ἐπὶ ἄκραν εὐμεγέθη πλησίον λατομιῶν τινων a fair-sized promontory near some stone-quarries, 

3 VIII 5 7 εἰσὶ δὲ λατομίαι λίθου πολυτελοῦς τοῦ μὲν Ταιναρίου 

ἐν Ταινάρωι παλαιαί, νεωστὶ δὲ καὶ ἐν τῶι Ταϋγέτωι 

μέταλλον ἀνέωιξάν τινες εὐμέγεθες, χορηγὸν ἔχοντες 

τὴν τῶν Ῥωμαίων πολυτέλειαν. 

And there are quarries of very costly marble - the old quarries of 

Taenarian marble on Taenarum; and recently some men have 

opened a large quarry in Taÿgetus, being supported in their 

undertaking by the extravagance of the Romans. 

4 IX 1 13 
 

Cape Amphiale and the quarry that lies above it, 

5 V 2 1 τραχεῖαν γῆν ἀροῦντες καὶ σκάπτοντες͵ μᾶλλον δὲ 

λατομοῦντες 

plowing and digging rough land, or rather, as Poseidonius says, 

quarrying stones. 
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Table 4 - Natural asphalt (πίσσα) in Strabo’s Geographica (citations by Book, Chapter and Paragraph). 

No Book Cha Par Original Greek text English Translation 

1 XVI 2 42 

44 

45 

 

 

It is full of asphalt. The asphalt is blown to the surface at irregular 

intervals from the midst of the deep, and with it rise bubbles, // of 

hot waters containing asphalt and sulphur // The Aegyptians use 

the asphalt for embalming the bodies of the dead 

2 VII 5 8 ὑπ᾽ αὐτῆι δὲ κρῆναι ῥέουσι χλιαροῦ καὶ ἀσφάλτου, 

καιομένης, ὡς εἰκός, τῆς βώλου τῆς ἀσφαλτίτιδος· 

μέταλλον δ᾽ αὐτῆς ἔστι πλησίον ἐπὶ λόφου· τὸ δὲ τμηθὲν 

ἐκπληροῦται πάλιν τῶι χρόνωι, τῆς ἐγχωννυμένης εἰς τὰ 

ὀρύγματα γῆς μεταβαλλούσης εἰς ἄσφαλτον Λέγει δ᾽ 

ἐκεῖνος καὶ τὴν ἀμπελῖτιν γῆν ἀσφαλτώδη τὴν ἐν 

Σελευκείαι τῆι Πιερίαι μεταλλευομένην ἄκος τῆς 

φθειριώσης ἀμπέλου τοιαύτην δ᾽ εὑρεθῆναι καὶ ἐν Ῥόδωι, 

is a mine of asphalt; and the part that is trenched is filled up again 

in the course of time, since, as Poseidonius says, the earth that is 

poured into the trenches changes to asphalt. He also speaks of the 

asphaltic vine-earth which is mined at the Pierian Seleuceia as a 

cure for the infested vine earth of this sort was also discovered in 

Rhodes 

3 VI 1 9 ὁ δρυμὸς ὁ φέρων τὴν ἀρίστην πίτταν τὴν Βρεττίαν the forest that produces the best pitch 

4 IX 5 20 

 

Now the water of the Peneius is pure, but that of the Titaresius is 

oily, because of some substance or other, so that it does not mingle 

with that of the Peneius, "but runs over it on the top like oil. 

5 XI 11 5 

 

It is said that people digging near the Ochus River found a spring 

of oil. It is reasonable to suppose that, just as nitrous and astringent 

and bituminous and sulphurous liquids flow through the earth, so 

also oily liquids are found; 

6 III 2 6 καὶ πίττα ἐξάγεται and pitch are exported from there 

7 V 1 12 ἔχει δὲ καὶ πιττουργεῖα θαυμαστά. The country has wonderful pitch-works 

8 XV 3 2 

 

The wall and the temples and the royal palace were built like those 

of the Babylonians, of baked brick and asphalt, 
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Table 5 - Other mineral resources (sulphur, millstone, pyroclastics, clays, soda (sodium carbonate), naphtha (petroleum), asbestos and sand) in 

Strabo’s Geographica (citations by Book, Chapter and Paragraph). 

Type Book Cha Par Original Greek text English Translation 

SULPHUR XVI 2 44 
 

of hot waters containing asphalt and sulphur, 

SULPHUR XI 11 5 
 

and bituminous and sulphurous liquids flow 

SULPHUR V 4 6 τὸ χωρίον ἐκεῖ μέχρι Βαιῶν καὶ τῆς Κυμαίας 

θείου πλῆρές ἐστι // τὸ δὲ πεδίον θείου πλῆρές 

ἐστι συρτοῦ. 

Baiae and Cumae, has a foul smell, because it is full of 

sulphur // and the plain is full of drifted sulphur. 

SULPHUR XIV 2 7 
 

who pour the water of the Styx mixed with sulphur 

MILLSTONE VI 2 11 γενέσθαι τοῖς μυλίταις λίθοις became as hard as mill-stone 

MILLSTONE V 5 16 

 

Nisyros: is round and high and rocky, the rock being 

that of which millstones are made; at any rate, the 

neighbouring peoples well supplied with millstones 

from there. 

MILLSTONE XIV 1 33 
 

Melaena, as it is called, which has a millstone quarry //  

PYROCLAS

TIC 

V 4 8 ἐκ δὲ τῆς ὄψεως τεφρώδης͵ καὶ κοιλάδας φαίνει 

σηραγγώδεις πετρῶν αἰθαλωδῶν κατὰ τὴν 

χρόαν͵ ὡς ἂν ἐκβεβρωμένων ὑπὸ πυρός͵ ὡς 

τεκμαίροιτ΄ ἄν τις τὸ χωρίον τοῦτο καίεσθαι 

πρότερον καὶ ἔχειν κρατῆρας πυρός͵ σβεσθῆναι 

δ΄ ἐπιλιπούσης τῆς ὕλης. // τὸ κατατεφρωθὲν 

μέρος ἐκ τῆς σποδοῦ τῆς ἀνενεχθείσης ὑπὸ τοῦ 

Αἰτναίου πυρὸς εὐάμπελον τὴν γῆν ἐποίησεν. 

ἔχει μὲν γὰρ τὸ λιπαῖνον καὶ τὴν ἐκπυρουμένην 

βῶλον καὶ τὴν ἐκφέρουσαν τοὺς καρπούς 

and looks ash-coloured, and it shows pore-like cavities 

in masses of rock that are soot-coloured on the surface, 

these masses of rock looking as though they had been 

eaten out by fire; and hence one might infer that in 

earlier times this district was on fire and had craters of 

fire, and then, because the fuel gave out, was quenched. 

// which had been covered with ash-dust from the hot 

ashes carried up into the air by the fire of Aetna made 

the land suited to the vine; for it contains the substance 

that fattens both the soil which is burnt out and that 

p455which produces the fruits; 

PYROCLAS

TIC 

VI 2 3 ἡ μὲν οὖν σποδὸς λυπήσασα πρὸς καιρὸν 

εὐεργετεῖ τὴν χώραν χρόνοις ὕστερον·εὐάμπελον 

γὰρ παρέχεται καὶ χρηστόκαρπον, τῆς ἄλλης οὐχ 

ὁμοίως οὔσης εὐοίνου· 

the Catanaeans are covered with ash-dust to a great 

depth. Now although the ash is an affliction at the time, 

it benefits the country in later times, for it renders it 

fertile and suited to the vine, 
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CLAYS IX 5 19 
 
Oloosson, called "white" from the fact that its soil is a 

white clay 

CLAYS XIII 1 67 

 

a certain earth in Tyrrhenia, for the earth is lighter than 

an equal bulk of water // in Iberia he saw bricks 

moulded from a clay-like earth, with which silver is 

cleaned, and that they floated on water. 

SODA XVII 1 23 

 

Above Momemphis are two nitre-beds, which contain 

very large quantities of nitre 

SODA XI 14 8 
 

It contains soda 

NAPHTHA XVI 1 4 

 

and then one comes to the fountain of naphtha 

NAPHTHA XVI 1 15 

 

the liquid kind, which is called naphtha, is found in 

Susis, 

ASBESTOS X 1 6 

 

In Carystus is produced also the stone which is combed 

and woven, so that the woven material is made into 

towels, and, when these are soiled, they are thrown into 

fire and cleansed, just as linens are cleansed by 

washing. 

SAND XVI 2 25 

 

Between Acê and Tyre is a sandy beach, which 

produces the sand used in making glass. Now the sand, 

it is said, is not fused here, but is carried to Sidon and 

there melted and cast. Some say that the Sidonians, 

among others, have the glass-sand that is adapted to 

fusing, 
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Sulphur (θείο) was used in antiquity for many purposes: as disinfectant due to its pungent fumes, 

for religious purification, for medical uses, as a poultice, in wool preparation etc. (Wilson, 2006). It 

is mentioned by Strabo at least four times and refers to the following places: Dinecum, Bactria and 

Caria. 

Millstones (μυλόπετρες) were rather important for ancient people, since they used them for grinding 

wheat and other cereals, but also for pigments, pharmaceuticals and earth minerals. Sicily, Cyclades 

and Ionia are the areas mentioned by Strabo for the production of millstones and are mostly related 

to volcanic rocks, such as trachyte. 

Other useful rocks with a volcanic origin are the pyroclastics (σποδός), which produce fertile soils. 

Such rocks are found, according to Strabo, in Pinecum and Campania (southern Italy) and Sicily. 

Clay (άργιλος) deposits with a utilization other than pottery (e.g. cleaning the silver) were also cited, 

occurring in Thessaly and Achaeium (Asia Minor). 

Soda (νίτρο) was used in antiquity as fertilizer or for various medical purposes and Strabo refers to 

soda dominance in Bactria and Egypt. 

Naphtha (νάφθα, πετρέλαιο) indeed had not the significance it has nowadays, being the major energy 

source in the planet. Nevertheless, it had some medical uses and thus, it is cited, occurring in the 

Middle East areas. 

Asbestos (αμίαντος) was used for making fireproof cloth and an important asbestos quarry was 

situated in the Euboea’s serpentine deposit. 

Sand (άμμος) is the last mineral resource cited by Strabo, having a utilization in the production of 

glass in Syria. 
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Abstract 

The aim of this study is to reveal the geological, paleontological and hydrogeological 

features of the surrounding area of Oinoi in municipality of Kastoria, Northern 

Greece. These features can attract visitors and develop geotourism in the area. Fossil 

mollusk shells (Pectinidae family, Pecten and Flabellipecten) were recognized in 

three fossiliferous sites. Additionally, the palaeontological features are supplemented 

by impressive alternations of sedimentary strata, cavities, springs, small natural 

waterfalls and lakes as well as a small dam. Three routes (the longest is 12.3 Km) 

were defined for the promotion of these features. The routes are suitable for walking, 

jogging, mountain biking, climbing, for students, elder people and adults. This is a 

preliminary approach, since further research in the wider area is needed, in order to 

include more existing natural features, as well as to create a comprehensive 

management plan and define the criteria for the proposal of the site as a Geopark. 

Keywords: Geotourism, Fossils, Sedimentary strata, Natural Cavities, Waterfall. 

Περίληψη 

Στην παρούσα εργασία παρουσιάζονται μερικά από τα γεωλογικά, παλαιοντολογικά, 

γεωμορφολογικά και υδρολογικά χαρακτηριστικά στην περιοχή Οινόη - Μεσοποταμίας, 

της Καστοριάς. Εντυπωσιακές φυσικές εμφανίσεις πετρωμάτων, στρώματα με 

απολιθώματα μαλακίων (οικογένεια Pectinidae, Pecten, Flabellipecten), φυσικές 

σπηλαιώσεις, πηγές, μικροί καταρράκτες, σημεία πανοραμικής θέας, εντοπίστηκαν στην 

περιοχή μελέτης βόρεια του χωριού Οινόη. Αυτά τα χαρακτηριστικά αποτελούν 

φυσικούς πόρους οι οποίοι μπορούν να συμβάλλουν στην ανάπτυξη του γεωτουρισμού 

στην περιοχή προσελκύοντας ένα ευρύ φάσμα επισκεπτών. Προτείνονται τρείς (3) 

γεωτουριστικές διαδρομές (η μεγαλύτερη μήκους 12,3 Km), οι οποίες είναι κατάλληλες 

για περπάτημα, ποδήλατο βουνού, ακόμη και αναρρίχηση. Απευθύνονται δε σε 

οικογένειες, μαθητές, ενήλικα άτομα, αλλά και αθλητές ή λάτρεις της περιπέτειας. Η 

παρούσα εργασία αποτελεί μια αρχική πρόταση για την έναρξη της διαδικασίας 

χαρακτηρισμού της περιοχής ως γεωπάρκο. Απαιτούνται περαιτέρω έρευνες για την 

εκπόνηση ενός σχεδίου διαχείρισης και ένταξης στα απαιτούμενα κριτήρια ενός 

γεωπάρκου. 

Λέξεις κλειδιά: Γεωτουρισμός, Απολιθώματα, Στρώματα ιζημάτων, Φυσικές 

σπηλαιώσεις, Καταρράκτης. 
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1. Introduction 

Geotourism constitutes a form of nature-based tourism where noticeable geomorphological and 

geological features attract people so as to learn about and admire (Dowling, 2011). Moreover, it is 

a unique conglomeration of tourism, economic, educational and cultural elements and human 

interactions with local geology which contributes to the geological and field knowledge (Fung and 

Jim, 2015a). According to Farsani et al. (2014) geotourism ensures an economic and environmental 

sustainability, geological education and reinforcement of local livelihood and culture. The Global 

Network of National Geoparks (GGN) prerequisite these visions in the guidelines for the application 

for membership (Fung and Jim, 2015b). According to the criteria developed by UNESCO, a geopark 

should have the following characteristics (Vdovets et al., 2010): 

- well-defined limits and an area large enough to favour the local economy and culture 

- comprehensive geological know-ledge of the area 

- substantial quantity of visitor-accessible geosites of special scientific importance 

- aesthetic importance 

- non-geological natural, archeological, historical or, cultural valuables of interest for tourists 

- well developed infrastructure. 

Additionally, the Nations Education, Scientific and Cultural Organization (UNESCO) support the 

growing number of geoparks acknowledging their importance (GGN, 2010) and their amplification 

to maintain the geoheritage in a specific region. 

Greece has an exuberant geological heritage with a variety of rocks, minerals, fossils, soils and 

landforms. Actually, there are five recognized Geoparks in Greece which are (Zouros, 2004): the 

Mt. Psiloreitis Natural Park, the Mt Chelmos-Vouraikos National Park, the Vikos-Aoos National 

Park, the Agios Nikolaos Petrified Forest in Laconia and the Lesvos Petrified Forest. 

The aim of this study is to illustrate the natural features of the surrounding area of Oinoi in 

Mesopotamia municipality, Northern Greece. Geological, palaeontological and hydrogeological 

features were studied in order to demonstrate attractive routes for geotourism. 

2. Study site 

The study area is located in the Municipal Region of Mesopotamia, in Prefecture of Western 

Macedonia Northern Greece (Figure 1). It is a part of the local community of Oinoi which covers an 

area of 27 Km2, has a mean altitude of 861 m and mean slope of 18.6%. The maximum elevation is 

1083 m and the minimum is 691 m. 

According to census data of the Hellenic Statistical Authority (2011), the permanent population is 

about 475. The climate is intermediate Mediterranean to Continental with dry summers and wet-

cold winters with heavy rains and snow. The area’s mean annual temperature and precipitation 

values are 12.6 °C and 591 mm (Kastoria station), respectively. Agriculture constitutes the primary 

economic activity of the area and the main crops are cereals, corn, vegetables and wine grapes. The 

water demands of the study area are met with the exploitation of groundwater, surface water and 

springs. The main aquifers in the region are developed in the alluvial and fluvial deposits as well as 

in Neogene formations (sandstones and conglomerates). The yield of the boreholes vary between 25 

to 40 m3/h, whereas the depth of groundwater range from 13 to 24 m. The water type of groundwater 

is Ca-Mg-HCO3. 

The study site is mainly comprised by Neogene sediments of the Mesohellenic trench, as well as by 

younger quaternary sediments (Figure 1). Three Formations of the Mesohellenic trench expose in 

the area of Oinoi: Tsotili Fm, Omorphoclissia Fm and Pentalofos Fm. 

Omorphoclissia Fm consists of alternations of sandstones and marls, and is located in the western 

part of the study area. Tsotili Fm consists of a thick (~2 Km) succession of conglomerates, 
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sandstones, marls and clastic limestones, and is located in the northern part of the study area. 

Pentalofos Fm consisting of sandstones is located in the north-west part of the study area. 

Quaternary sediments comprise alluvial deposits, river terraces and fluvial-lacustrine deposits that 

were deposited along the valleys of the area of Oinoi village. The alluvial deposits consist of sand 

and gravels, whereas the river terraces and the fluvial-lacustrine deposits comprises of loose 

conglomerates, blue to greenish clays, sands, loose sandstones, conglomerates and red clays in the 

upper parts. 

 

Figure 1 - Geological map of the study area. 
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3. Materials and Methods 

For the implementation of this study were used the geological map (1:50,000 scale) sheet Koritsa-

Mesopotamia (IGME, 1990) and the corresponding topographic maps of Hellenic Military 

Geographical Service (sheets Koritsa and Mesopotamia). The geological formations and contours 

were digitized with the GIS software ArcGIS 10.3 and the Digital Elevation Model of the area was 

produced with resolution of 20 m. 

An extensive geological field work and mapping was performed in the study area and the locations 

of the geological, paleontological and hydrogeological features were marked with a GPS. The 

stratigraphic columns of the fossil locations were created and digitized. The geological, 

paleontological and hydrogeological features were assembled and combined so as to develop 

attractive routes for geotourism in the mountainous part of Oinoi. 

4. Results and discussion 

The surrounding area of Oinoi village has a remarkable geological heritage with paleontological, m

orphological, geological and hydrogeological features and can be characterized as a small Geopark. 

In figure 2 are shown photos of some features which can attract geo-tourists or tourists who want t

o explore nature. The fossiliferous locations (Figure 1 A, B, C) are accessible and the fossils are 

easily visible. In addition, the local community have developed a small museum exhibiting selected 

fossils (Figure 1, H). The photo in Figure 1C, illustrates a natural cavity which is a result of the 

geological structure of the area due to alternating successive beds of sandstones, marls and clay. The 

cavities have been developed due to the selective erosion of marls and clays in contrast to the 

sandstone. Hydrology of the area reveal many small springs and small tributaries with permanent 

flow (~55 m3/h) that create natural small waterfalls and lakes due to the variable terrain (Figure 1 E, 

F). A small dam which was founded on the sandstones creates an attractive picturesque landscape 

(Figure 1, D). 

The aforementioned features can create exuberant and interesting ambulatory routes for visitors. M

oreover, this study has revealed three well accessed fossiliferous locations which can also be used 

for educational purposes. 

The first fossiliferous site is situated 1400 m north of the Oinoi village into a torrent valley (Figure 

2, A and Figure 4). It’s about 40 m from the unpaved road and it is easily accessible. A 20 m thick 

continuous succession of sandstone beds, 2-5m thick, alternating with more fine (silt–clay) and 

coarse grained (conglomerate) beds are exposed along the torrent valley. The stratigraphic column 

of the fossiliferous site 1 is presented in Figure 3, A. 

A thick (5 m) bed of fine grained sandstone contains numerous fossil mollusks at the lowermost 2m 

part. The fauna includes Pectinidae bivalves; the genera Pecten and Flabellipecten were recognized. 

Fossils appear as casts due to dissolution of the initial calcite shells. The casts are filled by iron 

(limonite) and manganese oxides (Figure 2, G, H) resulting to impressive colorations (yellow, ochre, 

light brown, dark brown, blackish). In the upper horizons of the section the silty layers contain plant 

remnants. Scattered badly preserved leafs and small stems were found on the exposed eroded rock 

surface. Further work (an excavation) is needed to uncover well preserved specimens. 

The second fossil site is situated 1 Km north-west of the Oinoi village (Figure 4). Fine grained san

dstones containing fossil mollusks are exposed (Fig. 2, B) and it’s stratigraphic column is shown in 

Figure 3, B. The fauna includes mollusks of the Pectinidae family preserving their shells. Fossils 

appear as well cemented and compacted shells that form stiff masses, not allowing further 

determination. 

In the third locality, the fossils and strata are similar to the first site. However, the exposure of the 

fossils is small in comparison with the first location, whereas it’s distance from the village of Oinoi 

is 600 m to the north. 
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Except the above three fossiliferous sites, many other small occurrences containing few well 

observed fossils, or numerous small undetermined fossils were located scattered along the area 

(Figure 4). The fossiliferous locations in conjunction with the geological, morphological and hydro

geological features were ranked and grouped and therefore three routes were defined and proposed 

for geotourism in the study site. The three routes are shown in Figure 4. 

 

Figure 2 - Paleontological, geological and hydrogeological structures in the study area. A) 

First fossil location, B) Second fossil location, C) Interior of a natural cavity, D) Small dam, 

E) Small lake with waterfall, F) Small waterfall, G) Fossils in the field, and H) Exhibits of the 

small museum. 

Route 1. The first route constitutes the larger of the three routes with length up to 12.3 Km. The 

route is on the dirt road which it begins from the Oinoi village with 700 m elevation and follows the 

watershed line of Milios tributary. Following the route the first fossiliferous location is found after 

1400 meters from the village. The highest elevation of the route is 1080 m in Flatsata site, with the 

small church of Agia Marina, and then the downhill part of the route follows. Along the route smaller 

appearances of fossils, natural cavities and impressive alternations of sandstones, marls and clay can 

be observed and many of them can be visited. Moreover, there are resting points (e.g. the church of 

Agia Marina) in which the visitors can enjoy panoramic view of the natural landscape, and rest. In 

the last part of route 1 the visitors can approach to the fossiliferous site 2. 

Route 2. The length of this route is 4.3 Km and is shown in Figure 4 with green color. This route is 

the most rough and is connected with route 1. The visitor can found smaller occurrences of fossils, 

natural cavities and alternations of the geological formations. This route is proposed for persons 

with good physical condition that want more difficult trails, and is not appropriate for families and 

elder people. Climbing skills and excellent physical condition is needed. 
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Route 3. Actually is the smaller proposed route with length up to 1 Km. The route follows a small 

dirt road which precesses into a trail. The route is near to the Milios tributary and encounters the 

aforementioned dam. Similarly to route 2, the visitor can found fossils along the route and approach 

to the fossiliferous location 3. Impressive alternations of geological strata can be seen as well as 

small lakes and waterfalls, whereas the visitor can find small springs following the tributary after 

the dam. 

 

Figure 3 - Stratigraphic columns of the fossiliferous sites. 
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Figure 4 - Map with the proposed routes in the surroundings of Oinoi. 

The proposed routes are attractive for a variety of tourists such as naturists, families, students and 

adventure lovers of all ages. In addition, the routes highlight a part of the geological heritage of the 

wider area. The development of this site for touristic proposes would significantly benefits local 

economy as well as the diffusion of the geological knowledge. However, it is essential the decision 
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makers and all the stakeholders to develop a management plan and proceed to the development of 

essential infrastructure in the site. 

Moreover, this study can be expanded in the wider area in order to emerge more geological features. 

Additionally, a future research can examine if the wider area can be included in the Global Geopark 

Network. According the Guidelines and Criteria for National Geoparks seeking UNESCO's 

assistance to join the Global Geoparks Network 2010. 

The criteria are: 

The Size and setting. The area’s boundary should be clearly defined. The area must be large enough 

for it to serve local economic and cultural development. The Geopark should display though a range 

of sites of international, regional and/or national importance, a region’s geological history, and the 

events and processes that formed it. 

Management and local involvement. An established management system and programme of 

implementation is prerequisite. For example the geological and non-geological features inside the 

Geopark area must be accessible to visitors, linked to one another and safeguarded based on a plan. 

Economic development. One of the main strategic objectives of a Geopark is to stimulate economic 

activity within the framework of sustainable development. For instance, the creation of innovative 

local enterprises, cottage industries, small business, initiate high quality training courses and new 

jobs by generating new sources of revenue. 

Education. A Geopark must provide and organize support, tools, and activities to communicate 

geoscientific knowledge and environmental and cultural concepts to the public. Therefore, 

interpretive and educational centres, trails, museums, guided tours, popular literature and maps, and 

modern communication media should be established in the wider area.  

Protection and conservation. The authorities responsible for the Geopark must ensure its 

protection in accordance with local traditions and legislative obligations. The Geopark shall 

contribute to the conservation of significant geological features such as: fossils, landforms and 

landscapes, minerals and mineral resources and representative rocks. This features should provide 

information on various geoscientific disciplines such as: hydrogeology, engineering geology, 

hydrology, geomorphology, palaeontology, petrology, sedimentology, speleology, stratigraphy etc. 

The Global Network. The Global Geopark Network is under the umbrella of UNESCO and through 

cooperation with the global network partners, important local, and national, geological sites gain 

worldwide recognition and benefits. The exchange of knowledge and expertise, experience and staff 

between other Geoparks is encouraged. 

From the aforementioned criteria it is clear that the studied area could not be included in the Global 

Geoparks Network. However, a comprehensive research in the wider area in combination with a 

strategically plan of the local authorities could render this aspect possible in the future. 

5. Conclusions 

This study focused in the surrounding area of Oinoi village in the municipality of Kastoria, Northern 

Greece. It has revealed the geological heritage of the area including paleontological, hydrogeological, 

geomorphological and sedimentological features. 

Fossil molluscs (Pectinids, Pecten and Flabellipecten) were recognized in three fossiliferous sites; 

as well as many small occurrences of undetermined fossils were located along the area. Additionally, 

the palaeontological features are supplemented by impressive alternations of sediments, cavities, 

small natural waterfall and lakes and a small dam. All these futures are included in three proposed 

routes suitable for geotourism. The largest is up to 12.3 Km and the visitor can reach in elevations 
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up to 1080 m. The three routes can be used for walk, jogging and climbing and are suitable for all 

ages. 

A future research in the wider area with a comprehensive management plan is essential in order to 

enrich the existing features and define the criteria for the insertion of the site to the Global Geopark 

Network. 
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Abstract 

The educational systems are evolving dynamically reflecting social and economical 

changes. The Geology has developed and evolved in Greece, based on specific 

economic and social interactions. This paper attempts to define and interpret the 

position of the teaching of geosciences in Greek Secondary Education, from 1830 until 

today, with reference to the educational changes and their historical and social 

context. 

Keywords: Educational Programme, Geology, Secondary Education. 

Περίληψη 

Τα εκπαιδευτικά συστήματα εξελίσσονται δυναμικά και αντικατοπτρίζουν τις αλλαγές 

στην κοινωνία. Η Γεωλογία, έχει αναπτυχθεί και εξελιχθεί στην Ελλάδα, με βάση 

συγκεκριμένες οικονομικές και κοινωνικές αλληλεπιδράσεις. Στην παρούσα εργασία 

επιχειρείται να καθοριστεί και να ερμηνευτεί η θέση της διδασκαλίας των Γεωεπιστημών 

στη Μέση Εκπαίδευση, από το 1830 μέχρι σήμερα, με αναφορά στις εκπαιδευτικές 

μεταβολές και το ιστορικό και κοινωνικό τους πλαίσιο.  

Λέξεις κλειδιά: Αναλυτικό πρόγραμμα, Δευτεροβάθμια Εκπαίδευση, Εκπαίδευση 

Γεωεπιστημών. 

1. Introduction 

It is dominant perception of the educational researchers that the integration in teaching of the elem

ents of history of science is possible to contribute to the understanding of the content of science, as

 well as the state of a science. "The use of history can humanize the science, help pupils improve th

eir critical skills, promote a deeper understanding of scientific context and eliminate the usual pupi

ls’ misconceptions that often resemble those of earlier time scientists" (Matthews, 1994). The abov

e aspects are the motivation for the writing of this paper. 

Curriculum is the formulation of the characteristics of a teaching proposal. It is a type of social pro

gram and as such, it constitutes the human invention and creation. The curriculum defines the valid

 knowledge (Bernstein, 1991) and has the overall aim of achieving specific and predetermined outc

ome, to improve the problem and meet the needs of specific groups of learners who attend. The stu

dy of Curriculum with geological content, aims to detect economic and political effects on the posi

tion of Geosciences in Secondary Education. 

The Greek Curricula were created by statutory instruments and by individual politicians, and in mo

re details from 1836 until 1937, by the respective education ministers or committees appointed by t

hem, from 1937 until 1964 by the Supreme Education Council (N.767/1937) from 1964 to 2012 by

 the Pedagogical Institute (N. 4379/1964) and from 2012 until today by the Educational Policy Inst
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itute (FEK 372B /2012). The data presented have emerged from the study of legal texts, relating to 

the teaching of Earth Sciences in Secondary Education for the period 1836 until 2015. 

2. Methodology  

Learning is a personal process, but differs from the instruction as the second is a social procedure a

fter involves interpersonal interaction among students and between students and the teacher (Psillo

s et al., 1993). The social and political approach is the subject of sociology and pedagogy, which 

means that subject Methodology, cannot be entirely applied in this paper works of Geosciences. B

ecause it would not be appropriate to completely absent this dimension chosen to use the tool of cl

assification (Berstein, 1991), to the extent permitted by the nature of the research. 

During the preparation and drafting of curricula, the main questions are: "What will be taught, to w

hom, how, at what level, for how long and how to verify the acquired knowledge" (Bernstein, 199

1). The perquisite of the answers is the clarification of the following two cases: a) we can not study

 at the curricula without taking account the social dimensions b) we can not just studies at these di

mensions without analyzing programs. The social and political approach was performed using the 

classification tool (Berstein, 1991), adapted to the needs of research. 

The concept of classification refers to the nature of differentiation between contents. Wherein the r

egistration is valid, the contents are well insulated from each other by strong limits and unlike in th

e case of reduced insulation. That refers to the degree to preserve the boundaries between contents. 

In the case of Curricula Geosciences, the classification relates to: 

 The detection of limits of the course of Geology and Mineralogy in the Natural History. 

 The detection of limits of the course of Mineralogy in the course Chemistry and Mineralogy. 

Specifically, the following coding was used are present in Table 1. 

Table 1 - Encoding of classification. 

Encoding  Interpretation for the course Geology & Mineralogy 

[4]. Very strong classification Individual appearance entitled at the Curriculum 

[3]. Strong classification Show titled at the Curriculum not individual 

[2]. Less strong classification Show as unity of Natural History with terminology 

appearance in the Curriculum 

[1]. Patient classification Show as section Natural History without terminology 

appearance in the Curriculum 

[0]. None classification Absence appearance in content and terminology 

3. Facts - Interpretation 

The presented facts in this chapter arose from the study of legislation for the period 1836-2015 and 

especially from the documents relating to Secondary Education. They used the Curricula and 

Timetables that describe and define the teaching of Geosciences for the above years. With basic 

criterion the type and the structure of Secondary Schools, the facts were grouped into two periods: 

a) from 1836 to 1930 and b) from 1930 until today. 

3.1. Classification in Secondary Schools 1836 until 1930 

In Secondary Education of the Modern Greek State the position of the Geosciences until 1883, is 

informal and content of induction arises from the used books. In educational legislative documents 

is not used the term “Geology” or “Mineralogy” and found only in parts of books with in title 

“Natural History”. The degree of classification is increased from 1884 onwards, necessitating the 
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use of terminology Geology and Mineralogy in Curricula both Hellenic Schools and Gymnasiums 

(Figure 1). 

 

Figure 1 - High School, 1836 until 1930 (explanation in text). 

In Varvakeio and Practical Schools the Geosciences are treated as utilitarian science for economic 

growth and therefore often separated Geology and Mineralogy. In 1922 (Figure 2) enhanced the 

independence of Mineralogy with a corresponding degradation of Geology. Important role in itself 

contributes to the identification of the mineralogical knowledge in technical professions mining 

relationship. 

 

Figure 2 - Varvakeio (Practical) High School, 1836 until 1930 (explanation in text). 

3.2. Classification in Lower High School (Gymnasium), and Upper High School 

(Lyceum), 1930 until 2015 

Since 1929 the structure of Secondary Education was changing frequently between 6- years High 

School, and 3 years Lower and Upper High School. To draw firm conclusions on the graphs as 

Lower High School accounted for the A, B, C of 3-years Lower High School and 6-years High 

School. As Upper High School accounted as the D, E, F classes of 6-years High School and A, B, 

C, 3-years Upper High School. In curricula of interwar (Figures 3 and 4) the Geosciences are stable 
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unity of their naturalist and teaching defined by the specific legislative texts. From the German 

occupation and until 1961 in Lower High School absent the geological discipline, while Upper High 

School displayed using the terminology in curricula as unity of Naturalists. 

 

Figure 3 - Lower High School - Gymnasium, 1930 until 2015 (explanation in text). 

In the subsequent troubled years of the degree of independence of Geology and Mineralogy for 

Secondary schools remains the same while increasing in Lyceums. One cause of diversification in 

the classification between levels of education is the interest for vocational education of Dictatorship 

state. 

After 1974 there is a positive shift in the treatment of Geosciences with increasing independence, 

especially in the first Lyceum there becomes autonomous course “Geology-Mineralogy”. In High 

School curricula define the Geology-Geography lesson, a situation that applies today, except for the 

years 1996-2008 shows that only Geography, but with the same content. In 1981-85, interest 

renamed to Geology - Mineralogy & Economic Geography in Lyceum, characteristic of direction 

designed education policy. From 1997 onwards, there is autonomy in the subject of Geosciences at 

the Lyceum and after a period of complete absence, as recovering section in second grade without 

description in the curricula, resulting in their current position, as an option to display course not 

autonomous. 

4. Results and Discussion 

The Geosciences appears early in Secondary Education, but informally. For many years the content 

of their object is fragmented, without subsequently distant for the student, difficult for the teacher 

and without any care from formal state. 

By 1884 the position of Geosciences in Secondary teaching is not defined and neither 

institutionalized, as is clear from the texts of the roll curricula. The knowledge on Geology and 

Mineralogy contained in Natural History books and Natural Science courses. Since the 

implementation of the Curricula in 1884 and then the Geosciences acquire fixed position relative 

content of Natural History books. Since 1870 Greece entered orbit industrialization and began the 

operation of mines (Lavrio Mantoudi, Kimi). This trend is strengthened by the government of 

Charilaos Trikoupis (1832-1896), since some of its main objectives and goals were the development 

of the economy and the reorganization of the country's industry. The social and economic needs 

have established the technical-vocational education through which the Geosciences were introduced 

more vigorously at the Secondary Education. 
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Figure 4 - Upper High School - Lyceum, 1930 until 2015 (explanation in text). 

The position of Secondary Geosciences upgraded substantially during the 1930s (Figure 3). The 

action of Educational Club which upgraded the matter of all courses and adapted the teaching 

content mainly in data mining was one of the major factors that contributed to this change. 

From the 20th century onwards, there is substantial and systematic teaching of Geosciences. The 

scientific topics are contained in the Curricula, and by the 1929, the term of Natural History has 

disappeared, integrating geological courses in Geography and Natural Science. This change, 

however, is not reflected in the total number of teaching hours, which remained almost unchanged, 

at the level of two hours per week in class D of Gymnasium. 

The teaching of Geology and Mineralogy was uninterrupted in D class of High School even at the 

time of German occupation (1941-1944). The cognitive content of Geology - Mineralogy were 

dispersed in several subjects (eg Geography with elements Geology, Physics with elements of 

Mineralogy, etc.) at the subsequent postwar years, giving a supplement, both in content and in the 

course title, which incorporated their cognitive content. The study and analysis of curricula reveals 

the increase of the classification between objects until 1967 (Figure 3 & 4), declaring the first attempt 

for the scientific establishment of the geological object, without the accompaniment of the 

independent teaching of Geosciences. 

This process inhibited by the dictatorial regime (1967-1974). On the other hand, new courses were 

introduced as an attempt of modernizing secondary school programs, for reasons of both internal 

and external policy (Foteinos, 2013; Bouzakis, 1991). On this basis, the title “Mathematical 

Geography and Physics with elements of Geology and Mineralogy” was introduced, aiming the 

providing of geographical knowledge, and furthermore at the exaltation of national feeling, by the 

specificity of the Greek landscape, but also by the use of the Geosciences, as useful in technical 

projects, environment, economy and culture. 

With the programs of the modern period (1974-2015), the separation of the theological content of 

the lesson of Geography was occured and thus, the degree of registration of the program was 

increased. In 1979, Geology was first introduced as a standalone course at the Lyceum. On the other 

hand, at the Lower High School, the course of Geography contains a unity entitled as “Geography 

with Geology” and it has already been introduced in the 1978 programs. It seems the arise the level 

of classification of the geological object-lesson, since it has been dispatched by a broader field of 

knowledge (Natural Science, Geography) and it becomes which autonomous at the exclusive 
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scientific space, until 1997, marking this period as the one of the development and consolidation 

period of Geosciences in Secondary Education. 

To adequately understand the concepts of Geology, it should be referred in earlier times and 

simultaneously scientific models should be constructed, which are not governed by the normal laws 

of nature that a student is familiar. It is concluded that this process is of major difficulty in the 

teaching of Earth Sciences, which is combined with the strictly scientific writing language and the 

large volume of these concepts. These facts, as well as the lack of professional tutor geologists, 

resulted the concept that Geology is a non accessible and non friendly science during the 1990s. 

The above difficulty at the teaching of Geosciences, could be improved by the implementation of 

1997 curricula which repel the teacher-centered model and gradually introduce the constructive 

teaching model in education. Unfortunately at the same time, the Geosciences are withdrawn from 

Secondary Education and are classified at levels of curricula of the period before the decade of 70s, 

as shown in Figure 3. 

Essentially, the Geosciences lose their standing in education as a separate, autonomous subject area 

and seek for a new identity in the “Environmental Sciences” and “Geography”, which is not finally 

established. The newly introduced courses of “Technology” and “Information Technology”, marks 

a modernization turning of curriculum, in which Geology has no place since it is wrongly considered 

as a sterile science without substantial object. 

Since 2014, there is an effort for the introduction of Geosciences at the Lyceum, under the umbrella 

of the object of “Management of Natural Resources”, due to social and economic requirements for 

the exploitation of natural resources of the country. Geology tends to acquire again the character of 

an economically useful science, as it was at the early 20th century, when the mining activity was 

intense. The key questions are: what is the purpose of teaching geosciences at the education, is it to 

serve the financial needs of the state or to promote the spirit and critical thinking of pupils, in relation 

to the Earth's complex environment? The interdisciplinary and holistic approach of science, which 

are the pillars of modern education and are well expressed through the study of geological 

phenomena and the understanding of their interactions with the human environment, why are they 

not displayed in the Secondary Education? Exemplary, the objects of Natural Hazards and 

Environmental Management, could not they contribute towards that direction? 

Excluding the period of development in mining and mining activity (late 19th - early 20th century), 

the Mineralogy shows continuous degradation, since its object does not find practical and 

economical application, and it is virtually eliminated from 1985 onwards, without the provision of 

any knowledge any longer for the structural units of the Earth's environment. In contrast, the other 

sectors of Geology constantly grow, but always in a balance among them, for about 45 years (1940-

1985). 
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Abstract 

A research organised in the frame of the European project GEOschools to investigate 

the interest of students and teachers in geosciences in secondary school, concluded 

that both students and teachers are deeply interested, among other things, in the 

teaching strategies applied to teaching Geology. Bearing this in mind, a workshop 

was designed about the rock cycle, simulating the natural processes that take place 

in earth’s lithosphere, using everyday objects. The workshop was then carried out 

with the help of students and/or teachers of secondary school who evaluated the whole 

endeavour in terms of efficiency in imparting knowledge and acquisition of a deeper 

understanding of otherwise difficult concepts through evaluation sheets. 

Keywords: geology teaching, secondary school, simulation of natural processes. 

Περίληψη 

Η έρευνα η οποία διεξήχθη στα πλαίσια του Ευρωπαϊκού προγράμματος GEOschools 

για να διερευνηθεί το ενδιαφέρον μαθητών και καθηγητών όσον αφορά στις 

Γεωεπιστήμες στη Δευτεροβάθμια εκπαίδευση, κατέληξε στο συμπέρασμα ότι οι 

μαθητές και οι καθηγητές έδειξαν έντονο ενδιαφέρον και για τις στρατηγικές  

διδασκαλίας οι οποίες εφαρμόζονται στη διδασκαλία της Γεωλογίας. Έχοντας το 

συγκεκριμένο γεγονός υπ’ όψη, σχεδιάστηκε το εργαστήριο για τον Κύκλο των 

Πετρωμάτων, με προσομοιώσεις των φυσικών διεργασιών με τη χρήση καθημερινών 

αντικειμένων. Το εργαστήρι πραγματοποιήθηκε με τη βοήθεια μαθητών ή/και 

εκπαιδευτικών οι οποίοι αξιολόγησαν το εγχείρημα με βάση την αποτελεσματικότητα 

στη μετάδοση γνώσης και την απόκτηση βαθύτερης κατανόησης σε μάλλον δυσνόητες 

έννοιες, μέσα από φύλλα αξιολόγησης. 

Λέξεις κλειδιά: διδακτική της Γεωλογίας, δευτεροβάθμια εκπαίδευση, προσομοιώσεις 

των φυσικών διεργασιών. 

1. Introduction 

The research which was carried out in the course of the GEOschools project regarding the interests 

of students and teachers as far as Geoscience teaching is concerned, concluded that the way Earth 

sciences were taught was of upmost importance. Students and teachers alike expressed a great 

interest in the teaching techniques applied when it comes to teaching Geosciences. The workshop 

called «Rocks: we are born, we live, we change but do we die? The cycle of our lives» or «Cooking 

with Rocks» was designed on the principles of Experiential Learning Theory (ELT) (Kolb, 1984) 
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using various teaching approaches and was carried out involving teachers of secondary schools and 

high school students. The evaluation comments we received from the participants revealed the power 

of such techniques on the course of the learning process as well as their weaknesses. 

2. Experiential Learning Theory 

The topic of how learning is achieved has been the object of study and speculation over the years 

and has received considerable attention in educational and neurological areas. Experiential Learning 

Theory draws on the work of prominent 20th century scholars who gave experience a central role in 

their theories of human learning and development – notably John Dewey, Kurt Lewin, Jean Piaget, 

Carl Jung and others – to develop a dynamic, holistic model of the process of learning from 

experience. It is a holistic theory that defines learning as a major process of human adaptation 

involving the whole person. The process of learning from experience is ubiquitous, present in human 

activity everywhere, all the time. The term Experiential Learning is a broad term, generally used by 

educators to describe a series of pragmatic activities sequenced in such a way that is thought to 

enhance the educational experience for the student learner. Literature related to this topic has 

revealed that scholars in the field of experiential learning have used this term in two different but 

related contexts (Smith, 2001; Brookfield, 1983). The first context, as Smith (2001) described it is 

the «sort of learning undertaken by students who are given the chance to acquire and apply 

knowledge, skills and feelings in an immediate and relevant setting» and requires the involvement 

of an educator. An experiential educator’s role is to organize and facilitate direct experiences of 

phenomena under the assumption that this will lead to genuine, meaningful and long-lasting learning. 

It involves a direct experiential encounter with the learning event rather than simply a thought 

process associated with the learning (Borzak, 1981) (figure1). This direct encounter with a learning 

event requires active engagement of the student as opposed to passive engagement commonly 

associated with teacher directed instruction that generally results in minimal student interaction in 

the learning process. The second context of experiential learning described in the literature addresses 

student’s reflection on direct participation and direct encounters within the events of everyday life 

and might be called «nature’s way of learning » (Houle, 1980) (figure 2). John Dewey (1859, 1952) 

believed that learning was an active process and that students should be involved in real-life tasks 

and challenges. He had a gift for suggesting activities that captured the centre of what his classes 

were studying. His philosophy helped forward the progressive education movement and spawned 

the development of experiential education programs and experiments. Experiential Learning Theory 

(ELT) has steadily gained acceptance and popularity in education and serves as an invaluable 

resource for teaching and learning (Kolb and Kolb, 2006). Kolb draws upon the works of Dewey 

and formed an experiential learning model build on six propositions (Kolb and Kolb, 2005), which 

are as follows: 

Learning is best conceived as process, not in terms of outcomes. The primary focus on education 

should be on engaging students in a process that best enhances their learning. «…education must be 

conceived as a continuing reconstruction of experience:..the process and goal of education are one 

and the same thing» (Dewey, 1897). 

All learning is re-learning. Learning is best facilitated by a process that draws out the students’ 

beliefs and ideas about a topic so that they can be examined, tested and integrated with new, more 

refined ideas. 

Learning requires the resolution of conflicts between dialectically opposed modes of adaptation to 

the world. Conflict, differences and disagreement are what drive the learning process. 

Learning is a holistic process of adaptation. It is not just the result of cognition but involves the 

integrated functioning of the total person – thinking, feeling, perceiving and behaving. 
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Figure 1 - Experiential learning via a direct educational encounter (Borzak, 1981). 

It encompasses other specialized models of adaptation from the scientific method to problems 

solving, decision making and creativity. 

Learning results from synergetic transactions between the person and the environment. Stable and 

enduring patterns of human learning arise from consistent patterns of transaction between the 

environment and the individual. People create themselves through the choice of actual occasions 

they live through. 

Learning is the process of creating knowledge. ELT proposes a constructivist theory of learning. 

This stands in contrast to the «transmission» model on which much current educational practice is 

based where pre-existing ideas are imparted to the learner. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 - Experiential learning throughout Life (Houle, 1980). 
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2.1 The cycle of Experiential Learning 

ELT defines learning as «the process whereby knowledge is created through the transformation of 

experience. Knowledge results from the combination of grasping and transforming experience» 

(Kolb, 1984). The ELT model portrays two dialectically related modes of grasping experience - 

Concrete Experience (CE) and Abstract Conceptualization (AC) and two dialectically related modes 

of transforming experience - Reflective Observation (RO) and Active Experimentation (AE). 

Experiential Learning is a process of constructing knowledge that involves a creative tension among 

the four learning modes that is responsive to contextual demands. This is portrayed as an idealized 

learning cycle or spiral where the learner «touches all the bases» - experiencing, reflecting, thinking 

and acting – in a recursive process that is responsive to the learning situation and what is being learnt. 

Immediate or concrete experiences are the basis for observations and reflections. These reflections 

are assimilated and distilled into abstract concepts from which new implications for action can be 

drawn. These implications can be actively tested and serve as guides in creating new experiences. 

Kolb and Fry (1975) asserted that the learning process can begin for students at any one of the four 

modes and should be viewed as a continuous cycle (Figure3). 

While Kolb and Fry state that, Smith (2001) states that: The learning process often begins with a 

person carrying out a particular action and then seeing the effect of the action in this situation. 

Following this, the second step is to understand effects in the particular instance so that if the same 

action was taken in the same circumstances, it would be possible to anticipate what would follow 

from the action. In this pattern the third step would be to understand the general principle or 

conceptual framework under which the particular instance falls. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - The four modes of Kolb's Experiential Learning Cycle (Kolb and Fry, 1975). 

3. Materials and Methods 

The workshop was designed according to the principles of Experiential Learning. A variety of 

teaching methods were applied so as to lead to the maximum involvement of the learners – may they 

be students or teachers. The initial planning was based on the jigsaw puzzle teaching technique 

(Aronson and Patnoe, 2011) with the participants splitting into 5 random groups, each one dealing 

with a different area of related context which had been chosen in advance. After processing the 

newly acquired information, they are asked to form 4 new, larger mixed groups. Each new group 

consists of five members, each one coming from a different group, so that the newly formed groups 

can be briefed on all the topics that were discussed in the initial ones. Each different topic is 

presented to the new group by the representative of the former group, so the learner plays an active 
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role in the teaching process. Then all the information is combined and it is presented in four different 

ways. 

During the first stage a variety of teaching methods are applied so as to enable the learners to 

assimilate the knowledge provided (Fermeli and Dermitzakis, 2008). Team collaboration is the first 

step, group discussion is an integral part of the process, some experiments are also conducted and a 

lot of simulations. Everyday objects are used by the participants to simulate the natural phenomena 

which take place in the Earth’s crust and deeper. The discovery of knowledge is guided by the pre - 

designed activities that the learners are asked to perform. At some point the pre - existing ideas of 

participants are written down followed by the edification of new knowledge. Concept maps are also 

completed by each group. During the synthesis stage, the participants are asked to write a story or a 

poem, using the new information. They are also asked to draw something relevant or make a collage 

illustrating some of the new knowledge acquired. 

The whole workshop was designed on a «learning by doing» basis. Some of the imaginative 

everyday objects that are used are: a watering pot, a hair dryer and a hammer to simulate the process 

of erosion and weathering. The sedimentation is presented using rounded sweets, sugar, flour and 

honey. The formation of metamorphic rocks is simulated with the use of a toaster where the «sweet» 

sedimentary rock changes under the heat and pressure applied by the toaster. As for the igneous 

rocks, sugar and water form crystals, just like the ones formed during the slow cooling of magma. 

4. Design and Presentation 

GEOschools is a European project which was carried out from 2010 up to 2014. The findings of this 

project initiated the planning of several different, complete, model teaching precedures, as they 

suggested that students and teachers alike are deeply interested in the teaching techniques applied to 

teaching Geology (Fermeli et al., 2012-fig. 4) and one of their mostly preferred topic is the rock 

cycle (Fermeli et al.,2012, 2014). The workshop «Rocks: we are born, we live, we change but do 

we die? The cycle of our lives» or «Cooking with Rocks» was designed and presented for the first 

time to teachers of Secondary schools in the 3rd GEOschools International Conference that took 

place in Athens, in September 2012 and has been presented on several occasions ever since. 

 

Figure 4 - Total score comparison between Greece (EL) and Spain (ESP) in the 14 topics of 

the research (Fermeli et al., 2012). 



250 

 

The aim of the workshop is for the participants to realise the dynamics of the natural world and 

recognise the perpetual changes that take place in the earth’s lithosphere as far as the formation and 

destruction of rocks are concerned. 

The objectives that are set are cognitive, affective and psychomotor (Bloom and Krathwohl, 1986, 

1991). After the completion of the workshop, the participants should feel they have familiarized 

themselves with scientific procedures and sharpened their observation skills. They should also be 

able to describe the distinct characteristics which set apart the 3 types of rocks and compare them. 

They should feel they have clarified knowledge regarding the formation, movement and destruction 

of rocks and should be able to present the new knowledge acquired during the course of the 

workshop to the other participants, use this information on order to complete concept charts and 

make choices based on what they have learned. They ought to discover and display possible routes, 

rocks may follow inside the earth’s lithosphere. During the whole process they should cooperate in 

their groups, organize and exchange information and also develop a positive attitude towards team 

work. They need to express themselves in a creative way - drawing, writing poetry or stories and 

share it with the rest of the group. Last but not least, an objective is for the participants to be willing 

to get engaged in scientific procedures and to have fun while doing so. 

In the introductory stage where participants get to know each other, they are asked to present 

themselves declaring their names and something they fell they are good at. This activity is used with 

the aim of establishing a positive atmosphere at the beginning of the workshop. They are then asked 

to choose items of different colour and they are grouped according to colour. In the first stage five 

groups are formed. Each participant is given a dossier containing information and instructions about 

what they are expected to do. There are group activities and individual activities. The first three 

groups deal with the three different types of rocks, based on their most distinct characteristics, 

without revealing the name of the rock type initially. They are also given actual rocks representing 

sedimentary, igneous and metamorphic rocks to touch, observe and describe. As a final step they 

need to draw a picture or make a collage of something that impressed them from what they have 

learned. The fourth group deals with the destruction and formation of the rocks. Using a water pot, 

a hammer and a hair-dryer on an actual piece of rock they simulate the destructive effect of the wind 

and rain on the rocks. Then, they «create» sedimentary rocks using rounded sweets as pebbles, sugar 

as sand and flour as powder. To show how the pressure and heat affect the rocks, they put the 

imaginary rock in a toaster for different time periods. The whole time they observe and record the 

changes that take place. The longer the rock is left in the toaster, the harder it is to distinguish its 

initial materials. One activity also requires that the participants throw the melted rock into cold water 

to simulate the rapid cooling of magma as is the case of a volcano eruption. The final activity 

simulates the formation of crystals during the slow cooling of the magma. They dissolve sugar into 

boiling water and leave it to cool down. Sugar crystals are formed after a while. The fifth group 

deals with the different routes which can be followed by a rock in the earth’s lithosphere. The pre - 

existing ideas of students on the topic are written down, checked and clarified. Using a metallic 

board illustrating part of the lithosphere, they move little magnets up and down simulating the 

movements of rocks. They discuss and then they write down the different routes they have 

discovered. 

In order to move on to the second stage, participants are asked to choose a piece of four different 

puzzles. It is necessary that the new mixed groups should contain at least one member coming from 

the five previous groups. After they have found and completed the puzzles, four new mixed groups 

are formed. Each group is given a big concept map illustrating the rock cycle, to fill in the missing 

words or pictures, regarding the information they have acquired during the former stage. Each 

member of the group presents the knowledge previously gained and helps with the completion of 

the concept maps. This stage of synthesis is essential so that every participant can get acquainted 

with what was taught to all groups. As a final step, groups will have to present a drawing or a collage 

they have created, a poem or a story they have composed using all the newly - gained knowledge. 

The last thing they are asked to do is evaluate the whole process anonymously. 
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5. Results 

The teachers having participated in the workshop were asked to evaluate the whole endeavour in 

terms of how practical the knowledge imparted was, the possibility of implementation of the 

methods used on other subjects as well, the fun during the procedure and the students’ skills that can 

be improved. The evaluation sheet consisted of ten questions – mostly ranking preference, as well 

as an open ended question to express any thoughts they chose to share. The evaluation that we 

received suggested that the students’ skills which would be promoted in the course of the workshop 

were creativity, observation, cooperation and team work, analysis and synthesis and critical thinking. 

They all appreciated the way it was presented and admitted to having fun while learning something 

interesting. Most of them also supported that the methodology used to design and present this 

workshop can be applied on different school subjects, which was actually one of our intentions (fig. 

5). They all agreed that they would like to present this workshop to their students at school. What 

most of them complained about was the time available for the completion of the whole process. 

They felt they needed more time to process the information, to synthesize it and to present it as a 

group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - Pie charts presenting the teachers’ evaluations. 

The students on the other hand, were asked to evaluate the way the workshop was taught, the 

consolidation of knowledge, the skills they think have improved through the activities and the fun 

they had while working together. The evaluation sheet they received consisted of 8 questions ranking 

preference and an open ended question to state in a sentence what they mostly liked from the process 

they experienced. What the children enjoyed most were the experiments and simulations conducted 

in the first stages of the workshop, the chance to work together in groups and also the cooperation 

with their teachers. They found the subject of the rock cycle really interesting and were happy with 

the new knowledge and they expressed their wish to be taught other school subjects in similar ways. 

They supported that they have conquered the new knowledge and that they would be able to explain 

what they have learned to someone who has little knowledge on this particular subject. They were 
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impressed by the way it was taught and admitted to having fun. As for the self - skills they think 

were improved they chose creativity, observation, cooperation and team work (fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 - Pie charts presenting the students’ evaluations. 

6. Discussion 

It is a well-documented fact that there is a decline in students’ interest towards science and a negative 

trend in their attitude to the science curriculum (Sjøberg and Schreiner, 2006). Experiential teaching 

might be the answer to this problem, with students gaining knowledge through immediate or 

concrete experiences, observations and reflections. ELT proposes a constructivist theory of learning 

(Kolb and Kolb, 2005). This is exactly the theoretical background of the workshop «Rocks: we are 

born, we live, we change but do we die? The cycle of our lives» or « Cooking with rocks ». As 

research has shown, the teaching strategies, among other topics, are what most students and teachers 

are interested in when it comes to teaching Geosciences. The innovative methods used to design this 

workshop, the experiments and simulations which are included in it, received a lot of positive 

comments from the participants. Not only were they able to improve their creativity skills, but they 

also had a lot of fun working as teams. The otherwise difficult geological terms regarding the 

formation and destruction of rocks along the course of their cycle, were clarified to such extend that 

participant were rendered capable of imparting this particular information to others. Students really 

appreciated the spirit of cooperation with their teachers and teachers found the whole process highly 

beneficial for their students, as they supported that a lot of different skills would be improved. The 

holistic approach of teaching should be taken into account when it comes to teaching Geosciences. 

The focus should not be exclusively on the knowledge itself but on the procedure followed during 

the course of the lesson and the interaction among the students and their teachers. The only drawback 

that was recorded during the whole process is the time it takes. One should bear in mind that such 

teaching approaches need a lot of time to be presented and completed, more than conventional 

teaching methods, not to mention the time spent for their planning and design. They are good 

teaching practices that produce better results and such endeavours should be encouraged in schools. 
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Abstract 

The initial documentation of an ophiolite as oceanic lithosphere and the significance 

of an ophiolite’s basal sole in its emplacement were based on the research of E. 

Moores (1969) and J. Zimmerman (1968) at the Vourinos Ophiolite, Greece: their 

work became a lynch-pin in the establishment of plate tectonic theory. Key localities 

of their research were located along the Aliakmon River Valley between Ilariona 

Monastery and the village of Panayia. This same area has since been flooded (2012) 

with the construction of a new hydroelectric reservoir. There was no option for 

“saving” these sites of the birth of plate tectonic theory: what could be done to 

preserve their geoheritage? Between 2005 and 2008, the Institute of Geology and 

Mineral Exploration, with funding provided from the Public Power Corporation, 

sponsored geo-education to provide a “last chance” of geologic documentation of the 

Aliakmon Valley. In a three year period, over 60 international student and 

professorial-level researchers participated in the project. 37 Senior Theses were 

produced and 6 masters’ dissertations. The greatest achievement of the program was 

the revitalization of the Aliakmon data base within current, cutting-edge scientific 

models. 

Keywords: Geoheritage, Geoeducation, Aliakmon, Geopark. 

Περίληψη 

Η αρχική περιγραφή των οφιολίθων σαν ωκεάνια λιθόσφαιρα και η σημασία της 

μεταμορφωμένης σόλας, βασίστηκαν σε έρευνα των Ε. Moores (1969) και J. 

Zimmerman (1968) στον Βούρινο, Δυτ. Μακεδονία: η δουλειά τους αποτέλεσε βασικό 

ρόλο στη δημιουργία της θεωρίας των τεκτονικών πλακών. Θέσεις «κλειδιά» της 

έρευνάς τους βρίσκονταν κατά μήκος της κοιλάδας του ποταμού Αλιάκμονα, μεταξύ της 

Μονής Ιλαρίωνα και του οικισμού της Παναγίας. Η περιοχή αυτή έχει πλημμυρίσει 

(2012) από τα νερά του ταμιευτήρα του φράγματος Ιλαρίωνα. Για τις σημαντικές 

επιστημονικές θέσεις αυτές, δεν υπήρχε καμία δυνατότητα «προστασίας», άρα τι θα 

μπορούσε να γίνει για να διατηρηθεί η γεωκληρονομιά τους; Μεταξύ του 2005 και του 
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2008, το Ινστιτούτο Γεωλογικών και Μεταλλευτικών Ερευνών, με χρηματοδότηση της 

Δημόσιας Επιχείρησης Ηλεκτρισμού (ΔΕΗ), υλοποιήθηκε μία γεω-εκπαίδευση ώστε να 

δώσει μια "τελευταία ευκαιρία" στη γεωλογική τεκμηρίωση της κοιλάδας του 

Αλιάκμονα. Σε διάστημα τριών ετών, πάνω από 60 διεθνείς ερευνητές φοιτητές και 

υψηλού επιπέδου καθηγητές συμμετείχαν στο πρόγραμμα. Εκπονήθηκαν 37 Πτυχιακές 

εργασίες και 6 Μεταπτυχιακές Διατριβές. Το μεγαλύτερο επίτευγμα του προγράμματος, 

ήταν η ανανέωση της βάσης δεδομένων του Αλιάκμονα, στο πλαίσιο των υφιστάμενων, 

επιστημονικών μοντέλων αιχμής. 

Λέξεις κλειδιά: Γεω-εκπαίδευση, Γεωκληρονομιά, Αλιάκμονα, Γεωπάρκο. 

1. Introduction 

There are times when geoheritage sites simply cannot be preserved. The Public Power Corporation 

of Greece (PPC - ΔΕΗ) planned the construction of a major hydroelectric reservoir at the site of 

Ilariona (West Macedonia) as long ago as the 1990’s. This dam would flood sections of the 

Aliakmon River Valley past the Zavordas Monastery and towards the Grevena villages of Dimitra 

and Karperon (Figure 1). The benefits in low-cost power supply and additional reserves for irrigation 

would provide invaluable national and regional benefits. Construction began in 2003, alongside 

studies documenting the archaeologic and bio-diversity of the valley. Geotechnical studies for 

hydrogeological assessment of the impound basin were carried out by the PPC, but the original 

geologic study was considered complete based on its inclusion in 1:50,000 scale map sheets of 

IGME, and the existence of academic research dating from the 1960’s. 

 

Figure 1 – Location of Geoheritage Sites of the Vourinos Suture Zone along the Aliakmon 

River Valley, and water-level of new Lake Ilariona. Inset: Location of Study Area in Greece. 

These original studies of the Aliakmon Valley were made with the knowledge-base of the 1960’s. 

Today’s use of tectonic-kinematic indicators was unknown at the time, as were mineralogical-

analytical methods of reconstructing temperature-pressure evolution. The plate tectonic model is 
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now a geological paradigm, based in part on these original studies of the Aliakmon Valley. We 

approached the PPC with the proposal to review the valley’s tectonic sites using a contemporary 

science base, and to document its geo-historic features with more modern mapping (GIS-based) and 

photographic techniques. We were aware that this would be the last opportunity to survey these 

critical localities. What we did not expect were results that added to a “cutting edge” scientific view 

of the tectonic processes of ophiolitic emplacement and important new descriptions leading to the 

interpretation of the region as the “Birth of Europe”. 

2. Geoheritage of the Aliakmon Valley 

The historical nature of studies of the area date to the pioneering study by Jan Brunn during the late 

1930’s, published within his doctoral thesis in 1956 (Brunn, 1956). Brunn was impressed by the 

ophiolitic contact exposed in the river valley and indeed, later stated (pers. comm.) that he thought 

this to be the most important ophiolitic contact ever located. Brunn, however, was working in the 

era of the geosynclinal paradigm; his study indeed made important contributions to the “geosynclinal 

model” of the Tethyan-related sedimentation, and was so recognized by Aubouin (1965). However, 

as elsewhere, the geosynclinal model did not explain the presence of ophiolitic complexes in general, 

nor specifically the Vourinos contact (Figure 2). 

 

 

Figure 2 – Above: Brunn’s Panorama of the Vourinos Ophiolite (1938). Below: the “same” 

Panorama (2010) with the lithospheric interpretation of Moores (1969). 

Brunn made a step forward towards the plate tectonic model when he recognized that the 

descriptions of rocks of the mid-Atlantic ridge by Ewing (in Heezen et al., 1959) were alike the 

rocks of Vourinos (Brunn, 1959). Brunn speculated a similar mode of petrologic origin, if not an 

oceanic ridge setting. 

At a time when plate tectonic theory was not much more than speculation, John Maxwell of 

Princeton viewed a copy of Brunn’s thesis, and was impressed by the apparent complete nature of 

the ophiolitic section of Vourinos (Moores, 2003). Thus, Princeton researchers Moores and 

Zimmerman began an investigation of the Brunn section. In short, their investigation gave the 

following results and led to further “cutting edge” (now considered pioneering) research: 



258 

 

 Moores described and documented Vourinos as a potential oceanic lithospheric analogy 

with an intact internal section extending from earth’s upper mantle through an oceanic crust 

to sub-sea sedimentary deposits (Moores, 1969). 

 The metamorphic sole of the ophiolite onto Pelagonian and intercalated marginal sediments 

(Figure 3) is the first (Zimmerman, 1968) to first document the reverse metamorphic 

zonation typical of ophiolite sole contacts. 

 The combination of the description of the ophiolitic lithosphere section by Moores and the 

sole description by Zimmerman established that ophiolites indeed are emplaced remnants 

of oceanic lithosphere, a key part of plate tectonic theory. 

 In subsequent years, their results lead to the Vourinos sole as among the first to be dated 

using pioneering amphibolite radiogenic procedures (Spray et al., 1980); this study was 

recently modernized using current methodology of analyses of garnet amphibolite by an 

associate of the Aliakmon Program (Myhill, 2008). 

It is perhaps a tribute to Moores that, ever since its initial documentation, representative sketches of 

oceanic lithosphere in general geologic literature are based on the Vourinos ophiolitic section. 

 

Figure 3 – A road-cut occurrence of the Vourinos Sole over Jurassic meta-sediments of the 

Ayios Nikolas formation. Serpentinised harzburgite tectonite at the left (west) of the photo: 

black section is amphibolite, then grading to greenschist and zeolite metamorphism to the 

right of the section. Photo taken between Panayia Village and Zavordas Monastery. 

3. Documentation of the Threatened Sites 

The problem of geoheritage preservation along the Aliakmon River then turned to methodology in 

the following sense: 

 How to document the river valley using “modern” geologic techniques? 

 How to pass the geoheritage to those who should inherit this information? 

At the time of the initial descriptions of the Aliakmon Valley sole formations, available topographic 

maps were crude, and geologic field description depended on compass and measured sections that 

lacked GPS technologies. Structural geology had not advanced to the stage of interpretation of 

kinematic indicators; the deformation model accompanying thrust-related motions had yet to be 

studied; metamorphic petrology had yet to utilize applicable radiogenic dating techniques. 

Photographs of the river valley in the literature were scarce and poor in quality. 

What was needed to document and pass on the geoheritage was determined to be detailed mapping 

analyses (using digital methodology) and the opportunity for young scientists to visit and understand 

the sites. As such, an invitation to participate in the “last chance” to study these sites was answered 

by more than sixty geology students and researchers; these came to the area in the years 2005 - 2008, 

and each devoted at least a month to their study. Participants came from the following universities: 

Cambridge (England), Milan (Italy), Cologne (Germany), Edinburgh (Scotland), Thessaloniki 
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(Greece), Athens (Greece), Miami (Ohio - USA), Beloit (Wisconsin-USA), Utrecht (Holland), 

Cinncinnati - USA, Colgate - USA, and several others with short visits. Each participant was given: 

 Access to otherwise inaccessible original studies of the valley including those of Brunn, 

Moores, and Zimmerman, as well as to European-Greek studies (Wright, 1986 among 

others) conducted within I.G.M.E. 

 1:5000 scale topographic maps of the area 

 Access to existing microscopic petrographic collections 

 A two-day preliminary training field trip within the Vourinos Ophiolite and Vounassa 

Metamorphic Section surveying petrologic and tectonic diversity. 

After this period, a “simplistic” group project carried out to supplement education in petrologic 

identification included “cobble counts.” The now-flooded riverbed of the Aliakmon is covered by a 

Holocene conglomerate deposit derived from surrounding rocks and older conglomerate deposits. 

At each study site, a “grid” was laid out of 100 m2 in area, with cobbles collected at every meter 

intersection. Their petrology, size, and angularities were recorded. In addition to educational goals 

for the researchers, these cobble counts are the only ones ever done within the conglomerate 

formation along the Aliakmon Valley. Even such simple studies (as for the two examples of Figure 

4) raise basic questions such as: i. Where is the source of the abundant gabbro cobbles when gabbro 

is not present in the adjacent ophiolitic region, and ii. What explains the major variation in lithologic 

types between two sites so closely located (less than 3 km apart). 

  

Figure 4 – Representative Pi diagrams of Cobble Counts from recent deposits on the 

Aliakmon Riverbed, now under the waters of the new Ilariona Lake (compiled by V. Lau). 

In the course of their individual mapping projects, each participant was asked to “collect” ten rock 

samples with corresponding GPS location consisting of both representative and unusual lithologic-

tectonic examples from the part of the river to be flooded. This has generated a study collection to 

be curated and made accessible for future geoscientists including over 500 samples. The collection 

is stored in Deskati, Greece, at the Geopark Grevena-Tethys Information Center. 

Mapping: Depending on the educational level and priorities of students and researchers, mapping 

included classic stratigraphic analyses, structural analyses, and back-up petrography. These series 

of digital 1:5000 scale maps comprise the underpinning of the documentation of the now-flooded 

river section. The majority of the maps cover the “core” area of the program, the river section 

between the Zavordas Monastery and Panayia Village; several extend to the region of Frourio 

Village to the east where the ophiolitic sole extends from the Aliakmon and corresponds to an 

amphibolite/garnet amphibolite zone less than a meter in width; some projects concentrated on the 

structure from the Aliakmon sole zone into the Pelagonian complex, with emphasis on the nature of 
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the deformation to the Triassic metasedimentary section. Several continuing researchers, returning 

over several summer sessions, documented structures corresponding to “rift valley” formation in the 

Pelagonian massif. 

4. Results: A “new” documentation of “old” Geoheritage 

Figure 5 displays four of the more than forty maps produced with this study. To say the least, each 

student/researcher saw unique features within the study area. In addition to details of the sole 

formation itself, some of these observations are of important geologic significance and lead, or 

would have lead if time permitted further study before the area was flooded, to critical new insights. 

For examples (Figure 6): a. Cretaceous fossils were located for the first time in remnant limestone 

caps deposited onto the Pelagonian formations that could have proven essential in describing the 

late-Jurassic - Cretaceous emplacement geomorphology; b. Basaltic dikes were traced from the 

tectonic melange unit into the Triassic-Jurassic Pelagonian carbonate formation; c. Pillow lavas 

within the tectonic melange that were subsequently analysed showed they related to Pelagonian 

rifting, and that the Aliakmon emplacement zone included both ophiolitic emplacement and older 

initial rifting phenomena. 

 

Figure 5 - Representative geologic maps of student-researchers participating in the 

Aliakmon River Legacy Project. a. Robert Sparks: Cambridge University. b. Vincci Lau: 

Cambridge University c. C. Ghikas, part of her Masters’ from Miami University. d. Thomas 

Reinsch: University of Cologne. 



261 

 

 

Figure 6 - Iconographic examples of original observations significant to interpretation of the 

tectonic evolution of the Aliakmon Valley: a. Cretaceous limestone fossils (M. Pedrotti); b. 

Basalt dike in Tr-Jr limestone (Ghikas); c. Deformed rifting lavas and chert sediments 

(Ghikas); d. Oolitic radiolarian chert (Ghikas); e. Zeolite veins (Myhill); f. Greywacke 

cobble; g. Intra-layer flow fold in Tr-Jr limestone; h. Garnet amphibolite from sole (Rassios, 

sample from student “rock rubbish” pile). 
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5. Results: Relevance to “Cutting-edge” Science of the Vourinos-Vounassa 

Ophiolite - Pelagonian Margin 

Some results of the Aliakmon Legacy Project were presented at the 2008 International Ophiolite 

Symposium (Rassios et al., 2008) which included the final conference field trip into the Aliakmon 

Valley. Much of the petrologic diversity of the section was presented in a “light” geological book 

by Rassios and the student researchers of the Legacy Project (Rassios and others, 2007). Both of 

these publications were written too early in the analytical phases of the project data to cover the 

comprehensive study of the section, nor does the present short paper allow a complete description 

of the immense data base generated during and as a result of the Aliakmon Legacy Project. However, 

a comparison of a short description of the Aliakmon Section predating the project can be compared 

to the current model, synthesized from the work of the Aliakmon Legacy research group:  

The Pre-Legacy Project Model (Rassios, 2004): 

“The Vourinos Ophiolite is emplaced over the Pelagonian Massif with ‘bulldozed’ foreland basin 

deposits entrapped in the collision zone and imprinted by metamorphism of the hot sole.” 

The Current Model: 

The Vourinos Ophiolite is bounded along its north and south margins by transcurrent faults (Rassios 

and Moores, 2006) that accommodated complex compressional and strike-slip deformation as they 

displaced the ophiolite to the northeast (Ghikas, 2007). In the south-eastern extreme of the ophiolite, 

the fault is a wide zone, approaching a km in width, wherein the ophiolite-river section is overprinted 

by tectonic motions that record a thrust environment of NE-movement with a “splay” to SE as the 

thrust complex rotated its own margins/footwall as it moved forward. Garnets and amphiboles within 

the sole contact indicate formation at temperatures of ~770oC ± 100oC and pressures of 4 ±1 kbar, 

that is, the sole provenance would have been very close to the spreading system that created the 

ophiolite (Myhill, 2011). Within the Aliakmon River valley, kinematic motions are depicted ranging 

from ductile to brittle conditions. Along the Aliakmon River section, these movements merge the 

original ophiolitic emplacement over sediments of the Ayios Nikolas Formation (Naylor et al., 1976) 

with the transcurrent deformation: the fault - emplacement zone along the river section includes 

plastic deformation of host Pelagonian carbonates, intercalation of highly deformed and altered 

ophiolitic material, remnants of the garnet amphibolite/amphibolite ophiolitic sole, and preserves 

older (Triassic) rifting lavas and sedimentation dating from the break-up of Pelagonia. The river 

section is intruded by “leaks” of younger basalt and gabbro within the internal zone of the 

transcurrent fault, some extending into older Pelagonian country rock. The southernmost contact of 

the transcurrent fault formation parallels the extension of the Servian Fault along Mount Vounassa, 

implying that this massive variation in rock competency accounted for the fault’s location. Thus, the 

transcurrent fault once exposed along the Aliakmon River section is demonstrated to comprise a 

major tectonic feature parasitically facilitating and recording over 200 million years of tectonic 

history of the Pelagonian - Tethyan margin. 

6. Final Statements: 

We feel that in addition to the primary goal of the project, some valuable lessons in geoheritage 

preservation were attained: 

A re-investigation of a classic geological area brings new information and invites opportunities for 

research: for examples, researchers of the Legacy project also began new study of the chrome ore 

districts of the Vourinos Ophiolite leading to further investigation of the alteration processes of 

chrome spinels. This lead to reconstruction of the metamorphic history of the complex that shows 

that alteration Cr-spinel, with formation of a Fe-chromite - Cr-clinochlore assemblage, can occur 

before ophiolite obduction (Grieco and Merlini, 2012). Recently, new cutting-edge studies by 

Zlatkin (Zlatkin et al., 2014) of zircon dating within the Pelagonian complex near the Aliakmon 
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Legacy area, located the currently “oldest rocks in Greece” with zircons dated at ~980 my. 

The success of the Legacy Project has improved the scientific knowledge base sufficiently to justify 

inclusion of the Vounassa region within an aspiring Geopark (Geopark Grevena-Tethys); an 

educational program similar to that of the Legacy Project is planned for the Geopark region. 

Geoheritage is for future generations. It can allow new scientists to retrace the steps of those who 

made the initial discoveries of geologic paradigms and allow them to continue along the path 

towards new tectonic and petrogenetic innovation to the current paradigms. 

Geoheritage aided in the advanced education of sixty up-and-coming geology students. These young 

scientists are now located around the globe and are, themselves, now respected international 

researchers. These students can be considered the core-group for passing onward the memory of 

these spectacular outcrops of the Aliakmon Geoheritage sites (Figure 7). 

Figure 7 - A last view of the Aliakmon River Valley. 
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Abstract 

The discovery of a paved Hellenistic road, which was ended at the shoreline of the 

Megalo Kavouri bay in Attica, Greece, led the archaeologists to hypothesize that an 

ancient harbour would be located somewhere at the adjacent submarine area. For the 

identification of the position of this harbour, a joint submarine and littoral 

geomorphological survey was carried out. The oceanographic mission was conducted 

in order to map the underwater landforms. A variety of geomorphological 

characteristics, types of substrate and habitats (i.e., rocky outcrops, boulder or gravel 

accumulations etc.) and anthropogenic objects (i.e., debris of recent construction 

material) were identified in the shallow water seabed of the Kavouri Bay. The littoral 

geomorphological survey was carried out to determine the natural processes affecting 

the continental part of the area and map the coastal landscape features. Data derived 

by both submarine and littoral geomorphological investigations indicate that the most 

probable location of the harbour could be situated in the southern part of the study 

area. 

Keywords: Littoral geomorphology, submarine geomorphology, bathymetry, Relative 

Sea Level. 

Περίληψη 

Έπειτα από την ανακάλυψη ενός πλατύ λιθόστρωτου δρόμου, του οποίου η διεύθυνση 

είναι από νοτιοδυτικά προς βορειοανατολικά και διακόπτεται απότομα από τη σημερινή 

ακτογραμμή, Ελληνιστικής περιόδου γεννήθηκε η υποψία από τους υπεύθυνους 

αρχαιολόγους της ανασκαφής ότι στην ευρύτερη περιοχή θα μπορούσε να υπήρχε 

κάποιο αρχαίο λιμάνι. Για τον έλεγχο της υπόθεσης αυτής έγινε μια συντονισμένη 

γεωμορφολογική έρευνα στο ρηχό θαλάσσιο και στο παράκτιο τμήμα του Όρμου 

Μεγάλου Καβουρίου. Ο θαλάσσιος πυθμένας ερευνήθηκε με μονοδεσμικό βυθόμετρο, 

ηχοβολιστή πλευρικής σάρωσης και ελεύθερες καταδύσεις. Από τα συλλεχθέντα 

στοιχεία προέκυψαν ένας βαθυμετρικός χάρτης, ένας χάρτης με τους τύπους 

υποθαλάσσιου αναγλύφου, πλήθος γεωαναφερμένων επίγειων και υποβρύχιων 

φωτογραφιών, και ένας γεωμορφολογικός χάρτης της παράκτιας περιοχής. Από 

αξιολόγηση των αποτελεσμάτων εντοπίστηκε ένας υποθαλάσσιος χώρος, στα 
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νοτιοδυτικά της περιοχής μελέτης, ο οποίος συγκεντρώνει τις κατάλληλες προϋποθέσεις 

για να χαρακτηριστεί ως πιθανή θέση ασφαλούς αγκυροβολίου ή λιμενισμού σκαφών 

στο παρελθόν. 

Λέξεις κλειδιά: παράκτια γεωμορφολογία, υποθαλάσσια γεωμορφολογία, βαθυμετρία, 

Μέση θαλάσσια στάθμη. 

1. Introduction 

After the unearthing of a long and wide paved Hellenistic road (figure 4) in the coastal area of 

Megalo Kavouri, Attica, the archaeologists assumed that near this area an ancient harbour may be 

existed. The discovered road was part of an extended network of commercial roads connecting the 

settlements of South Attica. It has an NE-SW direction, and is terminated at the modern beach. 

Archaeologists involved in the excavation suspect that the end of the road is still covered by modern 

coastal sediments or has been destroyed by marine processes (wave erosion or relative sea level 

rise). Three institutions (Harokopio University, Hellenic Centre for Marine Research and Euphoria 

of Underwater Antiquities) were realized a joint geomorphological survey in order to identify 

potential sites that are suitable to be a safe anchorage or harbour. 

Τhe geomorphological survey at the Megalo Kavouri Bay (Figure 1) determined some underwater 

areas of interest, such as submerged paleoshorelines (beachrocks), bedrock (marls and sandstones) 

at a depth of 8.5 m, and submerged wave cut platforms at depths of 1.80-2.40 m. 

 

Figure 1 - Location Map of Kavouri area. 
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2. Materials and Methods 

2.1. Littoral survey 

Littoral geomorphological investigation included the definitive depiction of landforms in the coastal 

area of Megalo Kavouri. A Digital Elevation Model (resolution pixel of 5x5 m) provided by National 

Cadastre & Mapping Agency S.A. was used as topographic background. All features were plotted 

in ArcGIS (version 10.2) as points, lines or polygons according the methodology and symbology 

proposed by Pavlopoulos et al. (2009). 

2.2. Underwater survey 

In July 2014 an oceanographic mission was carried out in the Megalo Kavouri Bay by inflatable 

boat “Triton I” of HCMR. Bathymetric and side imaging data were acquired by a single beam eco 

sounder (Humminbird, 998c HD SI Combo) using a functional emission frequency of 200 kHz and 

450 kHz, respectively. During the survey the sea level was 0.72 m above its mean level, as recorded 

by Piraeus Port tidal gauge. The selected coordinate system was the WGS84, while the projection 

system was UTM zone 34N. The bathymetric map was designed by means of ArcGIS (version 10.2), 

while the post-processing of side-scan echograms and the creation of acoustic mosaic were 

performed using the SonarTRX software. From the analysis of acoustic mosaic as well as underwater 

photographs, various morphological features were recognized on the seabed, such as rock outcrops, 

sediment accumulations (mostly sandy deposits), Posidonia Oceanica meadow and anthropogenic 

objects of all periods. These maps overlayed on satellite images provided by Google Earth for easier 

management of the geographic information. Many free dives were realized to collect sediment 

samples from the seabed and take photographs using an underwater camera (Nikon COOLPIX 

AW120). 

3. Results 

3.1. Description of the bathymetric data 

The maximum recorded water depth is 18 m and is located in the western part of the study area, 

about 850 m off the shoreline. The distribution of the contours follows, in general, the orientation 

of the coastline and the water depth increases towards the northwest. This relatively simple 

bathymetry is disturbed by the presence of three islands located in the northern, central and southern 

parts of the study area in the vicinity of the shore. In particular, the central island is sporadically 

connected, according to the prevailing hydrodynamic conditions, to the neighbouring shore through 

a sedimentary tombolo (constitute mainly of sand and pebbles). This process has been snapped by a 

recent satellite image (14 March 2008) of Google Earth. In addition, a small morphological basin 

has been detected in the southwestern part of the coast, in front of modern jetties at depths between 

2 m and 4.5 m (Figure 2). 

At depths up to 3-4 m, the central beach of the Megalo Kavouri Bay consists of sandy sediments. P

articularly, in the nearshore section of the beach (at depths up to 1 m), the sand forms two longshor

e bars having maximum heights of about 0.5 m. These sedimentary formations are related to the ac

tion of local coastal processes (wave and currents) which are conduced to the redistribution of the s

andy sediments. The other parts of the bay (at depths of <3-4 m) consist of coarse sediments (grave

l, cobbles and boulders) or rock outcrops. In deeper waters (at depths of >3-4 m), there are patches 

of sand or sandy mud, and extended areas of Posidonia Oceanica covering the soft and hard bedro

ck (Figure 3 and 4). 



268 

 

 

Figure 2 - Bathymetric map, the contours as they appear after their evaluation. 

3.2. Description of the geomorphological map 

The littoral area of Megalo Kavouri presents a diverse coastline, beaches consisting of fine-grained 

(Kavouri beach) and coarse-grained sediments, and rocky coasts with low (platforms) or high (cliffs) 

slope (Figure 4). 

More specifically, starting from the northern part of the study area (Voula beach) and heading south 

coast with sand and fine pebbles occurs, which is located behind anthropogenic structure (possibly 

seawalls) located on the coastal area in front of the beach of Voula. This construction creates wave 

shade and therefore, not only prevents the erosion of the coast, but also facilitates the deposition of 

the most fine grains of sediments transported by coastal currents and waves. In the underwater area 

two rows of beachrocks at depths of 2,40 m (width development 23 m) and 4,80 m (width 

development 20 m) were discovered. These submerged shoreline show relatively stable sea level 

during their creation, but the immersion implies a general and continuous rise in the sea level. 

To the south, the slope increases because of the hill Ag. Nikolaos, where, the "Lower Marble" 

(Marinos et al., 1956; Papakis et al., 1959; Katsavria et al., 1996) is covered by younger marine 

sediments (Katsavria et al., 1996). As shown in the geomorphological map (Figure 4), the hill acts 

as a boundary between the coast of Voula and the coast of Kavouri. In the coastal area at the foot of 

the hill encountered coastal cliffs with an inclination of less than 40 degrees, without deposition, to 

the coast of Kavouri where coastal cliffs appear with an inclination of less than 40 degrees with 

sandy sediment. 
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Figure 3 - Mosaic of the recordings, the bathymetric map, Contour map and habitats of the 

submarine area of Megalo Kavouri bay. 
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The coastal area of the Megalo Kavouri Bay consists mostly of sandy sediment that is deposited not 

only from past terrestrial processes but continues to be deposited by the protection of the small island 

situated just in front of the Megalo Kavouri Bay. In the underwater part northeast and southwest of 

the islet spotted submerged sandy barrier whose creation is related to the action of the coastal current, 

ie the redistribution of the sandy sediments. Shoreline retreat is observed in the northern and 

southern parts of the Megalo Kavouri Bay, by erosive features such as coastal caves, cliffs more 

than 40 degrees with sediment etc. (figure 4). In these parts are outcrops of the "Lower Marble" 

associated with conglomerates and schist (Lepsius, 1893; Papakis et al., 1959; Katsikatsos et al., 

1976; Katsavria et al., 1996). In the southern part, there are coastal cliffs with or without sedimentary 

talus produced by toe failure of the soft-rock slopes. At the southern and western ends of the study 

area, cliffs occur with gradients over 40 degrees. Among the jetties in the southeastern part of the 

study area, coastal cliffs with pebbles and coarse-grained debris are observed. In the underwater the 

seafloor has gentle gradients, much lower than those detected on the terrestrial relief. Also 

beachrocks can be observed at a depth of 1.20 m, and submerged shore platforms at 1.80 m and 2.40 

m, which could be considered as paleo-shorelines. In this area, the sediment of the seabed is mainly 

composed by fine-grained sands and fine-grained pebbles. 

4. Discussion-Conclusion 

According to the theoretical eustatic-isostatic model of Lambeck and Purcell (2005) as well as 

datings measured on material derived from Zea and Mounichia bays (located in the Piraeus 

peninsula) (Pavlopoulos et al., 2011), the sea level during the Classical / Hellenistic period (~ 2400 

cal y BP) was 1.6 m below its present position (Figure 6). The paleo-shoreline might be located in 

a distance of 10-85 m offshore the present shoreline. Nowadays the Classial / Hellenistic paleo-

shoreline can be buried under recent sediments in the central part of the research area, and therefore 

it is not easily detectable. Conversely, in the rest parts of the bay, it is probably at its initial position, 

since no erosion or deposition occurs. 

 

Figure 5 - Comparison of the Sea level curves for the study area. 
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Figure 4 - Geomorphological map, DEM and Slope map of the study area. 
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Figure 6 - The contour line of -1,5 m, where the coastline was situated, according to the 

model of Lambeck et al. (2005), Pavlopoulos et al. (2011), along with EFA unpublished data, 

around 2400 yBP. 

The submarine sedimentary basin located in front of two small jetties in the southwestern part of the 

study area could be presumably used for mooring or anchoring during the Classical / Hellenistic 

period, since it is well protected by strong winds and high waves. In addition its bedrock consists of 

sandy material. 

Although submarine survey has not discovered any distinctive geometric target (e.g., building 

foundations, port facilities, shipwrecks, etc.), there are some findings, such as potsherd which 

indicate human activities. 
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From the coastal and the submarine geomorphological survey, superficial geometric targets (eg 

buildings bases, port facilities, shipwrecks, etc.) have not been identified. However, due to the 

geomorphological conformation of the basin located in front of the modern jetties, and the large 

number of broken pottery remains (found from the free diving geomorphological investigation) 

located in the southwestern part of the study area, as well as the mild hydrodynamic conditions 

prevailing there (protection from strong winds and high waves) make the most suitable spot for a 

harbour or anchorage. 
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Abstract 

In 2011 and the first half of 2012 Santorini experienced its first seismo-volcanic unrest 

since 1950, as detected by the permanently installed monitoring networks and a large 

number of campaign measurements. The unrest was characterized by small magnitude 

but intense seismic activity, significant uplift and inflation deformation rates, and 

changes of water temperature as well as of fluid and soil gases. While the unrest ended 

in the spring of 2012, the world-wide interest led to the performance of several studies, 

in an attempt to assess the possible scenarios for the unrest evolution. Within this 

framework, we summarize the most important findings regarding the volcanic hazard 

assessment of the broader Santorini volcanic complex, as well as the constraints that 

need to be taken into account for a possible future volcanic crisis management. 

Keywords: Santorini, volcanic hazard, seismo-volcanic unrest. 

Περίληψη 

Το 2011 και το πρώτο εξάμηνο του 2012 η Σαντορίνη γνώρισε την πρώτη σεισμο-

ηφαιστειακή κρίση από το 1950, όπως αυτή ανιχνεύθηκε από τα μόνιμα εγκατεστημένα 

δίκτυα παρακολούθησης και ένα μεγάλο αριθμό παροδικών μετρήσεων. Η διέγερση 

αυτή χαρακτηρίστηκε από μικρού μεγέθους, αλλά έντονη σεισμική δραστηριότητα, 

σημαντική ανύψωση και διόγκωση του νησιού, αλλαγές της θερμοκρασίας του νερού 

και των γεωχημικών αερίων. Ενώ η διέγερση έληξε την άνοιξη του 2012, το παγκόσμιο 

ενδιαφέρον οδήγησε στην εκπόνηση αρκετών μελετών, σε μια προσπάθεια να 

αξιολογηθούν τα πιθανά σενάρια για την εξέλιξη της διέγερσης. Στο πλαίσιο αυτό, 

συνοψίζουμε τα σημαντικότερα ευρήματα σχετικά με την επικινδυνότητα του ευρύτερου 

ηφαιστειακού συγκροτήματος της Σαντορίνης, καθώς και τις πληροφορίες που πρέπει 

να ληφθούν υπόψη για τη διαχείριση μιας πιθανής μελλοντικής ηφαιστειακής κρίσης. 

Λέξεις κλειδιά: Σαντορίνη, ηφαιστειακή επικινδυνότητα, σεισμο-ηφαιστειακή κρίση. 
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1. Introduction 

Between 20 January 2011 and March 2012, the Volcano of Santorini (Fig. 1) experienced a state of 

unrest, the first such period detected since the last eruptive activity in 1950 (Fig. 2). The ISMOSAV 

monitoring network recorded changes in the monitored parameters (seismicity, topographic changes, 

thermal state, chemistry of the hot fluids and soil gases; Tassi et al., 2013), and campaign 

measurements also detected changes in soil gas fluxes and compositions (Parks et al., 2013; Rizzo 

et al., 2015). In addition, GPS networks (Newman et al., 2012) and satellite radar observations 

detected ground uplift at rates approaching 1 cm/month on parts of the Kameni islands (Parks et al., 

2012, 2015; Foumelis et al., 2013; Lagios et al., 2013), with higher (but unmeasured) uplift rates 

possibly occurring under water. 

 

Figure 1 - Schematic morphotectonic map of the Santorini island system. The two main 

volcano-tectonic lines (Kameni and Kolumbo) are presented with blue dashed lines. The 

main urban centres and intra-caldera bays/ports are also depicted with yellow and white 

circles, respectively. The volcanic centers where historical activity initiated, within the 

Kameni line, are also shown in the inset figure (yellow stars) Red dashed line delimit the 

submarine Kamenis edifice boundary. 

All of these changes exceeded the limits defining the background state of the Kamenis volcanic 

center, based on the monitoring network data for the last 20 years. Prior to 2011 background 

seismicity within the Santorini caldera had been very low and deformation was minor (Dimitriadis 

et al., 2005; Saltogianni and Stiros, 2012). Based on these marked changes starting January 2011, 

the Kameni islands volcanic center was assessed to be in the initial stage of the advisory phase 

(yellow color), as defined from the International Alert-Notification Systems for Volcanic Activity 

(Fearnley et al., 2012; Winson et al., 2014). It was also concluded by the National Scientific 
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Committee for the Monitoring of Santorini Volcano (NSCMVC) that: “…It is possible that the 

volcano will return back to its normal state after an unknown time period without an eruption 

occurring. It is also possible that the existing volcanic unrest will evolve into a reactivation of the 

Kamenis volcanic center…”. However, by spring 2012, all monitoring networks indicated that the 

volcano had returned to the previous background state of activity, an observation that was confirmed 

by geodetic measurements (Saltogianni et al., 2014; Parks et al., 2015). 

In the present work we review and summarize the most important issues related to the volcanic 

hazard assessment for the Santorini volcanic complex, as they have been adapted on the basis of the 

findings of the 2011-2012 unrest. 

 

Figure 2 - GPS displacements from 22 sites between 2010 and late August 2011 and the 

corresponding earthquakes (ML>1.0) along the Kameni line during the first-phase of the 

2011-2012 unrest (data from Newman et al., 2012 and Papazachos et al., 2012a). The 

proposed position of the Mogi source at the depth of ~4km is also shown with a yellow circle. 

2. The 2011-2012 unrest period  

The number of small-magnitude (M < 3.6) volcanotectonic earthquakes greatly increased during the 

15-month-long unrest period at depths of 1-6 km on a near-vertical 6 km-long plane along the 

Kameni line (Newman et al., 2012). The increased seismicity was accompanied by up to 10 cm 

inflation of the islands measured by GPS networks and by radar interferometry, corresponding to a 

modelled volume increase of about 10-20 million m3 at 3-6 km beneath the northern caldera basin 

(Newman et al., 2012; Parks et al., 2012; Papoutsis et al., 2013; Foumelis et al., 2013). Small 

increases in the fluxes of H2 and mantle-derived CO2 also occurred during the unrest (Parks et al., 

2013; Tassi et al., 2013). By combining measurements of δ13C and 222Rn, Parks et al., (2013) showed 
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that the CO2 liberated during the unrest was a mixture of deep-derived magmatic CO2 and CO2 

liberated by thermo-metamorphic breakdown of basement limestones. 

The changes in the chemical compositions of fumarolic gases on Nea Kameni were interpreted to 

reflect temperature increases in hydrothermal fluids, due to increased magmatic gas supply at depth 

(Tassi et al., 2013; Parks et al., 2013; Rizzo et al., 2015). The volume increase associated with 

deformation was attributed to intrusion of magma and associated fluids (Newman et al., 2012; Parks 

et al., 2012). Both volume and gas composition changes may also have been in part tectonic in origin 

due to stress accumulation on regional faults (Feullet, 2013) caused by flexuring of the caldera block 

and increasing rock permeability and hence gas emissions (Tassi et al., 2013). Input of new magma 

has been also proposed on the basis of He isotope ratios (Rizzo et al., 2015). Parks et al. (2015), used 

a 20-year record of GPS and Insar data to reveal a slow (~6 mm/y) subsidence of southern Nea Kameni 

between 1993 and 2010, followed by unrest-related inflation in 2011-2012. The subsidence was 

attributed to thermal contraction and ground loading due to the 1866-70 lavas. The 15 months of unrest 

inflation was modelled as a number of discrete pulses (Saltogianni et al., 2014; Parks et al., 2015). The 

total inflation volume equivalent to about 15% of the magma expected to have accumulated in the 

chamber since 1950 based on the past eruption rate of the Kamenis (Pyle and Elliot, 2006; Watts et al., 

2015; Johnston et al., 2015). However, it has to be born in mind that volumes estimated by Mogi 

models can differ from real volumes of intruded magma due to effects of complex pressure source 

geometry and magma compressibility. A volume related to a given inflation depends on assumptions 

of chamber size, pressure and elastic properties of the crust. Further inferences on volume of magma 

depend strongly on the proportion of exsolved compressible magmatic gas in the magma chamber 

(Huppert and Woods, 2002). In the extreme case if all the volume change is related to exsolved volatiles 

it is difficult to make any inferences about magma volume. 

It was considered urgent, at the beginning of the crisis, to construct the most probable scenarios of 

volcano reactivation, based on the past behavior of the volcano and available research results. These 

scenarios would enable estimation of volcanic, seismic and geotechnical hazards, as well as the 

assessment of the associated risks. On the basis of these data, Civil Defense Authorities could plan 

actions to undertake for the safety of Santorini inhabitants and visitors, to achieve the minimum 

disturbance of social and economic activity in the region in case of volcano reactivation. 

3. Volcanic Hazard Assessment 

For the volcanic hazard assessment four scenarios have been examined: 

1. The most catastrophic event that could be manifested in the area, (‘Highly improbable 

eruptive scenario’) 

2. The highest magnitude volcanic event likely to occur, sometimes called the maximum 

credible event (‘Worst-case eruptive scenario’) 

3. The volcanic event most likely to occur. (‘Most likely eruptive scenario’) 

4. A return to the repose state (‘Non-eruptive scenario’). 

1. Highly improbable eruptive scenario. The first possible event is a plinian eruption similar to the 

Minoan eruption of the early 17th century BCE (Sparks and Wilson, 1990; Druitt, 2014). About 

twelve large plinian eruptions have occurred during the last 360,000 years at Santorini, with a 

recurrence period of about 30,000 years (Druitt et al., 1999). As the time since the Minoan eruption 

is only 3,600 years, a similar eruption in the near future is considered to be highly improbable. In 

addition, the historical eruptions have been quite frequent, suggesting that the deep magmatic system 

is leaking magma gradually, with no build-up of the very large volumes of magma required for a 

Minoan style eruption. Recent work on the Minoan eruption (Druitt et al., 2012) suggests that the 

Minoan eruption was preceded by magma intrusion rates that were much higher (~0.05 km3/y for 

about a decade) than occurring at the present time (about 0.01 km3/y for only 15 months, based on 

observed inflation during the unrest period). 



278 

 

2. Worst-case eruptive scenario. The most intense volcanic event likely to occur today is a sub-plinian 

explosive eruption. Such an eruption would be expected to develop a plume height of about 8-12 km 

and to have duration of about 30 minutes. It could deposit a tephra layer with sufficient thickness up 

to 10 km downwind to cause roof collapse. Pyroclastic density currents might occur, and these would 

be extremely dangerous for caldera areas close to the Kameni islands. Sub-plinian eruptions are 

common at many active volcanoes. For example the Kolumbo 29-30/9/1650 explosive eruption has 

been estimated to have exhibited a similar intensity.  The geological record of Santorini also suggests 

that eruptions of this scale have occurred approximately once every few thousand years (Druitt et al., 

1999). Deposits from sub-plinian eruptions are common in the sequences of tephra accumulated 

between the major eruptions at Santorini, making it likely that the Kameni Volcano may produce such 

events in the future (although not necessarily in the near future). However, the recent historic eruptions 

of the Kameni islands have not manifested eruptions of this kind. The largest explosive event of 

Kameni in historic times is that of AD 726, which occurred at a vent near the Agios Nikolaos bay of 

Palea Kameni (Fytikas et al., 1990; Vougioukalakis 1994; Vougioukalakis and Fytikas 2005). This 

eruption deposited a pumice layer 40-60 cm thick on Palea Kameni, but only very near to the vent. No 

historical reports are known concerning effects on the people of Santorini, and no deposits from this 

eruption have been observed on the main islands of the archipelago. Not enough is known about the 

AD 726 eruption is establish that it was sub-Plinian in intensity. 

There is no evidence for a sub-plinian eruption occurring in the caldera since the Minoan eruption 

(1614 BC±25 years). However, the presence of sub-plinian tephra inter-stratified between deposits 

of the older plinian events, leads to the conclusion that a sub-plinian event has to be taken into 

consideration as a worst-case scenario for Civil Defense planning. The National Scientific 

Committee for the Monitoring of Santorini Volcano (NSCMVC) has adopted a similar scenario of 

a sub-plinian event for these purposes. 

3. Most likely eruptive scenario. The volcanic event most likely to occur is an intracaldera volcanic 

eruption of the Kameni centers similar to the historical eruptions (Fytikas et al., 1990; Vougioukalakis, 

1994; Vougioukalakis and Fytikas, 2005; Pyle and Elliott, 2006; Jenkins et al., 2015). The vents of all 

the historical submarine and subaerial eruptions are distributed along a NE-SW-trending zone, 2 km 

wide and 12 km long, known as the Kameni line. Future active volcanic vents are expected along this 

line. All historic volcanic events had precursory phenomena, like seismic events of 4-6 Mercalli 

intensity, slow subsidence of the vent area, intense thermal manifestations and chemical changes in the 

hot fluid composition and volume. When the vent was located in shallow sea floor or on the land, 

hydrothermal explosions also occurred.  The time interval between these precursors and the beginning 

of magma extrusion varied from a few weeks to a few months. 

Initial stages of a future eruption might evolve either slowly or rapidly. During the 1707-11 and 

1866-70 eruptions a first, slow ascent and extrusion of degassed magma occurred without any 

explosive activity for several weeks. During the 1925-26 and 1939-41 eruptions, explosive activity 

occurred during the first weeks of the eruption. Lava extruded at temperatures of 850-950oC. The 

feeding rate was estimated to be 0.5-3 m3/s, and the height of the growing lava dome was 30-70 m 

by the first week, 50-90 m by the first month, and 90-120 m in the final phase (Pyle and Elliott, 

2006). Explosive activity at Kameni varies between weak vulcanian and Sakurajima type (near-

continuous weak explosions and ash venting). Typical explosions have durations of 40-60 s, plume 

heights of 500 - 1000 m, and ballistic projectile ranges of 1 km. The largest explosions can last 2-3 

min, with plumes reaching 3200 m in height and ballistic projectiles reaching 2 km. There is also 

rhythmic explosive activity, with more than 60 events per minute, feeding continuously a plume that 

deposits ash across the Santorini islands.  SO2 is the dominant noxious volcanic gas during the first 

period of an eruption. In the later stages H2S prevails (Dakoronias, 1879). Effusive activity feeds 

lava flows from lava dome flank fissures, with lengths of 500 - 1000 m, advancing at about 3 m/h 

in the first stages and slowing down to 0.3 m/h in the late stages. 
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Active vents during each eruptive period are usually from 2 to 5, and are located along the Kameni 

line. They can be activated one after the other or contemporaneously. Their inter-distance varies 

from a few tens to a few hundred meters. Usually the active vents migrate to the NE-SW or N-S 

during the eruption. The time period during which volcanic centers remain active varies from a few 

weeks to a few years, with the total eruption lasting from 1 to 5 years. Based on the statistical analysis 

of the repose time periods, and the total duration of each historic eruption, a reactivation of Kameni 

centers could lead to an eruption that might last 2 to 3 years (Pyle and Elliot, 2006). 

The time-averaged magma eruption rate is estimated at about 1.3x106 m3 per year, taking into 

account the total time of edifice construction (3600 years) and the volume of the edifice (4.3 ± 0.7 

km3) (Johnston et al., 2015). We cannot estimate with precision if this eruption rate has been 

constant over the whole period of historic activity or has varied. The most accurate estimation of the 

magma volume produced is in the 1925-28 eruption, 100 x 106 m3. With a repose time of 55 years 

between 1870-1925, the magma production rate agrees approximately with the general estimate. If 

this is valid, we expect a present reactivation to produce 105 to 122 x 106 m3. If the present Mogi 

source models (14 - 20 x 106 m3) are caused by magma volume intrusion this volume corresponds 

to around 15% of the total volume to be erupted. However, compressibility effects can lead to major 

differences between ‘Mogi source’ volumes and intruded volumes (e.g. Rivalta and Segall, 2008; 

Huppert and Woods, 2002). Thus the apparently small volume change compared to the expected 

volume of accumulated magma associated with 61 years or repose cannot be used to infer that 2011-

2012 Santorini unrest is benign. 

4. Non- eruptive scenario. Another likely outcome of unrest at the Kameni centre is a simple return 

to the repose state, without any eruptive activity, as it has occurred during 2011-12. 

4. Reactivation scenarios – Plan proposals for NSCMVC 

In the case of a reactivation of the Kameni centres, an eruption similar to the 1925-28 is most likely. 

We describe the phenomena we expect to occur, and we list some possible actions to be undertaken 

by the NSCMVC. Some aspects of the rapid hazard and risk assessment for a future eruption are 

described in Jenkins et al. (2015) in which a scenario-based probabilistic assessment of ash and gas 

hazard is used to provide information to inform emergency planning. 

Precursory phase.  A phase of precursory geophysical and geochemical signals is expected at least 

several days before the volcanic activity onset. The most reliable increased likelihood indications of 

eruption, based on precursors of historical eruptions, are (Sparks, 2003; Phillipson et al., 2013): 

• Onset and increase of harmonic tremor 

• Exponentially increasing seismic energy release 

• Shallowing of hypocentres of seismicity and/or deformation pressure sources. 

• Increase in the rate of ground uplift 

• Subsidence around future vent sites 

• Increases in fumarole and hot spring discharges 

• Increases in H2S/SO2 and/or CO2/H output 

• Discolouring of water around future vent sites. 

The locations of precursors, and the measurements of the monitoring networks, will result in a first 

estimate of the location of any future active vents. The most likely location is on Nea Kameni, or in 

the shallow sea between Nea and Palea Kameni. 

During this phase, Civil Defence authorities may need to limit access to Nea and Palea Kameni, as 

well as to the surrounding sea, which might be subjected to hydrothermal explosions, violent steam 

releases, and/or ballistic projectiles from an eruption opening phase, as well as subsequent Vulcanian 

explosions. A Scientific Synthesis Group (SSG) of NSCMVC members, along with an international 

group of scientists, should be assembled on Santorini, in order to advise, support and help the local 

and Civil Defence authorities. There is also high probability of shallow seismic events; hence a 
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seismic hazard and risk assessment needs to be addressed. Preliminary analysis shows that intra-

caldera events could damage buildings and infrastructures, mostly in the Fira - Firostefani - 

Imerovigli area and along the caldera rim and cliffs due to topographic amplification phenomena 

(Papazachos et al., 2012b). It is also important to have an estimate of the geotechnical problems that 

might occur along the steep caldera cliffs. Landslides and detachments of large masses could trigger 

small tsunamis, which could threaten the intra-caldera coastline (Korfos, Riva, Amudi, Armeni, 

Gialos, Balos), as well as the port of Athinios (Fig.2). 

Eruptive phase. The first most likely eruptive event is the extrusion of degassed magma, the 

incipient construction of a lava dome and possibly accompanied by some weak to moderate intensity 

explosions. If the eruption then evolves rapidly, as it did in 1925, explosive activity could begin a 

few days, or even a few hours, after the appearance of lava. The SSG will need to use monitoring 

data to follow the evolution of the eruption, and propose a time when access to the Kameni islands 

should be prohibited. The area of limited or no access should be extended to the maximum expected 

ballistic projectiles distance (2000 m). The scientists will also need to monitor and predict the 

dispersal of volcanic ash and emissions of volcanic gas, building on the preliminary assessments in 

Jenkins et al. (2015). The scientists should be based at the volcano observatory. The observatory 

itself should be situated in northern Thira (region of Ia), which is upwind of the volcano (Jenkins et 

al., 2015), where appropriate communication facilities and power supplies exist, and where a direct 

view of the Kameni volcano is afforded. A power generator should be available in case of power 

supply problems. The site that best fits these requirements is the Ia desalination plan. The SSG 

should be continuously present on the island during the crisis period. As an eruption may last about 

2-4 years, measures and funding to guarantee the availability and presence of specialized scientists 

should be undertaken. Equipment to measure and monitor volcanic plumes for gas and ash should 

be available and operative. 

The main problems related to ash and gas dispersal will include: 

• The management of navigation in the caldera: The present position of the cruise boat 

anchorage will probably be in the area of prohibited access (explosion and ballistic risk area). 

Athinios port will be susceptible to ash fallout, gas pollution and geotechnical problems (rock falls, 

rock mass detachments, landslides and small tsunamis). It will become urgent to find an alternative 

port location. It should be noticed that the planning of 2 evacuation ports is currently realized, 

following the 2012-2012 unrest. 

• The airport might have to close at times due to ash on the ground and in flight path of 

aircraft. Measures to maintain the airport as open as possible will have to be taken including ash 

removal and forecasts of meteorological conditions, which affect the occurrence of ash in the 

atmosphere along flight paths. 

• Power generation and supply, telecommunication problems. The most prominent impact of 

power outage is the indirect effects on water supply due to pump and desalination plant failure. 

• Health effects and environmental impacts (destruction of vine cultivation, contamination 

of rain water cisterns etc.) due to ash fallout, SO2 pollution and acid rain. We note that SO2 and 

respirable ash concentrations may exceed World Health Organisation thresholds in periods which 

might last hours to days according to the analysis of Jenkins et al. (2015). 

Civil defence authorities will need to develop operational plans to face all of these emergencies and 

actions, and to inform the population effectively. Intense interest from the media and the public can 

be addressed by having a dedicated communications staff in the observatory. 

Eruption under the sea. In the case that the active vents are located under the sea, in the area 

between Palea and Nea Kameni, or between Nea Kameni and Gialos, the absence of direct 

observation will make monitoring more difficult. The expected turbidity of the water, and the danger 

of violent steam release, will impair attempts to monitor bathymetric changes by Oceanographic 

vessels and ROVs. The broader area around the vents should be of prohibited access for boats and 

ships due to the risk from submarine explosions and gas releases. Explosions underwater could 
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generate tsunami waves that could inundate settlements and ports at the base of the caldera cliffs. If 

the vents are located at depths high enough for water pressure to suppress explosive gas release, then 

the risk is low. If the composition of the magma feeding the new activity remains the same as in past 

historic activity (dacite), then also the hazard from water - magma interaction is estimated to be 

relatively low. 

Another minor hazard is the “haze”, acidic fumes generated by hot lava - sea water interaction. 

During historic intra-caldera activity, no problems related to this have been described. On the other 

hand, the presence of submarine historic centers between Nea Kameni and Gialos, with their 

summits as shallow as 40 m below sea level, raises the possibility of a submarine eruption in this 

area. In this case the area of Fira and the nearby caldera rim are at high risk. It is urgent to carry out 

a risk assessment for this scenario. 

Worse-case scenario. A risk assessment study and reliable scenarios are also urgently needed for a 

sub-plinian eruption, building on the preliminary study of Jenkins et al. (2015). In this case a partial 

evacuation plan may be needed. 

5. Recommendations - Conclusions 

The present repose period offers the opportunity for the scientific community, civil defence authority 

and local authorities to plan for a future eruption. Such plans should include: 

1. Comprehensive eruption-related hazard evaluations, including the modelling of different 

eruptive scenarios and their effects (ash production and dispersal, ballistic projection, etc.), 

modelling of tsunami generation, etc. 

2. Assessments of vulnerability and risk related to the range of unrest-related and eruption-

related phenomena, such as: 

a. The impact of seismic shaking on buildings and cliff stability; an estimation of the geotechnical 

problems resulting from the large number of constructions on the steep upper parts of the caldera 

cliffs would be particularly important. 

b. The impact of ash plumes on air traffic and airport. 

c. Health effects and environmental impacts (destruction of vine cultivation, contamination of rain 

water cisterns etc.) due to ash fallout and acid rains. 

d. The impact of marine exclusion zones on marine traffic. 

e. Power generation and supply, telecommunication problems. 

f. Impacts specific to the Athinios (main port) and Fira (main town) areas. 

3. Risk mitigation procedures, including people movement and (in the worst case scenario) 

partial evacuation of the islands from a port not threatened by an eruption (the case of Athinios). 

4. Simulations of the economic impact of an eruption on the island. 

5. Identification of a Scientific Synthesis Group (SSG) of NSCMVC members, and an 

international group of scientists, to be assembled on Santorini in order to advise, support and help 

the Civil Defence authorities in the event of crisis. 

6. Construction of a new volcano observatory. The observatory should be situated in northern 

Thira (region of Ia) due to its favourable position in respect to the dominant wind direction and 

expected ground motions from the Kameni line seismicity, near the caldera rim, having a direct view 

to the Kameni centres, with appropriate provisions for communication and uninterrupted power 

supply (e.g. Ia desalination plant). 

7. Putting into place public communication protocols. 

8. Implementing a public awareness education programme on Santorini. Public and mass 

media communication is crucial in any volcanic crisis, but is more crucial on Santorini, taking into 

account the role of the island in the tourist industry of the country. Communication should be done 

uniquely through the Santorini Committee for Monitoring Unrest. An information board and 
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structure, that guarantee rapid and clear information, which will be trusted by people and media, is 

indispensable. A programme of public education through talks, school visits, radio, internet, film 

products and television would be essential for informing people of volcanic phenomena and of the 

evolving situation. 
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Abstract 

The Geopark concept was introduced at late 90’s aiming to protect and promote Earth 

heritage sites through the sustainable local development of territories containing 

abiotic nature of significant value. 

The Global Geoparks Network (GGN) established in 2004 operates as an 

international platform of cooperation among Geoparks around the world The GGN 

includes 120 Geoparks in 33 countries working to protect Geological heritage and 

promote local sustainable development. 

The 38th UNESCO General Conference (November 2015) ratified the statutes of the 

new International Geoscience and Geoparks Programme and the UNESCO Global 

Geoparks Operational Guidelines, introducing the brand UNESCO Global Geopark 

as a label of excellence for areas that meet the criteria set by the above mentioned 

guidelines. 

In doing so, it has legally endorsed the new UNESCO label of “UNESCO Global 

Geopark" and the endorsement of all the existing 120 Global Geoparks to become 

UNESCO Global Geoparks with immediate effect. 

The UNESCO Global Geopark branding could strongly contribute to raising Earth 

Heritage sites visibility in the world and in high-quality public outreach on 

sustainable development linked to issues on geodiversity, the environment, 

geohazards, climate change and the sustainable use of natural resources. 

Keywords: Geological Heritage, management, geotourism, sustainable development. 

1. Introduction 

The Geopark concept was introduced at late 90’s following the declaration of the International 

Symposium on the Conservation of the Geological Heritage organized under the auspices of 

UNESCO in Digne France in 1991, aiming to protect and promote Earth heritage sites through the 

sustainable local development of territories containing abiotic nature of significant value. 

The Geoparks concept adds a new dimension to the 1972 World Heritage Convention by 

highlighting the potential for interaction between socio-economic and cultural development and the 

conservation of the natural environment. 

The European Geoparks Network (EGN) was the first network of Geoparks, established in 2000 by 

four European territories to address the strong need for effective management of important geosites 

and sustainable development of rural areas through the development of geotourism in Europe. 

The Global Geoparks Network (GGN) was established in 2004, under the umbrella of UNESCO 

and operates as an international network, providing a platform of cooperation among Geoparks, 

bringing together government agencies, non-governmental organizations, scientists and experts 

from all countries around the world in a unique worldwide partnership. The GGN includes 120 
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Geoparks in 33 countries working to protect Geological heritage and promote local sustainable 

development. 

The General Assembly of the GGN voted unanimously in September 2014 to establish themselves 

as a not-for-profit legal association which is now created and based in France. The GGN also agreed 

that the new association will donate a sum totaling no less than 1000 USD per Global Geopark to 

UNESCO annually to assist the Organization in capacity building activities for Global Geoparks. 

2. The Global Geoparks Network 

Thus the GGN, since September 2014, is a non-profit association subject to French legislation (the 

1901 law on associations) and a non-governmental organization maintaining formal relations with 

the United Nations Educational, Scientific and Cultural Organization (UNESCO). 

According to its statutes the GGN is the international organisation of the Global Geoparks and 

Global Geopark professionals which is committed to the conservation, management and 

communication to society of the Earth heritage as an integral part of the world's natural and cultural 

heritage, tangible and intangible. 

Global Geoparks are tools to conserve and enhance the value of areas of geological significance in 

Earth history, including landscapes and geological formations, which are key witnesses to the 

evolution of our planet and determinants for our future and to promote sustainable development for 

example through geo-tourism and education. 

2.1. Categories of Membership 

There are different categories of membership within GGN. 

1. Institutional Members - Global Geoparks. Participation in GGN is obligatory for all territories 

nominated as Global Geoparks. 

2. Individual Members - Global Geopark Professionals - Persons who have combined or proved 

professional experience in Global Geopark management. 

3. Honorary Members. 

4. Cooperating Members. 

2.2. Structure of the Global Geoparks Network 

The GGN structure according to its statutes composed as follows: 

1. General Assembly 

2. Executive Board 

3. Advisory Committee 

4. National Geopark Committees 

5. International Committees / Task Forces / Working groups 

6. International Conference on Geoparks 

7. Regional Geopark Networks 

8. Affiliated Organisations 

9. Operational Secretariat 

The GGN establishes ethical standards which must be adopted and respected by Global Geoparks 

and Global Geopark professionals. 
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The GGN organises co-operation and mutual assistance between Global Geoparks and between 

Global Geopark professionals. 

The GGN initiates and co-ordinates Regional Geoparks Networks which will foster international co-

operation and promotion of sustainable development. 

The GGN represents, advances, and disseminates knowledge in Geodiversity management and other 

disciplines related to studies in Geo-conservation, Geo-tourism, Geo-education and/or the 

management and activities of Global Geoparks. 

2.3. Regional Networks 

Recognising the very strong role networking has played in the success of the Global  Geoparks 

movement and recognizing the valuable role it plays in facilitating the sharing of experience, 

formation of joint initiatives and projects and the highly significant role it plays in capacity-building, 

the GGN will encourage the strengthening of Regional Geopark Networks. 

Regional Geopark Networks include GGN members at a regional or continental level. 

Regional Geopark Networks serve for the coordination of GGN activities at a regional or continental 

level and as fora for the exchange of information and co-operation between Global Geoparks and 

Global Geopark professionals in the region. 

The activities of Regional Geopark Networks include the organisation of Regional Geopark 

Conferences, workshops and seminars, capacity building activities, common projects, promotional 

activities and common publications. 

Each Geopark Network forms a Coordination Commission which is the governing body of the 

Regional Network and elects two Coordinators and an Advisory Committee according to the 

Regional Geopark Network Rules of operation. 

3. Global Geoparks Network and UNESCO 

Since the creation of the GGN in 2004, Global Geoparks have gained momentum and their 

achievements have attracted the attention of an increasing number of Member States. Global 

Geopark activities have been part of the UNESCO work plan since 2001 and, since 2004, UNESCO 

has offered ad-hoc support to Global Geoparks upon requests from individual Member States. 

However, the role of UNESCO in supporting the worldwide activities is limited and ‘Geoparks’ are 

not a programme of UNESCO per se. 

Following the decisions of the 36th and 37th sessions of the UNESCO General Conference the ExB 

formed a Working Group on Geoparks held since 2013 with Member States, National Commissions, 

the Global Geoparks Network (GGN), and the International Union of Geological Sciences (IUGS). 

The outcome of seven meetings of the Working Group on Geoparks proposed the parameters of 

possible UNESCO Global Geopark activities within an International Geoscience and Geoparks 

Programme (IGGP). 

On November 17th the 38th UNESCO General Conference ratified the statutes of the new 

International Geoscience and Geoparks Programme and the UNESCO Global Geoparks Operational 

Guidelines, introducing the brand UNESCO Global Geopark as a label of excellence for areas that 

meet the criteria set by the above mentioned guidelines. 

In doing so, it has legally endorsed the new UNESCO label of “UNESCO Global Geopark" and the 

endorsement of all the existing 120 Global Geoparks to become UNESCO Global Geoparks with 

immediate effect. 

The UNESCO Global Geopark branding could strongly contribute to raising UNESCO's visibility 

in the world and allow UNESCO to take the lead in high-quality public outreach on sustainable 

development linked to issues on geodiversity, the environment, geohazards, climate change and the 
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sustainable use of natural resources. Moreover, it has been identified that this branding could also 

be of clear advantage for the development of Global Geoparks in those regions where none currently 

exist and for the Secretariat’s fundraising scheme which will be the main source to assist countries 

in the development of Global Geoparks. 

4. Criteria for UNESCO GLOBAL GEOPARKS 

i. UNESCO Global Geoparks must be single, unified geographical areas where sites and 

landscapes of international geological significance are managed with a holistic concept of 

protection, education and sustainable development. A UNESCO Global Geopark must have 

a clearly defined border, be of adequate size to fulfil its functions and with geological 

heritage of international significance as independently verified by scientific professionals. 

ii. UNESCO Global Geoparks should use that heritage, in connection with all other aspects of 

that area’s natural and cultural heritage, to promote awareness of key issues facing society 

in the context of the dynamic planet we all live on, in particular to increase knowledge and 

understanding of: geohazards; climate change; the need for the sustainable use of Earth’s 

natural resources; and the empowerment of indigenous peoples. 

iii. UNESCO Global Geoparks should be areas with a management body having legal 

personality recognised under national legislation. The management bodies should be 

appropriately equipped to adequately address the area of the UNESCO Global Geopark in 

its entirety. 

iv. In the case where an applying area overlaps with another UNESCO designated site, such 

as World Heritage Site or Biosphere Reserve, the request must be clearly justified and 

evidence must provided for how UNESCO Global Geopark status will add value by being 

both independently branded and in synergy with the other designations. 

v. UNESCO Global Geoparks should actively involve local communities and indigenous 

peoples as key stakeholders in the Geopark. In partnership with local communities, a co-

management plan needs to be drafted and implemented that provides for the social and 

economic needs of local populations, protects the landscape in which they live and 

conserves their cultural identity. It is recommended that all relevant local and regional 

actors and authorities be represented in the management of a UNESCO Global Geopark. 

Local and indigenous knowledge, practice and management systems, should be included, 

alongside science, in the planning and management of the area. 

vi. UNESCO Global Geoparks are encouraged to share their experience and advice and to 

undertake joint projects within the GGN. Membership of GGN is obligatory. 

vii. A UNESCO Global Geopark must respect local and national laws relating to the protection 

of geological heritage. The defining geological heritage sites within a UNESCO Global 

Geopark must be legally protected in advance of any application. At the same time, a 

UNESCO Global Geopark should be used as leverage for promoting the protection of 

geological heritage locally and nationally. The management body must not participate 

directly in the sale of geological objects such as fossils, minerals, polished rocks and 

ornamental rocks of the type normally found in so-called rock-shops within the UNESCO 

Global Geopark (regardless of their origin) and should actively discourage unsustainable 

trade in geological materials as a whole. Where clearly justified as a responsible activity 

and as part of delivering the most effective and sustainable means of site management, it 

may permit sustainable collecting of geological materials for scientific and educational 

purposes from naturally renewable sites within the UNESCO Global Geopark. Trade of 

geological materials based on such a system may be tolerated in exceptional circumstances, 

provided it is clearly and publicly explained, justified and monitored as the best option for 

the Geopark in relation to local circumstances. Such circumstances will be subject to 

approval by the UNESCO Global Geoparks Council on a case by case basis. 
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5. Structure of the UNESCO GLOBAL GEOPARKS 

5.1. UNESCO Global Geoparks Council 

The Council is the decision-

making body for new UNESCO Global Geopark applications and revalidations and it is responsibl

e for advising the Director-

General on the strategy planning and implementation of the Global Geoparks activity of the IGGP.

 The Council is composed of twelve ordinary members, with the right to vote, who are individuals 

appointed by the Director-General of UNESCO on recommendation of GGN and Member States. I

n addition, the Director-General of UNESCO, the President of GGN, the Secretary-General of IU

GS, the Director-General of IUCN or their representatives shall be ex officio members of the Coun

cil without the right to vote. 

Ordinary Members appointed to the Council shall be high-profile experts chosen for their proven e

xperience, scientific or professional qualification in relevant fields, taking into account an equitabl

e geographical distribution and gender equality. Ordinary Members will serve in their personal 

capacity, not as representatives of their respective states or any other affiliated entities. Council 

members will have to agree in writing that they will abstain in cases of conflict of interest 

regarding new UNESCO Global Geopark applications or those requiring revalidation. 

5.2. UNESCO Global Geoparks Bureau 

The Bureau will consist of five members: the Chairperson, the Vice-Chairperson and the Rapporte

ur of the Council of the UNESCO Global Geoparks. The Director-General of UNESCO and the Pr

esident of the Global Geoparks Network (GGN) or their representatives shall be ex officio member

s of the Bureau without the right to vote. 

Its main duty, will be to prepare with the secretariat the necessary documentation for the Executive 

Board of UNESCO to provide a final endorsement of new UNESCO Global Geopark nominations 

based on decisions of the Council. The UNESCO Global Geoparks Bureau will hold joint 

coordination meetings with the Bureau of the International Geoscience Cooperation Projects 

(IGCP). 

5.3. UNESCO Global Geoparks Evaluation Team 

UNESCO Global Geoparks will be evaluated - both during the initial application and during 

revalidation - by an independent team composed of desk-top advisors and field evaluators. 

The UNESO Secretariat in conjunction with the GGN will establish and maintain a roster of field 

evaluators who will undertake field evaluations of new applications for aspiring UNESCO Global 

Geoparks. These field evaluators will have combined and proven professional experience relevant 

for geopark development (geological heritage, conservation, sustainable development, tourism 

development and promotion, and environmental issues). These field evaluators will also conduct 

revalidation missions. 

Evaluators for UNESCO Global Geoparks must follow strict guidelines provided by the Council for 

new application and revalidation missions. These evaluators will serve in their personal capacity, 

not as representatives of their respective states or any other affiliated entities. GGN will be required 

to ensure that field evaluators have no conflict of interest regarding new UNESCO Global Geopark 

applications or those requiring revalidation. Evaluators will not seek or accept instructions from 

governments or other authorities and will not conduct missions in their own country. If any National 

Geopark Committee seeks to observe an evaluation or revalidation mission, it will be fully up to the 

field evaluators which observations and information provided they will include into their final 

reports. They are expected to submit their reports to UNESCO in a timely manner. Field evaluators 

will not have the status of “experts on mission” pursuant to the Convention on the Privileges and 

Immunities of the United Nations of 1946. 
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6. National Geopark Committees 

Member States should play an active role in the development of their UNESCO Global Geoparks. 

As such, and only if the Member State wishes to do so, the creation of a National Geopark 

Committee is recommended. These 'National Committees' could be named differently, for example, 

National Forum, National Task Force or Task Group. These committees may be created by the 

competent entity in charge of Geoparks in that Member State. The committees must be recognised 

by that Member State’s National Commission for UNESCO or the relevant Government body in 

charge of relations with UNESCO. 

Its work at national level may consist of: 

 Coordinating the national contribution to UNESCO Global Geoparks within the IGGP; 

 Identifying the geological heritage and raising public awareness of its importance; 

 Promoting the development of new UNESCO Global Geoparks, assessing and endorsing 

applications and revalidations; 

 Observing any evaluation or revalidation mission in that Member State should they wish to; 

 Presenting to that Member State’s National Commission for UNESCO or the relevant 

Government body in charge of relations with UNESCO all UNESCO Global Geopark 

applications, which will then be forwarded to UNESCO. 

 Ensuring the proper withdrawal of the area as a UNESCO Global Geopark within the IGGP, 

should the area so wishes or should they fail the revalidation process;  

 Promoting international cooperation between UNESCO Global Geoparks; 

 Providing information at the national level about the global and regional networks of 

UNESCO Global Geoparks; 

 Initiating and supporting strategies and actions for sustainable development in and among 

UNESCO Global Geoparks; 

The UNESCO Secretariat will liaise closely with National Geopark Committees and Member State’s 

National Commission for UNESCO or the relevant Government body in charge of relations with 

UNESCO at all stages during the evaluation and revalidation processes of aspiring and existing 

UNESCO Global Geoparks. 

All applications and revalidations must be accompanied by a letter of support from the National 

Commission for UNESCO or the relevant government body in change of relations with UNESCO. 

7. Application Procedure 

An aspiring Global Geopark can apply to UNESCO for designation through a rigorous procedure, 

the precise details and deadlines of which are available on the UNESCO website. 

Ahead of any formal application, any aspiring UNESCO Global Geopark should submit an 

expression of interest via the official channel as defined by the National Commission for UNESCO 

or the government body in charge of relations with UNESCO, involving, if applicable, the National 

Geoparks Committee. 

A comprehensive and carefully formatted application dossier (including supporting material to 

demonstrate that the area has already been functioning as a de facto Global Geopark for at least one 

year) should be submitted through the official channel as defined by the National Commission for 

UNESCO or the Government body in charge of relations with UNESCO to the UNESCO Secretariat 

involving, if applicable, the National Geoparks Committee. This should be accompanied by an 

explicit endorsement of any relevant local and regional authorities and a letter of support from the 

National Commission for UNESCO or the Government body in charge of relations with UNESCO. 
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The UNESCO Secretariat shall involve the main national contact point in all communication with 

the aspiring Global Geopark, including the findings of the field evaluation mission, the outcome of 

the decisions of the Council, and the endorsement by the UNESCO Executive Board. 

In order to ensure a balanced geographical representation of UNESCO Global Geoparks, the number 

of “active” applications is limited to two per Member State. An application is considered “active” 

upon receipt of the dossier by the UNESCO Secretariat and ceases to be active once a final decision 

is made regarding its designation as a UNESCO Global Geopark, or if the application is suspended. 

Only applications from UNESCO Member States will be considered for designation as a UNESCO 

Global Geopark. 

8. Global Geoparks Activities 

The GGN mission is to influence, encourage and assist local societies all over the world to conserve 

the integrity and diversity of abiotic and biotic nature, to ensure that any use of natural resources is 

equitable and sustainable and to support economic and cultural development of local communities 

through the valorisation of their unique heritage and identity. 

A broad range of activities combines the main components for the operation of each Geopark, 

including scientific research, inventory of geological sites, protection and conservation of geological 

heritage, operation of open air parks, thematic museums and interpretation centers, interpretation 

and promotion of geological sites, organization of scientific and cultural events. 

Geoparks also promote themselves as ideal destinations for geotourism and educational activities. 

Main target group for educational activities in Geoparks are schoolchildren and University students, 

while geo-tourism in a form of tourism that sustains, or even enhances, the identity of a place, such 

as its environment, culture, heritage, and the well-being of its residents. 

Through Geoparks operation important geological sites gain worldwide recognition and benefit 

through the exchange of knowledge, expertise, experience and staff among Geoparks. 

During the last years Geoparks following the provisions of their management plan implemented a range 

of activities aimed at the further improvement of its infrastructure, services, activities and promotion. 

The results of the implementation of the management plan have been a significant increase in the number 

of visitors, the enrichment of their offer and services to visitors and improvement of their operation. 

9. Global Geoparks and Local Development 

An important component of the Geopark management plan is the support of the local economy. 

Geoparks create links with local tourist enterprises, restaurants and small hotels in order to provide 

the necessary infrastructure to meet the needs of the increasing number of park visitors. The majority 

of visits to the Geopark occur during the summer period (July - September), but the aim is to extend 

the visiting period to the spring and autumn seasons. 

Geoparks can present impressive results in this field. In some cases the number of “Bed and 

Breakfast” accommodations has doubled over the last few years in order to meet the increasing 

demand. More importantly, visitors have increased the duration of their visit to the Geopark area. 

As a result many new enterprises are connected with the activities of the Geopark. 

The Geopark also supports the making of local handicrafts such as the production of fossil casts and 

souvenirs by local enterprises. These items are on sale in the Geopark shop along with a variety of 

other locally made products and the Geopark promotes these products to its visitors. 

Geoparks also collaborates closely with women’s agrotouristic cooperatives and local organic food 

producers to offer their visitors the opportunity to taste and buy local food products (pasta, organic 

vegetables, wine, liquors, traditional sweets and marmalades etc.). The catering for all Geopark 

http://en.wikipedia.org/wiki/Social_environment
http://en.wikipedia.org/wiki/Culture
http://en.wikipedia.org/wiki/Natural_heritage
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events (conferences, meetings etc.) is supplied using the local traditional food. The Geoparks 

organize Agro-touristic festivals, which promotes quality local products, food and drinks. The event 

brings local producers and potential customers together. In this way Geopark visitors experience not 

only the rich natural heritage of the area and sites of high ecological and aesthetic value, but also the 

culture, tradition, and local production of the region. The Women’s agrotouristic cooperative found 

that this festival provided them with an excellent opportunity to promote their products and their 

success lead to the creation of similar cooperatives in other villages 

Geoparks contribute significantly to territorial development by directly and indirectly creating new 

jobs. But what is even more important for the employment in the area is the number of other job 

opportunities which are created in tourist enterprises, small hotels, guest houses, restaurants and 

other activities connected with the increase of tourist flow in the Geopark area. 

Several other local artisans, such as makers of handicrafts and ceramic fossil casts, carpenters, and 

blacksmiths, are permanent collaborators with the Geopark. 

10. Global Geopark Networking 

Geoparks continuously seek for international cooperation with other partners on common interests. 

Such cooperation facilitates the development and transfer of new methodologies and approaches for 

the management of Natural parks and Geoparks through linking biotic and abiotic factors, landscape 

and cultural heritage in nature conservation strategies and action plans, sharing of know-how and 

new approaches to improve landscape interpretation, sensitisation and understanding of natural 

heritage issues, and the development of educational and touristic activities. 

Cooperation results are positive and help Geoparks reach an effective management strategy and a 

high level of services and infrastructure. 

The results of its operation prove the potential of the Geoparks across the globe to be powerful new 

tools for holistic nature conservation and sustainable rural development through geotourism. 
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Abstract 

The aim of the present study is to investigate the sedimentological characteristics of 

Lake Koronia down to a depth of 3.5m below lake bottom. Sampling operations took 

advandage of a season that the lake bottom was exposed to subaerial conditions. The 

sedimentological analysis proved that sediments consist of mud to sandy mud, with 2 

phases of very fine sand fractions. The proportion of dry organic matter contained 

into sediment, appears to be generally small while the rates of moisture and volatiles 

are relatively high. Furthermore, this study examines the distribution of ostracod 

populations in the sediments of the lake in relation to depth, grain size and other 

environmental conditions of this water body. Four ostracod species were identified: 

Candona neglecta, Darwinula stevensoni, Heterocypris spp. and Limnocythere 

inopinata. The study of freshwater ostracods provides information for the 

palaeoecological/palaeoenvironmental conditions during the sedimentation. 

Keywords: Freshwater environment, grain size analysis, Ostracods. 

Περίληψη 

Σκοπός της παρούσας μελέτης είναι η διερεύνηση των ιζηματολογικών 

χαρακτηριστικών της λίμνης Κορώνειας από τον πυθμένα έως το βάθος των 3,5 m. Η 

δειγματοληψία των ιζημάτων πραγματοποιήθηκε σε μια περίοδο που ο πυθμένας της 

λίμνης ήταν εκτεθειμένος σε χερσαίο περιβάλλον για μεγάλο χρονικό διάστημα. Η 

ιζηματολογική μελέτη έδειξε ότι τα ιζήματα αποτελούνται από ιλύ έως αμμούχο ιλύ. Η 

αναλογία της οργανικής ύλης επί ξηρού που περιέχεται στα ιζήματα, φαίνεται να είναι 

γενικά μικρή, ενώ τα ποσοστά υγρασίας και τα πτητικά είναι σε υψηλά επίπεδα. 

Επιπλέον, μελετήθηκαν τα οστρακώδη που περιέχονταν στα δείγματα ως προς την 

κατανομή των πληθυσμών τους σε σχέση με το βάθος, το μέγεθος των κόκκων και άλλες 

περιβαλλοντικές συνθήκες. Προσδιορίστηκαν τέσσερα είδη: Candona neglecta, 

Darwinula stevensoni, Heterocypris spp. και Limnocythere inopinata. Η μελέτη των 

οστρακωδών παρείχε πληροφορίες για τις παλαιοοικολογικές / παλαιοπεριβαλλοντικές 

συνθήκες που επικρατούσαν κατά την απόθεση των ιζημάτων. 

Λέξεις κλειδιά: Περιβάλλον γλυκού νερού, κοκκομετρική ανάλυση, Οστρακώδη. 

1. Introduction 

Lake Koronia occupies the western lowland area of Mygdonia Basin where a complex system of 

wetlands exists, protected under RAMSAR convention and included in Natura 2000 network. 

(Mitraki et al., 2004). However, the lake is now considered as one of the most downgraded wetlands 
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in Greece. During the recent years, the lake faced intense environmental problems and was heading 

to total drying out. Before the starting period of the large water loss (~1985), the surface of the lake 

was about 45-49km2 and ranked (in terms of range) as the 4th largest lake in Greece (Mylopoulos et 

al., 2007). The downgrade, except of quantitative is also qualitative, as the wastewater from 

industrial activities and sewage from Lagadas town drained straight into the lake. By the late 1980s, 

Lake Koronia had an active commercial fishery, but this became no longer sustainable because of 

the progressive decline of the water level (Economidis et al., 1988; Fotis et al., 1992). Towards the 

end of 2014 and during 2015, heavy rains increased the lake water level. As a result, water reached 

up to 2m. According to measurements of the “Management Entity of Lakes Koronia-Volvi”, 

(responsible for observation, protection and management of the National Park of Koronia-Volvi and 

Macedonian Tempe), the water covered areas where in previous years there was no water existence 

(http://www.foreaskv.gr/). The aim of the present study is to investigate the sedimentological 

characteristics of Lake Koronia until a depth of 3.5m below lake bottom. Sampling operations were 

performed at a time that lake bottom exposed to subaerial conditions for enough time that fieldwork 

was possible in an area where old maps indicate a depth of 5.5m. The knowledge of the 

sedimentological characteristics is essential for the dealing of the environmental problems this 

region suffers from. Furthermore, this study examines the distribution of ostracod populations in the 

sediments of the lake in relation to depth, grain size and other environmental conditions of this water 

body. Studies about freshwater ostracods are crucial in order to provide information for 

palaeoecological/ palaeoenvironmental analysis due to the establishment of ostracod habit patterns. 

2. Study Area 

Koronia Lake (latitude 40o41’, longitude 23o08’) is located a few kilometres northeast of the city of 

Thessaloniki. The lake has an oval shape and shallow water depth. It is considered, along with Lake 

Volvi, as the two remnants of an old Tertiary lake (Lake Mygdonia) of tectonic origin (Psilovikos, 

1977). Tectonic origin lakes often have an elongated shape, steep cliffs and are quite deep. Since 

they are formed by earth’s surface deformation, they are related to existence of normal faults, like 

in the study in question (Vouvalidis, 2011). Mygdonia Lake drained through Rechios gorge and 

gradually, deepening the gorge, drained completely to Srymonikos bay, leaving the two deepest 

regions occupied by the recent Koronia and Volvi lakes (Psilovikos, 1977). Koronia, until 1970 had 

a maximum water depth of 8m, an altitude of its surface at 75m and it was approximately 38m higher 

than Volvi Lake (Psilovikos, 1977). In terms of geomorphological and anthropogenic influence the 

region can be distinguished into a natural and an anthropogenic state. During the natural state, there 

was no surficial communication between Koronia and Volvi. The situation changed during 1930-

1940, by the opening of the artificial drainage trench (trench Derveni) in order for new cultivation 

lands to be created (Zalidis et al., 2004). The main streams that discharge into Lake Koronia are: 

Bogdanas stream (that drains the area south of Lahanas and flows west of the lake), Kolchiko stream 

(that drains the Ossi-Krioneri-Kolchiko areas and flows north of the lake) and Agia Paraskevi-

Platanaras stream (draining the Adramerio-Vasiloudi-Gerakarou-NE Hortiatis areas and flows 

southeast of the lake). The streams erode fluvial and old lake sediments, and transported large 

quantities loads into the lake, resulting in gradual silting of the lake, (Psilovikos, 1977). After 1990 

due to malpractice in water usage Koronia Lake drops dramatically its surface altitude with depths 

fluctuating from 0.8m up to 2.5-3m, depending on the hydrological year (Zalidis et al., 2004). The 

dramatic recent reduction in the ‘sediment accommodation space’ might intensify sedimentation 

process that already had been observed by Psilovikos (1977). 

3. Methods 

3.1. Borehole data and sampling 

The coordinates of the drilling were 40o41’45.4” N, 23o11’08.8”E and the reception was conducted 

by portable satellite GPS (Figure 1, Figure 2). The elevation above MSL (Mean Sea Level) was 71m 

http://www.foreaskv.gr/
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according to personal discussions with scientists from “Management Entity of Lakes Koronia-

Volvi”). 

 

Figure 1 - Elevation map of Koronia, based on the map of GMS (Geographical Military 

Service) 1:50.000 (sheet of Thermi, March 1982), Coordinate System: WGS 1984 UTM, 

Zone: 34N, Projection: Transverse Mercator. 

The sampling operation took advantage of a period that most of the Lake Koronia bottom was exposed 

and under subaerial conditions during all summer and early autumn of 2014. Mud-cracks were formed 

on the lake bottom, dry enough for a person to step on them without sinking into the underlying mud. 

A limitation was the weight of the sampling equipment, (because it had to be curried manually) since 

the mud-cracks had a mean diameter of 50-70cm, with gaps between them of 15cm, reaching a depth 

of 40-70cm. A test with a hand-held penetrometer showed that a sampling depth of 3.5m was 

achievable by pushing manually the sampler in the bottom. Special drilling equipment like 

vibracoring device was excluded, not only because of the transportation problems but also because 

the vibrations might cause liquidification of the soft and watery underling sediments, risking 

personnel and equipment to sink into the mud. Therefore a special sampling method was designed 

by the authors. An apparatus was constructed at the Department of Physical and Environmental 

Geography, Aristotle University of Thessaloniki, in order to ensure the sediment entering into the 

sampling cores at the right depths. After some field tests, it was realized that only 0.5m of watery 

sediment could be penetrate into a plastic tube sampler without distortion. Hence core samplers of 

3.5 cm diameter PVC tubes were constructed, with a rubber valve fitted on the upper part of the 

tube, in order the air to come out as the sediment was pushed in. The valve had to close at retrieval, 

to prevent sediment come out by suction power. Each sampler attached to 1m steel rods extendable 

by securing one to the end of the other. A maximum of 3 steel rods were used, making a maximum 

of 3m length. In order to drive the sampler to appropriate depth, several tube-guides of 0.5m 

difference were constructed by 5cm diameter PVC tubes. Each of those tubes had a special head that 

was closing the deepest end and an apparatus to open it, when the appropriate depth was reached. 

The sampling procedure was to push 6 tube-guides (0.5m, 1.0m, 1.5m, 2.0m, 2,5m and 3.0m) into 

the sediments, of a 0.5m distance with each other. Then 6 sampling tubes were used, one for each 

depth, to achieve sampler cores from 0.5m-1.0m, 1.0m-1.5m etc. up to 3.0m-3.5m. Upon retrieval, 
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each core sampler was sealed with plastic membrane and transferred to the laboratory. Sediment 

extracted from the samplers in the laboratory, photographed, described, on the basis of texture and 

the sediment color was identified by Munsell Soil Color Chart. Afterwards, smaller sub-samples 

were collected at intervals, for further sedimentological and micropalaeontological analysis. In the 

majority of the samples, sediment retrieval was about 70%. The 30% loss was due to the conditions 

of the sediment. The presence of mud cracks, on the top sediment layer, along with the collapsed 

surface material into the cracks, made a mixed top layer. Therefore, was decided that sampling 0m-

0.40m would be no profitable, especially for micropalaeontological analysis. The method, despite 

the problem of 70% sediment retrieval in each 0,5m long sampler, ensures that each sample 

represents depths below the guide-tubes. Therefore the uncertainty of vertical position is 0,15m. 

 

Figure 2 - Sampling site 40o41’45.4” N, 23o11’08.8”E Lake Koronia. (Modified photo by A. 

Avramidis, K. Koukoumakas, 30/07/2014, http://www.vice.com/gr/read/limni-korwneia). 

3.2. Laboratory analysis 

Detailed analysis performed in the laboratory of sedimentology of the Department of Physical and 

Environmental Geography, Aristotle University of Thessaloniki, where organic matter content, mo

isture and volatile matter rates were calculated. For the determination procedure of the moisture rat

es and the volatile matter, the calculation had to be done immediately after sampling in order to av

oid losing moisture and volatiles through evaporation. This was an important factor for reducing th

e error rate. Each sample was weighed on a precision balance. Then, all samples were dried in an o

ven (90oC) and weighed (once again) for the purpose of calculating the weight of the moisture and 

volatiles which original samples contained and were lost (due to oven heat evaporation). For the de

termination of the organic matter, the hydrogen peroxide method was applied. According to this m

ethod, the organic matter of soils is converted to carbon dioxide by means of moist and dry combus

tion (Robinson, 1927). As soon as the soil with hydrogen peroxide H2O2 (Perhydrol) 30% was dige

sted, a certain loss of weight was observed. This loss represents the organic matter percentage that 

has been removed through the reaction. Once the chemical reaction diminished enough, (boiling he

lped to achieve that), the procedure was completed (for the calculation dry weight was used, before

 and after the chemical reaction) (Psilovikos and Psilovikos, 2010). Furthermore, it is known that o

rganic matter’s specific weight is less than 1.5 and that of aluminosilicate minerals is 2.6-2.7 (Mac
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Farlane, 1969). Consequently, it was necessary to calculate the specific weight of the sediments in 

order to verify that all organic matter had been successfully removed. 

3.2.1 Grain size analysis 

In this study, 7 samples from different horizons were analysed and determined according to the 

quantity of the fractions: sand, silt and clay. Therefore, a 0.063mm (4.0 φ) sieve was used to separate 

the sand particles by wet sieving. Finer particles (silts and clays) were analysed by the use of the 

pipette method, measuring weight percent of each sample (Folk, 1974). Sampling procedure evolved 

according to the following table (Table 1): 

Table 1 - Details about pipette method sampling. 

Diameter of Particle (mm) < 0.063 < 0.004 

Depth of Withdrawal (cm) 10 5 

Time of Withdrawal seconds min’/sec” 

Temperature (Celsius) ~23o 27 57’05” 

Grain size statistical analysis was processed using the graphical technique according to Shepard 

(1954), Folk (1956) and Folk et al. (1970). Basic sand, silt and clay percentages were plotted on 

equilateral triangular diagrams that according to USGS, allow simple presentation, classification 

and comparisons between the samples (http://pubs.usgs.gov/of/2000/of00-358/text/chapter1.htm). 

3.2.2 Faunal analysis 

A total of 37 samples were collected from the entire length of the core, of which 12 were selected 

for subsequent detailed Micropaleodological analysis. These samples selected from the core at a 

sequence of 4-5cm or thicker (7g dry weight), treated with H2O2 (Perhydrol) 30%, washed into a 

0.125mm (3.0 φ) sieve and dried in a 60oC oven. Ostracod shells were collected from the >0.125mm 

size fraction. Each sample was splited into smaller representative fractions, required to contain at 

least 300 ostracod shells. If the collection of the required number of shells was not feasible, the 

analysis to the total sample was applied. Microfauna have been identified under a stereoscope 

(JENA). A scanning electron microscope analysis (SEM Jeol JSM- 840A, AUTH - Faculty of 

Sciences) has been used for taxonomical and other purposes. The identification of ostracods was 

based on Holmes et al. (2002), Horne et al. (2012), Xiangzhong et al. (2010), Mischke et al. (2012) 

and Van Baak et al. (2012). Total ostracod fauna in each sample was collected and measured. 

Afterwards, the ostracod assemblages have been calculated as relative abundance. Density/gr was 

calculated as the total number of ostracod assemblages contained in 1gr of dry sediment. 

Furthermore, other indices as Taxa (S) and Dominance (D) were calculated using Past.exe 1.23 

software package (Hammer et al., 2001). 

4. Results- Discussion 

Results of grain size analysis showed that samples consist mainly of silt, clay and small rates of very 

fine sand (mud to sandy mud) (Figure 3, 4). From the stereoscopic examination of the finer fractions 

of sand, a significant number of ostracod shells was revealed (especially in sample 4 (1.98m- 

1.62m)). Apparently the sand fraction consist of two phases one allochthonus, consisting of very 

fine quartz and mica grains of fluvial origin with sizes from 3.5φ to 4.0φ and one autochthonous, 

consisting of biogenic origin ostracod cells with sizes 3.0φ to 3.5φ. The allochthonus phase of the 

sand fraction of sample 2 (2.78m- 2.66m) consists of very fine grains of mica and quartz, while 

sample 5 (1.48m- 1.20m) consists only of very fine grains quartz. The liquid phase and any organic 

volatile matter in the sediments, appear to be large, ranging from 37.2% to 53.63% of the total weight 

(Figure 4). If the weight proportion is converted to volume proportion then the dry sediment (density 

2.67) represents roughly 35% to 24% of the total volume of the wet sediments. The proportion of 



300 

 

dry organic matter contained into sediment, appears to be generally small (<2%) with an exception 

of the intermediate layer (sample 4, 1.98m-1.62m), as it contains 4% organic matter. 

Pertaining to faunal analysis, from the quantitative study, a total of 4 species were identified in Koronia 

borehole, represented by Candona neglecta, Darwinula stevensoni, Heterocypris spp. and 

Limnocythere inopinata in good state of preservation. In some cases L. inopinata is the dominant 

species constituting 100% of the fauna. In further analysis, at 3.67m-2.12m depth, ostracod fauna 

mainly consists of C. neglecta and Heterocypris spp (max ~56% and ~55% respectively), accompanied 

by D. stevensoni and L. inopitata with lower values. C. neglecta is an oligothermophilic, freshwater to 

a-mesohaline species that lives in very shallow to deep waters with low oxygen (Horne et al., 2012), 

while Heterocypris spp. lives in shallow water bodies with clayey substrates lacking any macrophytes 

(Meisch, 2000). Density/gr and Dominance D are relatively low while Taxa S acquires the highest 

values. At 2.12m-0.83m, ostracod fauna is represented exclusively by L. inopinata (relative 

abundances of 100% in all studied samples). This species prefers waters rich in macrophyte debris on 

the lake bottom and calm water conditions as soon as it is unable to swim (Meisch, 2000). According 

to Geiger (1994) and Meisch (2000), L. inopinata can live in a wide range of environmental conditions, 

from freshwater to highly alkaline lakes, with ranging depth. Dominance D acquires the highest values 

while Taxa S the lowest. Density/gr is becoming relatively high (1325 speciments/gr). At 0.83m-0.45m 

borehole depth faunal composition changes again consisting of 3 species. D. stevensoni is presented 

with higher values (~43%), while C. neglecta and L. inopinata follow with lower values (both with 

~28%). D. stevensoni, demonstrates high hypoxia tolerance (Rossi et al., 2002) and is a 

thermoeuryplastic, freshwater to a-mesohaline species that lives in shallow waters with low oxygen 

(Horne et al., 2012). Density/gr and Dominance D are decreasing while Taxa S shows an increasing. 

Within each environment type, species existence is regulated by a wide range of factors, such as habitat 

type, stability, water depth, energy level, water temperature, salinity, presence of aquatic macrophytes 

and species competition (Holmes et al., 2002). 

The obtained of the study could be distinguished into 4 units: 

Unit 1 (3.67m-2.12m): Contains sandy mud sediments, low rates of organic matter (0.3%-1.2%) and 

approximately 38% moisture and volatiles. The ostracod fauna indicates a freshwater environment, 

shallow water depth, with the possibility of low oxygenation and a clayey substrate lacking or 

presenting minimal vegetation cover. 

Unit 2 (2.12m-0.83m): This Unit contains two distinguished lithological subunits (Subunit 2a and 

2b), although faunal composition does not present any differentiation. Subunit 2a (2.12m-1.48m), 

contains mud sediments, relatively high rates of organic matter (4%) and approximately 53% 

moisture and volatiles. Subunit 2b (1.48m-0.83m), contains sand to sandy mud sediments, low rates 

of organic matter (0.8%-1.2%) and approximately 45% moisture and volatiles. The ostracod fauna 

which only consists of Limnocythere inopinata, indicates calm water conditions, rich in macrophytes 

and extremely shallow water depth. 

Unit 3 (0.83m-0.45m): Contains sandy mud sediments, low rates of organic matter (1.5%) and 

approximately 38% moisture and volatiles. The ostracod fauna indicates shallow calm water 

conditions, possibly with low oxygen and a substrate with vegetation cover. 

Unit 4 (0.45m-0m): Contains the mud crack sediments affected by mixing circumstances, while they 

are relatively oxidized. 
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Figure 3 - Lithology of the borehole of Koronia Lake (see the online coloured version). 
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Figure 4 - Comparison between the relative frequencies of sand, silt, clay, dry organic matter, moisture-volatiles, as well as contents of total 

Ostracod relative abundance (%) of all presented taxa, Taxa S, Dominance D and Ostracod Density/gr, in Koronia borehole. 
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Lake Koronia presents a muddy to clayey sedimentation, showing a considerable alternation in 

faunal composition and paleoenvironmental evolution. Shallow water conditions prevail in the 

major part of the sediments, with some considerable differentiation in Unit 2 where extremely 

shallow conditions present, possibly due to near lakeshore environment. The fauna of this Unit 

consists only by Limnocythere inopinata, which favours macrophyte substrates, while species 

richness is obviously very poor. As it has been reported species richness is relatively low near the 

lakeshore, at which macrophytes are abundant (Xiangzhong et al., 2010). Although L. inopinata 

presents in all sedimentary sequence, the domination in this Unit leads to a dramatic transition in 

vegetation cover. Specifically for Koronia Lake, the macrophyte changes in distribution of 

Myriophyllum spicatum and Phragmites are well recorded during the last 45 years, depending on 

water level changes among other factors (Papastergiadou, 1995; Crisman et al., 2014; Zalidis et al., 

2004), which confirms the vegetation transition that was observed in Koronia sediments. In the 

following Units faunal composition becomes more diversified until the upper part of the borehole 

sediments. 

5. Conclusions 

 Sediments of Koronia Lake, consist of silt, clay and small rates of very fine sand (mud to 

sandy mud). 

 There are 2 phases of sand fractions. The allochthonus sand of fluvial origin, is very fine 

(3.5-4 φ), while the autochthonous biogenic fractions are sized 3-3.5 φ. 

 The lake sediments are very watery, consisting of a liquid and a solid phase. The liquid 

phase appears to be large, ranging from 37.20% to 53.63% of their total weight. If the 

weight proportion is converted to volume proportion then the dry sediment represents 

roughly 35% to 24% of the total volume of the wet sediments. 

 Ostracod fauna consists of four species: Candona neglecta, Darwinula stevensoni, 

Heterocypris spp. and Limnocythere inopinata. 

 An alternation in species composition was observed, with all the species present at the 

lower part of the borehole sediments, while L. inopinata is the only species found at the 

middle part. At the upper part of the sediments faunal composition is diversified once again. 

 Ostracod fauna composition alternations certify a dramatic transition in vegetation cover. 
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Abstract 

The study aims to evaluate soil erosion and investigate its spatial distribution by 

applying the empirical EPM (i.e. Erosion Potential Model) at mountainous 

Mediterranean type catchments. Study area includes the catchments of Venetikos; 

Kalamas; Upper Acheloos and Arachthos Rivers (eight subcatchments in total), very 

important aquatic systems of NW Greece. The model was implemented both annually 

and inter-annually. A GIS-based approach was adopted, considering the spatial 

variation of its factors, as well as the erosion processes occurring in a catchment. The 

results were initially validated by being compared to the observed sediment yield 

values (based on the sediment discharge measurements conducted by the PPC). The 

model’s performance was poor, significantly underestimating the results at both time 

scales. The ambiguous reliability of the PPC measurements led to their replacement 

by simulated ones, estimated using the sediment discharge rating curves methodology. 

Regarding the latter, the model performed better, attributing more accurate results, 

yet anew underestimated. However, it managed to identify the most susceptible to 

erosion areas. The poor performance is mainly attributed to its inherent shortcomings 

along with the specific characteristics and sedimentary regime of the study area.  

Keywords: Gavrilovic, model, sediment yield, NW Greece. 

Περίληψη 

Στην παρούσα εργασία γίνεται προσπάθεια εκτίμησης της εδαφικής διάβρωσης σε 

ορεινές υδρολογικές λεκάνες Μεσογειακού τύπου, με τη χρήση του ομοιώματος EPM 

(Erosion Potential Model). Η περιοχή μελέτης περιλαμβάνει τις λεκάνες των ποταμών 

Βενέτικου, Καλαμά, Άνω Ρου Αχελώου και Αράχθου (8 υπολεκάνες συνολικά). Το 

ομοίωμα εφαρμόζεται τόσο σε ετήσιο όσο και σε υπέρ-ετήσιο χρονικό βήμα, σε 

περιβάλλον GIS, λαμβάνοντας υπόψη τη χωρική κατανομή των επιμέρους παραγόντων 

του καθώς και την εξέλιξη του φαινομένου εντός της λεκάνης. Τα αριθμητικά 

αποτελέσματα αξιολογούνται αρχικά ως προς τις παρατηρημένες τιμές στερεοαπορροής 

(προκύπτουν από τις μετρήσεις στερεοπαροχής της ΔΕΗ στην έξοδο κάθε λεκάνης). Το 

ομοίωμα υποεκτιμά σημαντικά τις παρατηρημένες τιμές και στις δυο χρονικές κλίμακες. 

Η αμφιλεγόμενη αξιοπιστία των παρατηρημένων τιμών οδήγησε στην αντικατάσταση 

τους από προσομοιωμένες (μεθοδολογία καμπυλών παροχής-στερεοπαροχής). Ως προς 

αυτές, το ομοίωμα συμπεριφέρεται καλύτερα, εξακολουθώντας όμως να υποεκτιμά τα 

αποτελέσματα. Εν τούτοις, η χωρική αποτύπωση του φαινομένου κρίνεται αξιόπιστη. Η 
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φτωχή επίδοση του ομοιώματος αποδίδεται στα ιδιαίτερα χαρακτηριστικά του καθώς 

επίσης στις συνθήκες και το ιδιαίτερο καθεστώς στερεοπαροχής της περιοχής μελέτης. 

Λέξεις κλειδιά: Gavrilovic, ομοίωμα, στερεοαπορροή, ΒΔ Ελλάδα. 

1. Introduction 

Soil erosion, defined as the wearing away of the top soil layer, is the result of the combined rainfall 

impact and surface runoff effect, by means of detaching and subsequently transporting soil particles. 

It is a worldwide environmental problem that affects both the natural (e.g. soil degradation, water 

quality degradation, flooding risk) and the anthropogenic (e.g. reduction of reservoir capacity, 

agriculture productivity regression) environment. The phenomenon is controlled by natural factors 

such as soil properties, local topography, climate, vegetation cover, catchment morphology, 

drainage network characteristics and land use, as well as human activities (e.g. tillage, deforestation) 

that exacerbate its processes. 

The assessment of soil erosion and sediment transport in hydrological catchments is imperative, in 

different temporal and spatial scales, in order to protect and preserve soil as long as technical 

constructions such as irrigation dams, hydroelectric projects and flood attenuation structures. This 

need has led to the development of different simulation models with varying accuracy and 

complexity (e.g. categorized into empirical, conceptual and physically based considering the 

different delineation of the phenomenon’s complex detachment-transfer-deposition mechanism). 

Empirical models are widely applied, especially in countries where the availability of input data is 

often scarce and the validity ambiguous (such as Greece), because of their simplicity and ease of 

use, having less input data and computation demands than the comprehensive ones. 

Considering the above, this study aimed to evaluate the performance of EPM at four mountainous 

Mediterranean type catchments of NW Greece (eight subcatchments in total), namely the Venetikos; 

Kalamas; Upper Acheloos and Arachthos Rivers catchments. 

2. Materials and Methods 

2.1. Study area 

Study area includes four mountainous (mainly steep slopes and intense geomorphology; less mild 

slopes and minor lowlands) Mediterranean type (hot and dry summers followed by relatively mild 

winters with severe torrential rains) catchments of NW Greece (Fig. 1), namely the Venetikos River 

catchment, the Kalamas River catchment {separated into two consecutive sub-catchments, namely 

Soulopoulo Br. (i.e. Bridge) and Kioteki}, the Arachthos River catchment (separated into four 

adjacent sub-catchments, namely Arta Br., Plaka Br., Tsimovo Br. and Gogo Br.) and the upper 

Acheloos River catchment (namely Avlaki Dam).  

 

Figure 1 - Study area catchments. 

The catchments are some of the most important aquatic systems of Greece. The availability of input 

data and sediment discharge measurements, provided the opportunity to implement the EPM and 

assess its performance at all basins, expanding and amplifying the conclusions. 
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2.2. Input data 

The catchments’ topographic features (area, mean slope) were calculated based on the corresponding 

DEM’s (25m2 grid cell area, 25m contour interval, scale 1:50.000). 

Concerning the climatic attributes, daily temperature and precipitation measurements of the region’s 

meteorological stations were considered. Since their values referred to the location and elevation of 

each station, they needed to be normalized to the corresponding catchments’ total area and mean 

elevation. Regarding the temperature data, the methodology of Koytsoyiannis and Xantopoulos 

(1999) was adopted (one gauging station per catchment), according to Equation 1. 

Equation 1 – Annual volume of detached soil (W) 

 s sT T z z     

where Ts (oC) is the catchment’s normalized mean temperature, Tσ (oC) is the station’s mean 

temperature, α (oC/m) is the temperature gradient, zs and zσ are the catchment’s mean elevation and 

station elevation, respectively. 

The catchments’ normalized mean annual precipitation was calculated by implementing the 

Thiessen interpolation method (surface reduction), using moreover the precipitation gradient (mean 

elevation correction). 

The sediment discharge measurements - necessary for the cross-evaluation of the model’s attributed 

results - have been conducted on a monthly basis by the Greek Public Power Corporation (PPC) at 

the outlet of each catchment, for the corresponding time periods. 

Table 1 - Relative subcatchment attributes. 

Subcatchment F (km2) J (%) Period h (mm) t (oC) Qs (kg/s) 

Grevena Br. 855.23 23.64 1965–1982 1,015.1 9.6 1.79 

Soulopoulo Br. 671.45 14.50 1987–2002 1,224.0 14.4 2.29 

Kioteki 1,489.4 15.00 » 1,226.8 11.4 7.39 

Avlaki Dam 1,354.92 21.52 1965–1984 1,696.0 12.4 26.22 

Arta Br. 1,889.69 14.38 1965–1976 1,543.6 12.0 94.06 

Plaka Br. 1,000.54 16.11 » 1,487.5 11.0 36.61 

Tsimovo Br. 646.21 14.31 » 1,386.3 10.7 11.70 

Gogo Br. 204.75 21.01 » 1,723.0 7.9 4.69 

The Greek IGME (i.e. Institute of Geological and Mining Exploration) geological maps in a scale 

of 1:50.000 were used in order to initially group the individual geological formations into the final 

integrated ones (considering their geological age and lithological characteristics) and create the 

corresponding unified maps. Subsequently, the ranking within each group was based upon each 

formation’s vulnerability to erosion and capability of sediment production (considering aspects such 

as water permeability and percolation). The formations were anew grouped into three major 

geological age groups (Quaternary, Neogene, Pre-Neogene), with the latter including the Paleogene, 

Cretaceous, Jurassic, Triassic, Paleozoic periods formations. Since all catchments are located at NW 

Greece (mainly within the external Hellenides geotectonic zones/ Pindos, Ionian), their geological 

formations are mostly comprised of sedimentary formations. In general, the formations met were 

limestones, hornstones, ophiolites (composed by volcano-sedimentary formations such as 

peridotites, gabbros, amphibolites, basalts etc.), flysch, clay schists, conglomerates, sandstones, 

marls, quaternary alluvial deposits (terraces, talus cones and scree etc.). 

The land use-land cover map derived from the CORINE Land Cover 2000 database. 



308 

 

2.3. The Erosion Potential Model (EPM) 

The Erosion Potential Model (EPM) (Gavrilovic, S., 1962; 1970; 1972), also known as Gavrilovic 

method, is a widespread empirical model used for estimating sediment yield and soil erosion severity 

on catchment scale. The method considers six individual factors, depending on geology and soil 

properties, topographic features, climate, land use and degree of erosion. It has been widely 

implemented in several countries (Serbia, Croatia, Slovenia, Italy etc), with Greece being one of 

them (Efthimiou et al., 2016; Emmanouloudis et al., 2003; Stefandis et al., 1998), providing reliable 

results. 

The annual volume of detached soil due to surface erosion is calculated by Equation 2. 

Equation 2 - Annual volume of detached soil (W) 

3W T h z F      

where W is the average annual erosion (m3/y), T is the temperature coefficient, h is the mean annual 

rainfall (mm), F is the catchment area (Km2), and z is the erosion coefficient. The latter, according 

to Staut (2004) is the measure of intensity or density of erosion processes. Its values are tabulated, 

ranging from 0.19 or less (lower limit of the “Very slight” class) to 1.0 or more (upper limit of the 

“Severe” class). 

The temperature coefficient (T) is calculated by Equation 3. 

Equation 3 - Temperature coefficient (T) 

 T t 10 0.1   

where t is the mean annual temperature (oC). 

The erosion coefficient (z) is calculated by Equation 4. 

Equation 4 - Erosion coefficient (z) 

 z x y J     

where x is the soil protection coefficient, y is the soil erodibility coefficient, φ is the erosion and 

stream network development coefficient and J is the mean slope of the catchment (%). 

Soil protection coefficient (x) (depends on land use and vegetation cover) expresses numerically the 

protection of an area against precipitation and erosion. It consists of two independent coefficients, 

namely the land use coefficient (x) (depends on land category, characteristics of vegetation 

association and degree of vegetation cover) and the vegetation cover coefficient (a) (depends on the 

measures taken to reduce erosion activities, mainly in agriculture), treated as one. Its values are 

tabulated, ranging from 0.05 (lower limit of the “Mixed and dense forest” class) to 1.0 (upper limit 

of the “Areas without vegetal cover” class). 

Soil erodibility coefficient (y) (depends on geology) can be expressed as the inverse value of the 

resistance of soil to erosion due to the erosive force of precipitation. Its values are tabulated, ranging 

from 0.20 (lower limit of the “Hard rock, erosion resistant” class) to 2.0 (upper limit of the “Fine 

sediments and soils without erosion resistance” class). 

Coefficient φ stands for the degree of expressed erosion processes (visibly characterized) in the 

catchment. Its values are tabulated, ranging from 0.10 (lower limit of the “Limited erosion on 

watershed” class) to 1.0 (upper limit of the “Whole watershed affected by erosion” class). 



309 

 

2.4. Model implementation 

Considering the spatial distribution of the input data as well as the erosion phenomenon’s progress 

in a catchment, the model was implemented in a GIS-based environment, leading to a more accurate 

result. At such delineation, each factor is described by the form of a digital map. The digital layers 

are overlaid in order to estimate soil loss in the watershed. 

The temperature coefficient (T) is estimated concerning the catchments’ normalized mean annual 

temperature. 

Considering the CORINE Land Cover 2000 classification, a value of the x coefficient was assigned 

to every coded land use met in the catchment. The lowest values occur at areas of high vegetation 

cover denoting the protective effect of the latter against soil erosion, while the highest at areas of 

mild or low vegetation cover (Fig. 2). 

 

Figure 2 - Soil protection coefficient (x). 

The integration methodology of the geological formations followed is not suitable for drawing 

conclusions concerning their torrential properties. To that end, they were anew grouped into six 

major categories {namely Chalky (Κ), Flysch (F), Schistose (G), Crystalline-igneous (M), Neogene 

(S) and Alluvial (A)}, considering the Kotoulas (1972) theory on torrential petrographic formations 

(Fig. 3). According to which, a catchment’s torrential environment is determined by the combination 

of three basic torrential factors (climate, relief and geology), attributing torrential phenomena of 

different type, form, extent and intensity. 
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Figure 3 - Integrated Geological Formations (Torrential attributes classification). 

A y coefficient value was then assigned to every coded geological formation met in each catchment. 

The highest values occur at areas close to the catchments’ outlet, relatively moderate values at their 

lowlands, while the lowest values at areas of high relief (Fig. 4). 

 

Figure 4 - Soil erodibility coefficient (y). 

Mean slope (Table 1) was assessed considering each catchment’s corresponding DEM. The highest 

values occur at areas of high relief and the lowest at the lowlands, with the latter gradually declining 

towards their outlets. 

The φ coefficient values were determined after field observation. 

Considering the x; y; φ; J factors, z coefficient is calculated and classified. The highest values are 

met at the catchments’ lowlands, due to the corresponding high values of the x, y factors occurring 

at these areas (Fig. 5). Slope does not affect the result to the specific areas as much (low values, 

degraded by being involved in Eq. 3 as its square root). 
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Figure 5 - Erosion coefficient (z). 

3. Results 

Concerning the inter-annual implementation of the EPM, mean annual (compact) volume of 

detached soil due to surface erosion (W, m3/y) was initially calculated. The result was multiplied to 

the soil’s specific weight value (usually equal to 2.67 t/m³, ranging between 2.65~2.75 t/m³) in order 

to be expressed in the same units as the PPC measurements, and thus allow the comparison between 

them. Mean annual soil loss estimated (W, t/y), corresponds to mean annual soil loss per unit area 

(Fig. 6) {mean annual gross erosion - also referred as mean annual specific erosion (Wsp, t/km2/y)} 

considering the area (Table 1) of each catchment. 

 

Figure 6 - Soil loss per unit area (t/Km2/y). 

Only a fraction of the total sediment volume produced within a catchment results to its outlet, since 

a large portion is deposited during its course towards the water bodies. The effective sediment 

transported to the catchment’s outlet (routing is not taken into account) {actual sediment yield (G, 
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m3/y)} is determined by the SDR (i.e. Sediment Delivery Coefficient), estimated using the Renfro 

(1972) methodology. SDR was applied to the mean annual soil loss per unit area, resulting to 

transported gross erosion {or SY (i.e. Sediment Yield)} at the catchments’ outlets (Table 2). 

Table 2 - Inter-annual sediment yield results. 

Subcatchment Wsp (t/Km2/y) SDR  SY (t/km2/y) PPC (t/Km2/y) Q-Qs (t/Km2/y) 

Grevena Br. 2,145.97 0.23 491.64 791.99 548,89 

Soulopoulo Br. 2,997.16 0.21 632.40 1.878.02 1.878.02 

Kioteki 2,907.24 0.24 689.89 1.291.61 1.291.61 

Avlaki Dam 3,852.14 0.21 823.20 7.322.46 4,964.21 

Arta Br. 3,417.62 0.20 696.17 18.837.03 9.341,48 

Plaka Br. 3,000.46 0.22 671.50 13.847.11 8.779,05 

Tsimovo Br. 2,572.96 0.24 614.17 6.851.84 2.886,27 

Gogo Br. 4,015.23 0.28 1,135.91 8.675.16 6.828,67 

It is noted that the observed SY values at Soulopoulo Br. and Kioteki basins are not calculated based 

on sediment discharge measurements but estimated by using the “broken line interpolation” 

sediment discharge rating curve method. 

The final results are significantly lower than the initial estimates, yet considerably underestimated 

(apart from the Grevena Br. subcatchment) compared to the observed (measured) PPC values of 

mean annual sediment yield. 

The model is also implemented annually, following the same procedure. The (low annual) 

fluctuation of the simulated values is attributed to the corresponding fluctuation of mean annual 

temperature and precipitation, since all other factors remain unchanged. The results are also 

underestimated throughout the whole time period. Moreover, the model’s inconsistent behavior is 

attributed to the low variation of mean annual temperature and precipitation, as well as the 

corresponding high variation of the measured sediment yield and discharge values. 

 

Figure 7 - Annual sediment yield (t/Km2/y) against PPC measurements. 

The underestimation is primarily attributed to the ambiguous reliability of the sediment discharge 

measurements (infrequent and often inadequate, having a random and unsystematic character, 

concerning only the suspension load etc.). Overall, the specific measurements are considered 

significantly overestimated {e.g. at Arachtos’ subcatchments, high erosion rates could be justified 

due to the extensive presence of flysch (notably prone to water erosion), combined with intense 
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topography and erosive precipitation - yet the measured values although expected high, are 

considered unrealistic}. 

Moreover, is attributed to the model’s inherent shortcomings and limitations. The equation was 

developed using statistical techniques (regression analysis), based on field data of small land sites 

with relatively similar characteristics. Thus, its application on catchment scale (where non-uniform 

conditions occur) is questionable. Additionally, it has ambiguous applicability outside the range of 

conditions for which its coefficients were calculated, thus requiring recalibration to regions outside 

the original dataset. Furthermore, it describes the complex soil erosion mechanism by merely 

multiplying completely different factors, when in fact it cannot be simulated in such a simplified 

way (important aspects of the phenomenon such as sediment deposition and sediment routing are 

not taken into account). Also, the catchment’s soil properties are described through its lithology, 

while characteristics like organic matter content and granulometry are discarded. Finally, the model 

estimates mean annual erosion, while having very low accuracy on individual flooding events, where 

most of the sediment load is transported, especially at Mediterranean catchments. 

The catchments’ specific characteristics {mainly mountainous yet with several topographic 

variations, extensive vegetation cover at their mountainous regions (protective effect against soil 

erosion where the steep slopes occur/ counter action effect), temperature and erosive precipitation’s 

spatial distribution, bed rock properties} along with their different combinations patterns, also play 

a decisive role to the underestimation of the measured results. 

It is noted that the model performs better at Venetikos River catchment, a fact attributed to its 

specific properties (relatively low precipitation erosivity, bed rock not prone to erosion, rainfall-

geology-topography-land cover pattern combinations that do not allow high erosion rates, low 

sediment discharge/ yield values). 

The ambiguous reliability of sediment discharge measurements (infrequent and often inadequate, 

having a random and unsystematic character, concerning only the suspension load), along with their 

lack at the Kioteki and Soulopoulo Br. subcatchments, led to their replacement by simulated ones, 

estimated based on the sediment discharge rating curves methodology (Fig. 8, Table 2). At each 

subcatchment, a representative rating curve construction method was chosen {Grevena Br./ 

Soulopoulo Br./ Kioteki/ Avlaki Dam: Broken line interpolation, Arta Br./ Plaka Br./ Gogo Br.: 

Linear regression of the log-transformed variables (Ferguson correction), Tsimovo Br.: different 

ratings for the dry-wet season of the year}, considering a statistical analysis. 

The sediment yield simulated values are notably lower than the corresponding measured ones. 

Regarding the latter, the model performed better, attributing more accurate results, yet anew 

underestimated. 

The model, while underestimating the numeric results, allowed identification of the most susceptible 

areas to water erosion. 

Overall, we can conclude that despite its shortcomings, the method can provide a good basis in terms 

of a preliminary approximation. 
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Figure 8 - Annual sediment yield (t/Km2/y) against Q-Qs estimations. 
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Abstract 

The area of interest is located close to Almyros city, at the prefecture of Magnesia 

(Central Greece), where the twin lakes Zerelia are situated. The origin of these twin 

lakes is not clear, however, many hypotheses have been proposed over the years. A 

lack of large-scale mapping in the surrounding area and a high resolution spatial 

depiction of the topography, hinders the extraction of conclusions on the twin lakes' 

origin. Also, previous studies have focused on surficial evidence to support 

hypotheses, rather than investigating the geometric characteristics and the spatial 

lay-out of the twin lakes. Filling this gap, measurements of depth via sonar in Zerelia 

lakes were performed. The bathymetric data along with the digitized, high-resolution 

topographic data of the surrounding terrain were imported in a Geographic 

Information System (GIS) environment. The area was depicted with high accuracy 

through DEMs and conclusions for the landscape were extracted. The above analysis 

contributed towards an appreciation of the intense interplay between erosional and 

tectonic processes in the area and deemed drainage antecedence an important 

element that needs to be accounted for, in any interpretation of the origin of the twin 

lakes Zerelia. 

Keywords: Xirias River, GIS, Digital Elevation Model (DEM), Drainage network, 

Bathymetry maps. 

Περίληψη 

Η περιοχή έρευνας εντοπίζεται στoν Αλμυρό Μαγνησίας. Κύριο αντικείμενο της μελέτης 

αποτέλεσαν οι δίδυμες λίμνες Ζερέλια. Κατά καιρούς διάφορες θεωρίες έχουν προταθεί 

σχετικά με το σχηματισμό των λιμνών. Εντοπίζεται όμως έλλειψη εκτενών 

παρατηρήσεων αναφορικά με το βάθος των λιμνών καθώς και τη λεπτομερή 

χαρτογράφηση της ευρύτερης περιοχής. Για το λόγο αυτό, στο εσωτερικό των λιμνών 

έλαβαν χώρα μετρήσεις του βάθους τους με τη χρήση ηχοβολισμών (sonars). Τα 

δεδομένα των μετρήσεων, μαζί με τα ψηφιοποιημένα στοιχεία του γύρω ανάγλυφου 

εισήχθησαν σε περιβάλλον Γεωγραφικών Συστημάτων Πληροφοριών (GIS) όπου 

δημιουργήθηκαν ψηφιακά μοντέλα εδάφους μεγάλης ακρίβειας για τη περιοχή των 

λιμνών, παράλληλα υπολογίστηκαν μορφομετρικοί παράμετροι για το ανάγλυφο. 

Αντικείμενο της παρούσας εργασίας είναι η μελέτη της μορφολογίας του αναγλύφου της 

λεκάνης των λιμνών, καθώς και η χαρτογράφηση των παρακείμενων στη πόλη του 

Αλμυρού δίδυμων λιμνών Ζερέλια. Η έρευνα επιβεβαίωσε τη σχέση τεκτονικής και 

ποτάμιας δράσης που διαμορφώνουν το ανάγλυφο. 

Λέξεις κλειδιά: Ποταμός Ξηριάς, Γ.Σ.Π., Ψηφιακά Μοντέλα Εδάφους, Υδρογραφικό 

δίκτυο, Βυθομετρικοί χάρτες. 
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1. Introduction 

The twin lakes Zerelia are situated approximately 5 km SW of the town of Almyros, in the 

tectonically active landscape of central Greece. They appear to be very distinct geomorphic features 

which haven't been studied in detail (Figure 1). Preliminary inferences about the twin lakes' origin 

were made by Marinos (1963), while studying the Quaternary volcanic activity of Pagasitikos gulf, 

favoring an embryonic maar-type volcano origin. In later years, Galanakis (1999), while studying 

the neotectonics and landscape evolution of the broader Almyros basin area, concluded that fault 

action associated with karstic cavity collapse, played a decisive role in the creation of the lakes. The 

most recent research in the area, conducted by Lagios and his team, involved lithological sampling 

and geophysical surveys (Lagios et al., 2010). They favor a meteorite impact origin, involving two 

10-30m meteorite fragments that disrupted the landscape during Holocene times. 

 

Figure 1 - Proposed models of origin on the twin lakes Zerelia, according to 1) Marinos 

(1963), 2) Galanakis (1999) and 3) Lagios et al. (2010). 

Nonetheless, the detailed bathymetry of the lakes, which incidentally have never dried according to 

the locals, except as a result of an earthquake in 1980, has never been the subject of research. The 

papers contribution involves the acquisition of bathymetric data for the twin lakes Zerelia, along 

with the high-resolution depiction of the surrounding terrain, so as to place geomorphic constraints 

on any potential model on the origin of the lakes. 

2. Location and physiography of the study area 

The Zerelia twin lakes are located in central Greece at the prefecture of Magnesia, about 5 km SW 

from the town of Almyros and nearly 2,5 km from Euxeinoupoli’s Municipal department. The lakes 

are situated at an altitude of 130 m, close to Mt. Othris northern foothills (Figure 2). The bigger, 

western lake, occupies an area of 44.000 m2 with a perimeter of 754 m, 10 m maximum depth and 

diameter of about 240 m. The smaller, eastern lake occupies an area of 26.000 m2, has a perimeter 

of 600 m, a maximum depth of about 8 m and a 160 m diameter. Both lakes' size attributes depend 

on the seasonal precipitation patterns and the irrigation conditions. Their altitudinal difference is 

estimated at around 4 m and the smaller lake appears on a lower altitude. The region is generally 

characterized by the typical continental climate of Thessaly, gradually transitioning into 

Mediterranean towards the east, bordering the Bay of Almyros, and exhibits hot and dry summers 

and mild and wet winters. Field evidence indicated that the lakes are developed on Pliocene marls 

which are impermeable (Galanakis, 1999). A broad alluvial plain, made up of red-brown marls, 

gravels and related Quaternary deposits, surrounds the lakes. Immediately adjacent to the lakes are 

remnants of a Neolithic settlement, probably occupied until the Late Bronze Age. The lakes' 

presence played an important and defining role to the early settlement's expansion (Reinders, 2004). 
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Figure 2 - Satellite image of the twin lakes and inset photographs. Top left side inset depicts 

the location of the study area (red circle) in the broader Magnesia prefecture area of central 

Greece. 

3. Materials - Methodology 

In order to develop a comprehensive look of the Zerelia Lakes Structure, the following data and 

software were used:  

 Five topographical maps covering the study area of Almyros. Sheets: 5334/4, 5335/3, 5335/2, 

5335/1, 5334/6 source: Hellenic Military Geographical Service (HMGS) scale 1:5,000. In 

this particular case 125 contours been digitized (contour interval 2m).  

 Bathymetry measurements using GPS apparatus: Garmin® GPSMAP® 276C. 

 Software MapSource 6.16.3 to optimize bathymetry’s points.  

 GIS software: ArcGIS 10.1. 
 

Topographic maps were georeferenced with ArcGIS 10.1 to the EGSA 87/GGRS87 datum. Along 

with the contours, 104 peaks of the study area were digitized (Figure 3). Bathymetric measurements 

were subjected to necessary correlations and corrections, in order to end up with an acceptable 

bathymetric model. Overall, 400 point measurements were taken in the small lake. Additionally, 

more than 80 point measurements were made in the large lake. 
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Figure 3 - Digitalized data used for terrain maps (left), entrance to small lake with canoe for 

measure depths (right). 

4. Thematic Maps 

The first map which was created through ArcGIS 10.1 Spatial analyst tools was the Digital Elevation 

Model (DEM) of the study area (Figure 4). Specifically, the DEM’s area is located in the northern 

part of Mt.Othris foothills, underlain by a bedrock of Alpine-age formations (marls, limestones) and 

a cover of alluvial deposits (Galanakis, 1999).The altitudinal distribution ranges from 266m to 79m, 

based on the constructed DEM. This relief is indicative of the magnitude of stream incision into 

previous alluvium due to vertical, fault-induced movements. All the above findings are clearly 

depicted on the terrain, on which small gorges are featured at the foothills bordering the Almyros 

basin. Lakes Zerelia are situated at an elevation of 130m, at the transition zone between the foothill 

and basin terrain. 

 

Figure 4 - Elevation map of the lake Zerelia surrounding terrain. 

A slope map was also created, where slope values were classified according to the Demek 

classification (Demek, 1972). Estimation of the area percentage of each value range is presented 

(Table 1). 
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Table 1 - Area of slope ranges in the lakes Zerelia surrounding terrain. 

 

 

 

 

 

 

 

 
 

 

Quantitative analysis of these values indicates the general lay-out of the region. Low slope values 

are prevailing, primarily under 5O as it is a flat terrain that has undergone a deposition of alluvial 

materials and its erosional products. Slopes of 50 -150 are mostly present at the foothills of the 

mountain where the altitude increases. Maximum slope values, although limited, appear around the 

lake walls. So, slopes greater than 55o occur exclusively around the lakes (Figure 5). That revealed 

a steep terrain, which is not found elsewhere in the area. 

 

Figure 5 - Slope map of the lake Zerelia surrounding terrain. 

Finally, morphological profiles were created in order to further analyze the terrain around the lakes 

(Figure 6). So, the first profile depicts the lakes' bowl-shaped cross-section and the altitude variations. 

The terrain becames significantly lower moving further into the lakes, with an average altitude of 

20m. Additionally, the case of the West Lake is representative of how this change reflects on the 

topography. A drop from 140m to 120m is observed with the altitude beyond the bowl raising up 

again above 130m. The other two sections are related to each pond individually, giving an estimation 

of the width of each lake. The most important conclusion from these morphological sections is that 

Slope range Land area in km2 Area percentage (%) 

00 - 2 0 2,88 18 

2 0 -5 0 7,2 45 

5 0 - 150 5,44 34 

15 0 - 35 0 0,368 2,3 

35 0 - 55 0 0,064 0,4 

> 55 ο 0,048 0,3 

Sum:16km2 100 
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East Lake’s lower altitude fluctuates around 115 m in comparison to the western largest lake which 

is developed at an altitude of over 120 m. 

 

Figure 6 - Elevation map and corresponding topographic cross-sections of lakes Zerelia. 

4.1 Drainage network 

Through the identification and study of the drainage network, significant geomorphological remarks 

can be extracted (Keller et al., 2002). In this direction, drainage branches growing in this landscape 

are exported (Figure7). So it’s directly observable that the drainage network takes the dendritic form 

only in the upper part of the basin where it actually it meets the foothill of the mountain. On the 

remaining part of the area and towards the Quaternary basin, the hydrographic network appears to 

have an elongated form with rapid development. Those elongated streams, as it is mentioned, appear 

to have rapid growth with intense erosive action and as a result of this, “V-shaped” valleys are 

formed during their motion. Moreover, downstream of the basin streams, a steep valley appears to 

be bending to the East as a consequence of the tectonic activity at the margins of the basin, while 

their orientation is affected significantly. The only area in which the described system is not 

observed is one of lakes Zerelia. Around the lakes' depressions no drainage related to that of the 

region is developed and those branches which probably grow by runoff, are driven into the lakes. 

Hence, it is demonstrated that the area of lakes appears to interrupt the development of the drainage 

network. Thereby we come to a conclusion that the lakes are subsequent to the drainage network. 
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Figure 7 - Drainage network map of the surrounding lakes Zerelia terrain. 

In addition, several longitudinal profiles of the streams draining the area where utilized to make 

observations that pertain to morphology (Figure 8). Longitudinal profiles reveal hydrographic 

branches with graded profiles and uniform development. Their riverbeds are in balance along with 

their development which is graded, no knickpoints appear and streams’ orientation occur on a typical 

SSW-NNE direction. Lakes Zerelia don’t seem to affect or modify the development of the drainage 

network, a fact that strengthens the scenario that lakes are subsequent and have been developed 

independently from the drainage network. 

 

Figure 8 - Longitudinal profiles of streams draining the area surrounding the Zerelia lakes. 
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4.2 Bathymetry maps 

Bathymetry maps were created using the Kriging interpolation method, from sonar data acquired by 

research which was carried out in both lakes,. The first map depicts the bathymetric contours of the 

western lake Zerelia (Figure 9a). The contours' development indicates that depths in the lake are 

smoothly distributed from the periphery towards to the center. Possible local irregularities are likely 

but very difficult to track with the available means. Based on the map, the deeper parts of the lake 

appear almost in the center; relating to a smooth shift of the lakes’ depth that forms a bowl shape. 

This is depicted in the morphological sections of the lake as well (Figure 9b). 

 

Figure 9 - a) Bathymetric map of the western lake Zerelia, b) superimposed on satellite 

image, and corresponding bathymetric cross-sections. 

Morphology in the eastern, smaller lake is different; the range, the density and the greater reliability 

of measured points enable the creation of a more precise and detailed map of the lake. The spotted 

measurement points, after the necessary adjustments were around 300. So the following bathymetric 

map (Figure 10a) presents a different shape of the lake, and depicts with greater accuracy its bottom 

topography. An irregular distribution of depth in the lake is observed. The biggest changes occur 

deeper into the lake (> 6m) at its center, where the bottom does not appear as a smooth surface. It is 

also concluded that the bottom is extended compared to the total size of the lake; as isobaths of -7,0 

m are widely distributed in the given space (Figure 10a). The walls of the lake present steeper slopes 

as the isobaths are denser and the depth appears to be increasing rapidly towards to the center of the 

lake; a fact that is also depicted by the morphological sections of the lake (Figure 10b). 

 

Figure 10 - a) Bathymetric map of the eastern lake Zerelia, b) superimposed on satellite 

image, and corresponding cross-sections. 
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5. Conclusions 

Through the digital mapping of the study area and the export of high accuracy Digital Elevation 

Models (DEMs) the morphological terrain in the lakes area was studied; along with the slope 

development, the orientation of the landscape and the development of the drainage network. The 

region of scope occurs across the southern margin of the Almyros basin, terrain’s slopes are mainly 

smooth, particularly low slope values do prevail, primarily under 5O, as it is a flat terrain that has 

undergone a deposition of alluvial materials and its erosional products. Higher slope values occur at 

the foothills of the mountain where the altitude increases. Values greater than 55o occur mainly 

around the lakes, a fact that reveals a steep terrain uncommon in another parts of the region. Studying 

the drainage network leaded to the following conclusions; the dendritic form of the drainage network 

appears only at the foothill of the mountain. Downstream, the hydrographic network appears to have 

an elongated form with rapid development. Denudation processes are intense forming “V-shaped 

valleys” while streams erode soft sediments. Riverbeds are in balance; no sing of tectonic 

intervention at streams’ development and no knickpoint appear at their profiles. Although tectonic 

action does affect streams’ orientation that only occurs at the margins of the basin where the 

branches arrive. Lakes Zerelias’ depressions don’t affect the development of the drainage network 

meaning that lakes are subsequent and have been developed independently of the drainage network. 

Zerelia lakes, which were formed in the transition zone between foothills and basin, are interrupting 

the aforesaid sequence of the terrain. Bathymetry maps produced, reveal that the maximum depth 

on the western lake is estimated at 9,5 m, while on the eastern is 7,3 m. Morphological sections of 

each lake were created and sections prove that the slopes of the walls on the eastern small Zerelia is 

steeper with an extensive lake floor. Walls on the western lake are smoother and seem to have a 

typical bowl shape. All in all, lakes’ depressions appear to have steep walls with flat bottoms and 

their creation is not related with the surrounding terrain. 
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Abstract 

The present paper summarizes the preliminary results of the mineralogical and 

micropaleontological analysis conducted on sediment samples from core TYR05 

retrieved from the anoxic and hypersaline Tyro basin in the eastern Mediterranean 

Sea. The core comprises a complex lithostratigraphic sequence attributed to the 

strong geodynamic regime of the area. The planktonic foraminifera associations 

present fluctuations which coincide with changes in the lithology of the core. The 

mineralogical composition of the sediments shows influence from the evaporites 

developed on the bottom of the basin. The mineral constituents in association to the 

microfauna assemblages suggest that the sediments include sapropelic layers. 

Further analyses are needed in order to determine safely the sapropelic deposits. 

Keywords: X-ray diffraction, planktonic forams, brine basins, sapropels, eastern 

Mediterranean. 

Περίληψη 

Η παρούσα εργασία παρουσιάζει τα προκαταρκτικά αποτελέσματα της ορυκτολογικής 

και μικροπαλαιοντολογικής ανάλυσης που πραγματοποιήθηκε σε δείγματα ιζημάτων 

από τον πυρήνα TYR05 που συλλέχθηκε από την ανοξική και υπεράλμυρη λεκάνη Τύρου 

στην ανατολική Μεσόγειο. Ο πυρήνας αποτελεί μία σύνθετη λιθοστρωματογραφική 

ακολουθία που αποδίδεται στο ισχυρό γεωδυναμικό καθεστώς της περιοχής. Οι 

συγκεντρώσεις πλαγκτονικών τρηματοφόρων παρουσιάζουν διακυμάνσεις οι οποίες 

συμπίπτουν με αλλαγές στη λιθολογία του πυρήνα. Η ορυκτολογική σύσταση των 

ιζημάτων δείχνει επίδραση από τους εβαπορίτες που δημιουργούνται στον πυθμένα της 

λεκάνης. Τα ορυκτά συστατικά σε σχέση με τις συγκεντρώσεις της μικροπανίδας 

δείχνουν ότι τα ιζήματα περιλαμβάνουν σαπροπηλικά στρώματα. Χρειάζονται επιπλέον 

αναλύσεις για τον ασφαλή προσδιορισμό των σαπροπηλικών αποθέσεων. 

Λέξεις κλειδιά: Περιθλασιμετρία ακτίνων Χ, πλαγκτονικά τρηματοφόρα, υπεράλμυρες 

λεκάνες, σαπροπηλοί, aνατολική Μεσόγειος. 

1. Introduction 

The Tyro Basin is one of the five main hypersaline and anoxic basins (Bannock, Tyro, Urania, 

Atalante and Discovery) in the deep eastern Mediterranean Sea (Cita, 1991). The Tyro basin 

mailto:mgeraga@upatras.gr
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discovered in 1983 in the southwestern part of the Strabo Trench region (Jongsma et al., 1983). The 

water column above the basin is 3450 m and contains a layer of hypersaline water in the bottom 100 

m (ten Haven et al., 1987). Drastic changes in the water parameters occur rapidly, in less than 1 m 

depth interval at the interface of the brine and the normal seawater: the salinity increases to almost 

10 times the value of the normal Mediterranean water and the temperature to about 1.5°C, in relation 

to the overlying seawater producing a stable physical configuration (De Lange et al., 1990). The 

formation of the Tyro basin, as well as of the other hypersaline basins, has been attributed to the 

dissolution of Messinian evaporites that outcrop the seafloor of the basins (Nesteroff, 1973; Hsü et 

al., 1973; Wallmann et al., 2002). In particular, the brine in Tyro basin is homogenous and its 

chemical compounds (relatively high Na content and low Br/C1 ratio) suggest an early stage (halite) 

of evaporite formation (De Lange et al., 1990). 

In the Tyro brine the stable water column prevents the water circulation and the dissolved oxygen 

drops rapidly to zero incorporating to the accumulation and the well preservation of organic rich 

sedimentary deposits such as the sapropels (ten Haven et al., 1987; De Lange et al., 1990). Sediment 

cores collected from the Tyro basin are rather rarely reported. Their sediment sequences often 

present disturbances by resedimentation processes due to active tectonism and are characterized by 

high sedimentation rates (McCoy and Stanley, 1984; Troelstra, 1987; Erba et al., 1987. 

Homogeneous deposition materials have been also encountered in piston cores retrieved from the 

same area. 

In the present paper we present the preliminary results of the sedimentological analyses performed 

in the sediment core collected from the Tyro basin. Micropaleontological and mineralogical analyses 

were conducted aiming to a better understanding of the sedimentary processes taking place at the 

core site. 

2. Materials and Methods  

The core TYR05 was collected by R/V Aegaeo from the Tyro basin, in the framework of HCMR 

Research Projects. The sampling site is defined by the following coordinates: 33 52.245' N, 26 

9.423' E and a water depth of 2.953 m. The core was initially described in detail based on the 

variation of color and sedimentary structures. 

Forty samples selected from this core for foram analysis. Each sample covered approximately a 2 

cm thick interval in the core. The samples were treated with H2O2, washed and sieved over mesh 

widths of 63 μm and 125 μm. The dry and weighed samples were split into separate aliquots 

containing about 300 planktonic foraminiferal specimens. At least 300 different planktonic 

specimens were identified and counted in each sample. Each taxon is expressed as a percentage of 

the total assemblage. The numbers of planktonic and benthic foraminifera specimens per weight of 

dry sediment (>150 μm and >63 μm, respectively) were estimated as indexes of planktonic (PFPI) 

and benthic productivity (BFPI), respectively. Hierarchical cluster analysis (R-mode) was 

performed on the planktonic foraminifera species which were sufficiently abundant in the examined 

species. The tree diagram was constructed using the Ward’s method based on Squared Euclidian 

distance on SPSS software. 

A small aliquot from each sample was used in order to determine the mineralogical variation 

throughout the whole core length by means of X-ray powder diffraction (XRPD) analysis. Samples 

were firstly dried in a laboratory oven at 110C for 24h and then grinded in a vibration disc mill 

using an agate grinding set. The samples were then analysed in a Bruker D8 Advance X-Ray 

diffractometer, with Ni filtered CuKα radiation, operating at 40kV/40mA, in the Laboratory of 

Mineral and Rock Research of the Department of Geology at the University of Patras. The scanning 

area covered the interval 2 - 70 2θ, with a scanning angle step of 0.015 2θ and a time step of 0.1 

s (Iliopoulos et al., 2011). The interpretation of the acquired diffractograms and mineral 

identification was performed using DIFFRACplus EVA software (Bruker-AXS, Madison, WI, USA) 
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based on the International Centre for Diffraction Data Powder Diffraction File (2006). All minerals 

identified by X-ray diffraction analysis are reported as major (>30%), moderate (20-30%), minor 

(10-20%), few (3-10%) and trace (<3%) amounts. 

 

Figure 1 - Description of the core sediment. 

3. Results 

3.1. Sediments 

The core is 285 cm long and consists mostly of mud. The macroscopic description showed that the 

core represents a rather complex sediment deposition at the core location. Ten lithological units (I-

X) have been observed and are described in Figure 1. Noticeable are the laminas of light color which 

were often observed between 52 cm and 128 cm, within the units III and IV. Furthermore, the unit 

V (128 - 142.5 cm) is characterized by an alternation between light gray and reddish black mud. The 

same pattern continues within the unit VI (142.5-202 cm) but there the light gray layers are replaced 

by greenish to olive colored muddy layers (observed at 191-207 cm: VI a, 163.5-172 cm: VI b and 

152-157 cm: VI c). 
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3.2. Mineralogical composition 

The evaluation of XRD patterns obtained from the analysis of the samples covering the entire core 

range helped us identify their main mineral constituents (Figs. 2 and 3). An evaporitic mineral 

association consisting of halite, calcite, gypsum and dolomite together with quartz dominates the 

mineralogical composition of all the examined samples. Among the detected evaporitic minerals 

Mg-calcite and aragonite present strong variations in their content throughout the core. The former 

is absent between 50 and 223 cm and the later was detected only between 36 and 85 cm and 133 and 

205 cm and always in low content. Quartz presents a lower content between 127 and 209 cm. Clay 

minerals represented by illite and chlorite as well as feldspars (K-feldspar and plagioclase) are also 

present in almost all the examined samples. The participation of chlorite is discontinuous and 

presents low content between 58 and 202 cm. Pyrite was also detected at around 50 cm and between 

136 and 205 cm but in accessory quantities. 

3.3. Foraminifera 

Planktonic foraminifera are abundant in all the examined samples (Fig. 4). Their presence is lower 

in the core part between 20 cm and 30 cm. Benthic foraminifera are also present in the same samples 

(Fig. 4). Their presence is reduced around the 20 cm core part and locally between 120 cm and 200 

cm core part. Benthic foraminifera specimen are more rare in the >125 μm sediment fraction than 

that of the >63 μm. All the examined samples contain well preserved and abundant fauna of 

radiolarian and pteropods. 

The planktonic assemblages consist of Globigerinoides ruber alba, Gs. ruber rosea, Gs. sacculifer, 

Gs. trilobus, Orbulina universa, Globigerinella aequilateralis, G. calida, Hastigerina pelagica, 

Globoturborotalita rubescens, G. tenella Globigerina bulloides, G. falconensis, Globigerinita 

glutinata, Turborotalita quinqueloba, Neogloboquadrina pachyderma, N. dutertrei and 

Globorotalia scitula. The down core variations in the abundance of planktonic foraminifera species 

coincide with changes in the lithological units of the core sediments (Fig. 5). 

Cluster analysis (R-mode) revealed two clusters (Fig. 6). The first cluster comprises G. glutinata, T. 

quinqueloba, Gr. scitula and the group of N. pachyderma and N. dutertrei together with the indexes 

of planktonic and benthic foraminifera productivity (PFPI and BFPI, respectively). These planktonic 

foram species are considered as cold water indicators (Rohling et al., 1993; Pujol and Vergnaud-

Grazzini, 1995; Geraga et al., 2010) and their high participation in the lower part of the core (200-

285 cm) suggests the prevalence of cold climatic conditions during the deposition of the lithological 

units VII -X. This interval is also characterized by high participation of both the planktonic and 

benthic foraminifera fauna (Fig. 4) suggesting high levels of productivity in the surface waters and 

relatively high concentration in oxygen in the bottom waters. 

The second cluster comprises Gs. ruber, Or. universa, the sum of Globigerinella spp. and the sum 

of Globoturboroatalita spp. together with G. bulloides and Gr. inflata. The former species are 

considered indicators of warm waters (Rohling et al., 1993; Pujol and Vergnaud-Grazzini, 1995; 

Geraga et al., 2010). Their high participation in the upper part of the core between the top and 200 

cm suggests the prevalence of warm climatic conditions during the deposition of the upper 

lithological units (I-VII). Furthermore, G. bulloides has been related to eutrophicated waters due to 

river discharges (Rohling et al., 1993; Geraga et al., 2010). The increased participation of this 

species between 150 cm and 200 cm core interval reveals a more humid climate during the 

deposition of the lithological unit VI. Gr. inflata has been related to eutrophicated waters due to 

water mixing especially during the winter (Pujol and Vergnaud-Grazzini, 1995). The participation 

of this species in the above interval is low. The increase in its abundance between 130 cm and 150 

cm suggests an increase of water mass circulation during the deposition of the lithological unit V. 
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Figure 2 - Composite plots of the XRD patterns for samples obtained from 0-64 cm (up) and 

70-146 cm (down). Mineral abbreviations: halite (Hl); calcite (Cal); quartz (Qz); gypsum 

(Gp); illite (I); magnesium calcite (Mag); chlorite (Clc); dolomite (Dol); aragonite (Ar); 

pyrite (Py); albite (Ab). 

Furthermore, juvenile assemblages are present in the majority of the samples though their presence 

is higher in the upper part of the core (lithological unit I). Juvenile assemblages have been obtained 

in sediment cores revealed from the Tyro basin and they have been related to homogeneous deposits 

(Troelstra, 1987). 
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Figure 3 - Composite plots of the XRD patterns for samples obtained from 149-216 cm (up) 

and 219-285 cm (down). Mineral abbreviations: halite (Hl); calcite (Cal); quartz (Qz); 

gypsum (Gp); illite (I); magnesium calcite (Mag); chlorite (Clc); dolomite (Dol); aragonite 

(Ar); pyrite (Py); albite (Ab). 

4. Discussion 

The mineralogical association obtained in the examined sediment samples of TYR05 core is detected 

frequently in the sediments of eastern Mediterranean Sea (Nesteroff, 1973). In particular, halite, 

calcite, gypsum, dolomite and Mg-calcite are the dominant mineral phases in the sediments revealed 

from the Tyro basin (Nesteroff, 1973; ten Haven et al., 1987; De Lange et al., 1990) and other 

hypersaline basins (Corselli and Aghib, 1987; Wallmann et al., 2002) and appear to precipitate as 

the result of the dissolution of the underlying evaporates. The steady presence of these minerals in 

the relative records of the present study suggests the constant influence of the hypersaline 

environment developed in the area, at the core site. Illite and chlorite, which are present in almost 

all the examined samples, are among the common clay minerals observed in the sediments of the 

sea southern of Crete and they are considered as the alteration products of the metamorphic rocks 

cropping out in Crete and other islands in the same area (Ehrmann et al., 2007). 
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Figure 4 - Down core variations of the Planktonic and Benthic Foraminifera Productivity 

Indexes (PFPI and BFPR, respectively). Dashed lines indicate the boundaries of the 

lithological units, referred on the right. 

Furthermore, illite has been related to terrigenous supply transported by rivers discharging into the 

Aegean Sea. The quartz content represents the coarser grained fraction in the examined samples. 

Previous studies in the eastern Mediterranean have shown that the proportion of quartz decreases in 

the sapropelic sediments as a result of low wind strength during times of sapropel formation (Calvert 

and Fontugne, 2001). Pyrite is also a common mineral of the sapropel deposits in the sediments of 

Eastern Mediterranean as a result of microbial SO4 reduction and subsequent reaction of reduced S 

with Fe, mainly during the formation of the layer (Passier et al., 1999; Calvert and Fontugne, 2001). 

Aragonite is also related to the sapropel formation and possible mechanisms for its presence are 

considered the high growth of Florisphaera profunda, the detrital origin and the sulphate reduction, 

during the sapropel interval (Thomson et al., 2004). 

The mineralogical composition obtained from the 127 cm to 209 cm core interval, which comprises 

pyrite, aragonite, low quartz content and absence of Mg-calcite (Calvert and Fontugne, 2001) 

provides direct evidence that the lithological units V and VI include sapropelic deposits. This is 

further supported by the rare presence or even absence of the benthic foraminifera fauna in this 

interval (Fig. 4) suggesting the prevalence of anoxic bottom waters at the core site (Geraga et al., 



331 

 

2010). The same pattern but of a weaker signal is obtained also from the 42 cm to 82 cm core interval 

within the unit III. 

 

Figure 5 - Down core variation of selected planktonic species versus depth. Dashed lines 

indicate the boundaries of the lithological units, referred on the right. Species belonging to 

Clusters 1 and 2 are also shown. 

According to the macroscopic observations on the stratigraphy of the core, layers VI a to VI c appear 

as the more likely proxy to the presence of sapropels. However, in view of the data hitherto of this 

study and taken into consideration the strong geo-dynamic regime of the study area (Troelstra, 1987) 

it was not possible to define safely if these layers correspond to deposits of different sapropels or to 

post depositional layers of the same sapropel. If we assume the latter case as the most possible then 

the comparison of the present micropaleontological study results with previous studies from 

sediment cores close to the Tyro basin area (Rohling et al., 1993) and nearby seas (Violanti et al., 

1991; Triantaphyllou et al., 2010) points out that these layers could correspond to the S1 or S5 

sapropel deposits. Both these sapropels are deposited under relative warm climatic conditions and 

are characterized by anoxic bottom waters as it is suggested by the absence or low participation of 

the benthic forams. Furthermore in these layers G. bulloides participates in the planktonic 

associations with percentages around 20% to 30% while the participation of the Neoqloboquadrins 

varies among the investigated sites from 0 to 20-30% (Violanti et al., 1991; Rohling et al., 1993; 

Triantaphyllou et al., 2010). The same trends have been obtained in the studied core interval (Figs. 

4 and 5). However, there is no clear evidence for the cold phase of the last glacial period, thus this 

study favors the scenario of the sapropel S1. 
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Figure 6 - R-mode cluster analysis for the dataset of the microfauna. 

5. Conclusions 

Mineralogical and micropaleontological analyses were performed on sediment samples from the 

core TYR 05, retrieved from Tyro basin. The preliminary results suggest that the core sediments 

present a complex sedimentary sequence. The microfauna assemblages present fluctuations in their 

abundances which coincide with changes in the lithology of the core. However, the majority of the 

examined samples show that the core sediments deposited under warm climatic conditions. The 

mineralogical composition of the sediments shows the influence of the brine which is developed in 

the basin. Furthermore the micropaleontological together with the mineralogical findings suggest 

that the core includes sapropelic layers. At this phase of the study it was not possible to determine 

safely these layers due to strong resedimentation processes took place in the study area. 
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Abstract 

An extensive oceanographic survey was conducted in the marine area between 

Kimolos and Sifnos Islands, a rather poorly-studied sector of the Aegean Sea, in order 

to gain better understanding of submarine geomorphological features and associated 

sediment provenance. Multi-beam bathymetry and surface sediment sampling with a 

box corer were carried out on board R/V Aegaeo, followed by grain-size analysis, 

XRD and XRF measurements. A large circular depression was identified north of 

Kimolos reaching a water depth of 743 m, filled with fine-grained sediments. Surface 

sediment distribution is characterized by gradual decrease in grain-size from silty 

sand to silt in a S-N direction. The mineralogical composition comprises calcite, Mg-

calcite, aragonite, dolomite, quartz, K-feldspars, plagioclase, amphiboles and clay 

minerals. Major sediment provinces identified were: (i) the shallow sector proximal 

to Kimolos, characterized by higher contents in Si, Al, K, Rb and Ba; (ii) the deep 

area west of Sifnos, including the large depression, characterized by higher contents 

in Fe, Ti, Na, Mg, S, Cr, Cu, Ni, V, Zn; and (iii) the south passage between Kimolos 

and Sifnos, which exhibits higher Ca, S, and Sr contents. Manganese enrichment was 

observed in and around the bathymetric depression, where Mn oxides act efficiently 

as scavengers of a suite of metals. 

Keywords: sediment provenance, depression, carbonate minerals, manganese oxides. 

Περίληψη 

Στην ελάχιστα μελετημένη θαλάσσια περιοχή μεταξύ των νησιών Σίφνου και Κιμώλου 

πραγματοποιήθηκε μια εκτεταμένη ωκεανογραφική μελέτη, με σκοπό την καταγραφή 

της υποθαλάσσιας μορφολογίας και των χαρακτηριστικών των επιφανειακών 

ιζημάτων, καθώς και της πηγής προέλευσης αυτών. Έγιναν καταγραφές με πολυδεσμικό 

βυθόμετρο και δειγματοληψίες επιφανειακών ιζημάτων με box corer με το Ω/Κ Αιγαίο 
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και ακολούθησαν αναλύσεις μεγέθους κόκκων, ορυκτολογίας και γεωχημείας. Ένα 

μεγάλο βαθυμετρικό βύθισμα εντοπίστηκε βόρεια της Κιμώλου, με μέγιστο βάθος 743 

μ., που συγκεντρώνει λεπτόκοκκα ιζήματα. Η κατανομή των ιζημάτων ως προς το 

μέγεθος κόκκων χαρακτηρίζεται από σταδιακή μείωση του μεγέθους από νότο προς 

βορρά. Η ορυκτολογική σύσταση περιλαμβάνει ασβεστίτη, Mg-ασβεστίτη, αραγωνίτη, 

δολομίτη, χαλαζία, Κ-άστριους, πλαγιόκλαστα, αμφίβολους και αργιλικά ορυκτά. Οι 

κύριες ιζηματολογικές επαρχίες που αναγνωρίστηκαν είναι 1) η ρηχή περιοχή πλησίον 

της Κιμώλου, με υψηλό περιεχόμενο σε Si, Al, K, Rb και Ba, 2) η βαθιά περιοχή δυτικά 

της Σίφνου, όπου εμφανίζεται και το μεγάλο βύθισμα, που χαρακτηρίζεται από υψηλό 

περιεχόμενο σε Fe, Ti, Na, Mg, S, Cr, Cu, Ni, V, Zn και 3) το στενό μεταξύ Σίφνου και 

Κιμώλου, με υψηλότερο περιεχόμενο σε Ca, S και Sr. Στο βύθισμα αυτό, παρατηρήθηκε 

σημαντικός εμπλουτισμός των ιζημάτων σε μαγγάνιο, ενώ τα οξείδια του Mn φαίνεται 

να προσροφούν διάφορα μέταλλα.  

Λέξεις κλειδιά: προέλευση ιζημάτων, ανθρακικά ορυκτά, οξείδια του μαγγανίου. 

1. Introduction 

The South Aegean Volcanic Arc is the major geomorphological feature of the entire Aegean Sea, 

featuring a series of volcanoes as Methana and Milos to the west, and Santorini and Nisyros to the 

east. Milos and Kimolos islands lie in the westernmost sector the Cyclades Plateau, whereas Sifnos 

Ιsland lies further to the NE, on a broad shelf characterized generally by water depths <400 m 

(Poulos, 2009). The marine area between the latter islands has been investigated by Piper and 

Perissoratis (2003) in respect to the sedimentary and tectonic Quaternary evolution, however, the 

sedimentological features of the area, as well as associated depositional processes of the sediments, 

are largely unknown. 

 

Figure 1 - Sampling stations location superimposed on swath bathymetry map. 

The Hellenic Centre for Marine Research (HCMR) and the Institute of Geology and Mineral 

Explorations (IGME) have been conducting since 2013 a multifaceted oceanographic project in the 

Aegean Sea named ‘Aegean Explorations/YPOTHER’. As part of this project, a cruise (AEX-2) was 

organized in 2014 in SW Cyclades with initial aim to investigate a prominent submarine depression 

located between Kimolos and Sifnos; data collected earlier by the Hellenic Hydrographic Service 
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and IGME had recorded a semi-circular submarine feature with water depths up to 720 m, some 200 

m deeper than the surrounding seafloor. 

Multi-beam bathymetry, seismic profiling, and remotely operated vehicle dives were utilized to 

provide information on this peculiar geomorphological feature, whereas surface sediments and 

gravity cores were collected to better understand the geochemical characteristics of the area. Here 

we present preliminary results on the submarine geomorphology and associated surface sediment 

properties, documented for the first time. Sediment transport and depositional processes are 

discussed, whilst sediment provenance is considered in respect to differing island lithology. 

2. Materials and methods 

The oceanographic cruise AEX-2 was carried out between 30 April and 9 May 2014 on board R/V 

Aegaeo. The bathymetry survey (total length of 250 nm) was performed with a hull-mounted 

SeaBeam 2120 multi-beam echo sounder (frequency of operation: 20 kHz; applied half-swath angle: 

58-60°; maximum received beams: 117-121; swath overlapping: a minimum of 30%; across-track 

resolution: <14 m; along-track resolution: <10 m). Several sound velocity profiles, obtained from 

conductivity-temperature vs depth (CTD) casts at deep sites (600-630 m) in the study area, were 

incorporated into the acquisition software of the multi-beam system to calibrate the position and 

accuracy of recorded depth values. The estimated error in the vertical and horizontal dimension was 

within 0.5% and 10 m, respectively. 

Sixteen surface sediments (0-2 cm) were collected by means of a stainless-steel box corer. In 

addition, 4 gravity core tops (0-3 cm) were used for geochemical analysis only, due to limited sample 

quantity. Grain-size measurements were performed with the pipette method, after separation of the 

>63 μm fraction by wet sieving, and textural sediment classification followed the subdivisions of 

Folk (1974) (Table 1). The samples were analyzed for the determination of their mineralogical 

composition using X-Ray diffraction (XRD). The X-Ray diffractometer was a Panalytical X’pert-

Pro with a Cu X-ray tube (Kα of Cu, λ = 1.5405 Ǻ), graphite monochromator, an applied voltage 30 

kV and a 40 mA current. The random powder mounts of samples, prepared by back loading, were 

scanned from 2-70º 2θ. Data were evaluated with the XPert High-Score (Version 2004) (Panalytical 

B.V., Almelo, The Netherlands) and the EVA® software (DIFFRACplus EVA v12.0, Bruker AXS 

GmbH) and managed with the PDF-2 database (International Centre for Diffraction Data, Newtown 

Square, PA, USA). The clay fraction (<2 μm) was separated by settling and oriented glass slides 

were prepared for the determination of clay minerals. X-Ray diffraction analysis was performed 

from 2-35° 2θ (i) from air-dried samples, (ii) after ethylene glycol solvation at 60 °C to ensure 

maximum saturation and (iii) after heating at 490 °C. The mineral phases were quantified with a 

standardless Rietveld refinement routine using TOPAS® software, and the quantification errors 

were less than 1% (Table 2). Polished thin sections were prepared and examined in the SEM 

laboratory of IGME, (JEOL JSM-5600 coupled with an Oxford Instruments EDS system), whereas 

the analysis conditions were 30 keV acceleration voltage, 3 nA beam current and a spot diameter of 

10-30 μm. 

Bulk samples were oven dried, ground to a fine powder in a Fritsch motorized mill with agate mortar 

and balls and were analyzed for their chemical composition in a Panalytical PW-2400 wavelength 

X-Ray fluorescence analyzer, equipped with Rh-tube. Major elements were determined in fused 

beads and minor elements in pressed-powder pellets following the procedure of Karageorgis et al. 

(2005, 2009). Part of the same samples were pulverized to <200 mesh in an agate mill, was digested 

with a mixture of HCl-HNO3-HF acids and were analyzed for a series of trace elements by 

Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-MS). Loss on ignition (LOI) was 

determined by estimating the weight loss after burning 1 g of sample for 1 h at 1000°C. The 

geochemical data set comprised also the top (0-4 cm) sediment of four gravity cores (Table 1). 
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Table 1 - Grain-size classes and major/minor elemental contents for surface sediments from Kimolos-Sifnos marine area. 

Station depth sand silt clay SiO2 Al2O3 Fe2O3 TiO2 K2O Na2O CaO MgO SO3 P2O5 MnO LOI Sum As Ba Co Cr Cu Mn Ni Pb Rb Sr V Zn 

 m % μg g-1 

KIM-1 547 1.7 94.2 4.1 25.7 7.2 2.99 0.330 1.49 2.85 24.6 3.30 0.702 0.119 0.273 31.5 101.1 17 340 17 94 37 2700 72 41 62 884 67 88 

KIM-2 518 4.0 92.0 4.0 26.1 7.1 2.89 0.324 1.49 2.86 24.7 3.19 0.683 0.112 0.210 31.4 101.0 20 374 19 88 34 2145 71 42 61 883 66 89 

KIM-3 575 6.1 88.4 5.5 25.9 7.3 2.95 0.326 1.49 3.16 24.0 3.23 0.775 0.118 0.242 31.6 101.2 17 372 17 84 37 2365 71 43 61 878 65 93 

KIM-4 518 4.2 90.6 5.2 25.6 7.1 2.91 0.325 1.48 2.94 24.6 3.24 0.712 0.114 0.189 31.1 100.3 20 363 18 82 34 1828 69 43 61 877 63 90 

KIM-5 735 5.4 87.2 7.4 24.2 6.9 3.00 0.312 1.43 3.56 23.8 3.29 0.786 0.127 0.576 32.9 100.9 23 340 24 89 36 5833 79 43 59 853 65 93 

KIM-6 639 14.4 80.9 4.7 22.1 7.1 2.69 0.291 1.21 2.67 26.8 3.46 0.671 0.118 0.169 33.5 100.8 18 302 17 82 36 1722 68 40 55 896 63 85 

KIM-7 383 44.2 53.7 2.1 20.8 5.4 2.07 0.233 1.09 1.87 30.7 3.37 0.575 0.099 0.097 33.0 99.3 17 340 11 57 22 1016 43 31 45 934 50 66 

KIM-8 332 35.3 62.4 2.3 26.2 6.3 2.35 0.280 1.37 2.17 27.2 3.03 0.566 0.106 0.143 30.5 100.3 19 458 10 59 24 1296 45 37 53 914 52 80 

KIM-9 173 53.2 44.7 2.1 27.3 8.0 2.50 0.229 1.32 2.14 24.7 2.47 0.566 0.081 0.110 30.0 99.4 17 672 11 40 18 1252 29 33 60 1347 44 74 

KIM-10 367 40.0 57.6 2.4 32.4 7.5 2.65 0.314 1.65 2.45 23.5 2.37 0.610 0.103 0.113 26.4 100.1 19 631 12 58 24 1140 43 37 64 963 57 83 

KIM-11 274 41.4 56.9 1.7 25.0 5.9 2.27 0.272 1.27 2.02 28.4 2.99 0.664 0.101 0.093 30.8 99.8 17 395 10 60 22 965 42 29 50 1014 49 63 

KIM-12 245 62.5 36.2 1.4 23.9 5.2 2.49 0.250 1.11 1.92 30.1 2.75 0.589 0.093 0.083 31.0 99.4 10 323 11 59 19 869 40 18 45 1204 46 48 

KIM-13 253 41.3 57.4 1.3 24.9 5.6 2.27 0.266 1.22 2.03 28.4 2.94 0.754 0.094 0.097 30.5 99.1 15 371 10 62 23 981 42 23 48 1104 46 55 

KIM-14 192 45.3 53.8 0.8 29.6 7.8 2.37 0.263 1.43 2.10 23.9 2.57 0.777 0.085 0.077 28.4 99.3 16 590 9 53 19 821 32 28 60 1139 44 64 

KIM-15 280 44.3 53.6 2.1 26.5 5.9 2.49 0.267 1.29 2.07 27.8 2.77 0.697 0.099 0.084 29.9 99.9 15 399 11 62 20 836 41 23 50 1139 47 57 

KIM-16 269 39.5 57.6 2.9 26.2 6.0 2.30 0.283 1.32 2.06 27.5 2.93 0.718 0.098 0.098 29.5 99.0 19 414 10 62 23 973 42 26 52 1042 49 61 

KIM-5GC 525 - - - 26.3 7.2 2.91 0.328 1.48 2.05 26.2 3.16 0.539 0.168 0.232 29.4 100.0 20 330 16 79 33 2182 66 34 59 921 62 77 

KIM-6BGC 282 - - - 26.2 6.5 2.38 0.299 1.34 1.79 27.3 2.91 0.605 0.101 0.098 30.4 99.9 11 302 8 56 17 473 40 21 45 961 44 44 

KIM-8GC 290 - - - 31.6 8.7 2.13 0.319 1.63 1.87 23.1 2.54 0.345 0.102 0.103 26.7 99.1 13 437 9 52 18 440 36 51 55 870 46 61 

KIM-9GC 316 - - - 26.8 6.4 2.49 0.288 1.38 2.73 27.3 3.12 0.502 0.109 0.099 28.5 99.7 18 456 10 56 26 965 41 37 53 972 52 75 

mean  30.2 66.7 3.1 26.2 6.75 2.55 0.290 1.37 2.36 26.2 2.98 0.642 0.107 0.159 30.3  17 410 13 67 26 1540 51 34 55 990 54 72 

st. dev  20.4 18.9 1.8 2.72 0.92 0.30 0.032 0.15 0.50 2.23 0.32 0.110 0.018 0.115 1.9  3 106 4 15 7 1193 16 9 6 134 9 15 
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3. Results 

3.1. Submarine geomorphology 

The seafloor of the survey area north of Kimolos displays a rather complicated relief (Fig. 2). The 

southern part includes the submarine slopes off Kimolos Island and displays highly irregular 

morphology with steep slopes, ridges, local highs or mounts and hummocky seafloor close to 

Kimolos shoreline. This configuration reflects the volcanic origin of the seafloor's substrate of 

Kimolos volcanic province. 

The eastern part of the survey area encompasses the shelf and slope west and south of Sifnos Island. 

The seafloor displays smooth morphology. A wide shelf extends to the south of Sifnos and passes 

abruptly to a steep slope facing the northeastern Kimolos shore. The shelf along the western side of 

Sifnos becomes gradually narrower towards north and passes towards west to a smoothly to 

moderate steep slope. The morphological characteristics off Sifnos Island reflect the metamorphic 

origin of the seafloor's substrate. 

 

Figure 2 - Numbers 1 to 6: bathymetric depressions. White dashed line: limit of Kimolos 

volcanic province. Black dashed line: limit of Sifnos metamorphic province. Background: 

swath bathymetry map. 

The northern part of the survey area occupies the southern part of the sedimentary basin which has 

developed north of Kimolos volcanic province and west of Sifnos metamorphic province. Unlike most 

flat sedimentary basins, it displays a peculiar relief with local depressions and structural highs spatially 

alternating. Six noticeable depressions have been labelled with numbers and are shown on the 

bathymetric map of Fig. 2. Depression Nr. 1 is the deepest and most spectacular among the six, with a 

maximum depth of 743 m, surrounded by steeply dipping (more than 50%) slopes. It is located at the 

foot of the northern slope of Kimolos and the dimensions of its floor, at the 730 m depth contour, are 

1.6 km in N-S and 1.0 km in E-W direction. The second well-developed depression is Nr. 2, on the 

northern slope of Kimolos. The dimensions of its floor, at the 360 m depth contour, are 0.9 km and 1.0 

km in N-S and E-W direction, respectively, whilst maximum water depth reaches 370 m. 

Apart from the depressions Nr. 1 and 2, four more, locally developed, shallower depressions have 

been mapped. The three of them, i.e. Nrs. 3, 4 and 5, are located in the basin north of Kimolos, whilst 

depression Nr. 6 marks the narrowest point of the strait between Kimolos volcanic province and 

Sifnos metamorphic province. 

Seismic reflection profiles show that almost all depressions (except depression Nr. 2) are underlain 

by thick sedimentary deposits of Plio(?)-Quaternary age. Although processing and interpretation of 

the seismic data is in progress, preliminary results indicate that the formation of the depressions is 

the result of active tectonic movements and local transtensional deformation and subsidence. 
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3.2. Sediment grain-size analysis 

Surface sediments in the study area are composed of silt and sand, with minor proportions of clay 

(Fig. 3). Sand percentages up to 53% are observed north of Kimolos, exhibiting a decreasing trend 

towards the north, whilst the highest sand content (63%) is recorded between Sifnos and Kimolos. 

Silt is the predominant size class (max. 92%) with relatively higher values observed at the deepest 

sector of the study area, i.e. the bathymetric depression and its surroundings. In terms of their textural 

classification, the sediments vary between sandy silt to silt and are illustrated in the ternary diagram 

of Fig. 3. 

 

Figure 3 - Spatial distribution of sand, silt and clay percentages. The grain size ternary 

diagram is also presented (after Folk, 1974). 

3.3. Bulk mineralogy and clay minerals 

The bulk mineralogical composition comprises carbonate minerals (calcite, Mg-calcite, aragonite 

and dolomite, from 42.6 to 53.9% in total), quartz (6.4-11.3%), plagioclase (5.4-15.5%) and to a 

lesser extent K-feldspars and clay minerals (illite, chlorite, kaolinite and traces of smectite) (Table 

2). Amphiboles, biotite, barite, pyroxenes, epidote, garnet, magnetite, pyrite, serpentine and talc 

occur as accessory mineral phases (XRD analysis and SEM observations). Terrigenous minerals 

comprise quartz, plagioclase, K-feldspars, opal-CT, amphiboles and clay minerals. Calcite peaks at 

the vicinity of the major bathymetric depression, together with chlorite, illite and partly kaolinite 

(Fig. 4). Plagioclase, K-feldspars, opal-CT, aragonite, and partly kaolinite and quartz show maxima 

north of Kimolos, displaying decreasing trends towards the north. Dolomite and hornblende appear 

to be enriched in the Sifnos-Kimolos strait, and Mg-calcite, shows maxima at the NW and E sectors 

of the study area (Fig. 4). 

Based on detailed optical and SEM microscopy observations, several accessory minerals were 

identified, as allanite and monazite, which are REE-bearing mineral phases. Allanites have 

noticeable thorium contents (up to 2.7%), whereas monazites include relatively high amounts of 

REE and thorium contents (ΣREE + Th=52-60 %). Ti-bearing minerals include ilmenite, Ti-

magnetite as well as minor rutile and titanite. In particular, unaltered to slightly altered ilmenite and 

Ti-magnetite formed hypidiomorphic fine and occasionally medium grained crystals with an 

estimated modal composition of about 0.5%. Barite is present in all examined sediment samples as 

well as zircon and zinc/copper oxides. 
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Table 2 - Mineralogical composition of surface sediments (Cc: calcite, Mg-Cc: magnesium 

calcite, A: aragonite, D: dolomite, Q: quartz, P: plagioclase, K-F: K-feldspars, Ho: 

hornblende, O: opal-CT, I: illite, Chl: chlorite, K: kaolinite, Ha: halite). 

Sample Cc Mg-Cc A D Q P K-F Ho O I Chl K Ha 

KIM-1 27.6 18.8 2.9 0.9 7.3 6.8 5.3 0.6 2.3 10.9 8.4 4.8 3.4 

KIM-2 26.2 19.2 4.0 0.8 7.9 7.4 6.6 0.7 2.1 9.9 8.3 4.8 2.1 

KIM-3 26.9 16.4 3.7 0.9 7.1 9.2 6.6 0.8 2.0 10.1 7.9 5.2 3.2 

KIM-4 27.3 17.8 3.8 0.7 7.8 7.7 5.8 0.6 1.6 10.6 8.5 4.9 2.9 

KIM-5 26.9 19.5 2.9 0.9 6.8 6.1 5.1 0.3 2.0 13.3 8.1 4.2 3.9 

KIM-6 27.1 22.6 3.5 0.7 6.4 6.4 5.5 0.6 1.6 11.1 6.3 4.9 3.3 

KIM-7 19.6 27.2 5.1 1.5 7.8 8.3 5.6 0.7 2.1 9.5 7.3 3.1 2.2 

KIM-8 21.8 19.9 4.6 0.6 8.9 11.2 6.6 0.8 3.7 8.5 6.9 4.4 2.1 

KIM-9 22.4 8.9 10.6 0.7 8.8 15.5 8.6 0.6 2.9 10.7 4.8 3.4 2.1 

KIM-10 23.5 10.8 7.6 0.7 8.8 11.6 9.6 1.0 4.0 7.9 6.8 5.3 2.4 

KIM-11 19.9 21.0 6.0 1.2 9.2 8.9 4.8 1.1 2.5 12.8 7.2 3.2 2.2 

KIM-12 24.3 16.9 9.2 2.0 8.9 12.7 2.5 1.1 0.3 11.4 4.8 3.5 2.4 

KIM-13 20.9 24.6 7.7 1.1 9.8 5.4 4.5 0.6 2.7 8.9 6.2 4.8 2.8 

KIM-14 27.9 8.6 9.6 1.4 11.3 12.8 7.8 1.1 2.6 5.7 5.7 4.6 0.9 

KIM-15 25.4 13.6 7.5 1.8 9.4 12.7 5.7 0.7 1.5 8.1 6.8 4.2 2.6 

KIM-16 24.0 18.2 5.4 1.3 9.3 12.0 6.9 1.2 1.5 7.1 5.7 4.5 2.9 

3.4. Geochemistry of major and minor elements 

Calcium is the major elemental component (CaO 23.1-30.7%), followed by Si, Al, Mg and Fe oxides 

(Table 1). The abundance of biogenic cells and their fragments in the sediments point primarily to a 

biogenic origin of Ca and Mg, however, plagioclase, detrital calcite and dolomite are also contributors 

of those elements. Silicon is typical component of aluminosilicate minerals as well as detrital quartz. 

The mean Si/Al ratio is 3.45, fairly similar to the average shale (3.41; Turekian and Wedepohl, 1961); 

some higher values (up to 4.1) are observed between Sifnos and Kimolos islands. 

Considering the element spatial distribution patterns (Fig. 5), different provinces are identified: i) 

Si, Al and K contents are more pronounced north of Kimolos, being associated with more coarse-

grained, shallow water sediments; ii) Fe, Ti, Na, Mg and partly S exhibit higher contents in the 

northern sector, which is characterized by finer grain-sizes and deeper waters. It should be noted 

that Na is mainly related to halite, due to insufficient removal of sea-salt; and iii) Ca is more 

abundant at the western and eastern sectors of the study area, without indicating any clear association 

with other major elements. 

Minor elements demonstrating the highest mean contents are Mn (1540 μg g-1), Sr (990 μg g-1) and 

Ba (410 μg g-1). According to their spatial distribution patterns (Fig. 6) the following groups are 

formed: i) the metals Cr, Cu, Ni, V, Zn and partly Pb exhibit highest contents in the northern sector 

of the area; ii) Mn, Co and partly As also show maxima in the northern sector but also peak at KIM-

5 sampling site, located at the major depression; iii) Ba and Sr decrease in a S-N direction; and iv) 

Rb shows double maxima at the northern sector and north of Kimolos. 

3.5. Factor analysis 

In general, variation in sediments’ mineralogical and geochemical composition and spatial 

distribution can be explained by a number of key-factors, i.e. bottom topography and water depth, 

grain size and other textural characteristics, different provenance, as well as in situ biological and 

geochemical processes. 

The complex sedimentological and geochemical features that were identified in the study area were 

further investigated by multivariate statistics methods, described hereafter, to gain better 

understanding on the interrelationships of all variables. Exploratory factor analysis (EFA) is a 

statistical data-reduction method widely applied in geosciences to allow grouping of correlated 

variables assuming that an underlying causal model exists. Prior to analysis, the data set was checked 
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for outliers (Box-and-Whisker plots and Grubbs test), checked for normality (Kolmogorov-Smirnov 

test) and, then, transformed to improve normality and symmetry (Box-Cox transformation and z-

transformation); a detailed description of the method is given in Karageorgis et al. (2009). 

 

Figure 4  - Spatial distribution of main minerals (%). 

 

Figure 5 – Spatial distribution of major elements (%). 

 

Figure 6 – Spatial distribution of minor elements (μg g-1). 
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Variables exhibiting low communalities (the squares of correlations) were excluded from EFA and 

a new model was created. A final 3-factor model solution was selected, which explains 89% of the 

total variance (Table 3). 

Factor 1 (60%) exhibits high loadings for Mn, Fe (and Na), minor elements Co, Cr, Cu, V, Zn, clay 

content and water depth. Factor 1 may be interpreted as Fe-Mn oxides, amorphous and/or crystalline, 

which are efficient scavengers of numerous metals (Stumm and Morgan, 1996). Manganese is supplied 

to the ocean either as Mn-oxide coatings on particulate material delivered by wind/rivers or by deeper 

sediments through diffusion and early diagenesis (Calvert and Pedersen, 2003). In the north Aegean 

(Sporades basin), Mn oxides occurred as coatings on fine grained calcite particles or quartz 

(Karageorgis et al., 2005). In the study area, Mn content shows increasing trend towards deeper waters 

and may be related to lower sedimentation rates, as observed in the Gulf of Lions (Marin and Giresse, 

2001). The excess Mn content in the surface sediments is also documented by the Mn/Al ratio, which 

peaks at the deepest (735 m) KIM-5 sampling site at 1596 10-4, a value several-fold higher than the 

average shale Mn/Al ratio of 94 10-4 (Turekian and Wedepohl, 1961), further suggesting a substantial 

enrichment of the deeper sediments in Mn oxides and associated minor elements. However, Fe/Al ratio 

varies between 0.32 and 0.64 (mean 0.510.06), which is comparable to the average shale value of 

0.59, denoting minor Fe enrichment. Energetically, Mn oxides are much more favourable electron 

acceptors than iron oxides or sulfate, thus, in the study area, Mn oxides play a primary role on the 

adsorption and complexation of various metals. 

Table 3 - Factor pattern after Varimax rotation. 

Variable F1 F2 F3 

Si -0.286 0.881 -0.238 

Al 0.146 0.841 0.024 

Fe 0.749 0.275 0.336 

Ti 0.297 0.580 0.725 

K 0.116 0.955 0.245 

Na 0.854 0.266 0.186 

Ca -0.284 -0.902 -0.062 

Mg 0.549 -0.440 0.601 

Ba -0.054 0.538 -0.695 

Co 0.886 0.024 0.382 

Cr 0.629 -0.030 0.695 

Cu 0.836 0.025 0.506 

Mn 0.947 -0.015 0.190 

Ni 0.666 -0.045 0.735 

Rb 0.634 0.749 -0.021 

Sr -0.377 -0.274 -0.752 

V 0.784 0.167 0.564 

Zn 0.864 0.350 0.243 

clay 0.714 0.147 0.543 

depth 0.628 0.027 0.757 

Factor 2 explains 24% of the total variance and exhibits high loadings for Si, Al, K, Rb and moderate 

loadings for Ti and Ba, thus, representing the group of terrigenous aluminosilicates elements, which 

are inversely loaded to Ca and Sr, the typical constituents of autochthonous biogenic carbonates. 

Finally, Factor 3 (5%) with high loadings for Ti, Mg, Cr, Ni and water depth, may be associated 
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with the presence of minerals such as amphiboles, chlorite, serpentine and talc, derived from the 

metamorphic rocks of Sifnos Island, whereas Ti-bearing minerals (ilmenite, rutile and titanite) 

originate in the volcanic, pyroclastic and granitic rocks of Kimolos. The spatial distribution of those 

elemental ratios to Al (not shown) support this notion. 

4. Concluding remarks 

Available grain size, quantitative mineralogical and geochemical data provide a unique opportunity 

to study sediment distribution patterns and provenance, as they exhibit common attributes. The 

autochthonous biogenic component is very pronounced, illustrated by calcite, Mg-calcite and 

aragonite, and explains the geochemical behaviour of the elements Ca, Mg and Sr. Calcium in the 

bulk sediment originates both in the biogenic carbonate minerals but also in the detrital dolomite 

and plagioclase. For that reason, its spatial distribution does not closely resemble to the distribution 

patterns of calcite, which is the most abundant mineral. Strontium and aragonite are linearly 

correlated (R2=0.871), suggesting that Sr substitutes Ca ions preferentially in aragonite rather than 

in other carbonate minerals. On the other hand, dolomite clearly originates in the marbles of Sifnos, 

which are abundant in the island (Matthews and Schliestedt, 1984). Sifnos is also the prime source 

of chlorite and illite (blue and green schists) and these fine clay minerals settle preferentially into 

the major bathymetric depression, attracting a variety of chemical elements, which are structural to 

aluminosilicates and a portion of metals too. 

The volcanic formations of Kimolos (Photiadis, 2012) and probably the Kastro and Prassa ignimbrite 

(Christidis, 2001) are the main sediment contributors in plagioclase, K-feldspars, opal CT, kaolinite 

and quartz, thus, explaining the distribution patterns of several elements such as Si, Al, K, Ba and 

Rb. Manganese oxides and hydroxides, associated with most of the metals (Co, Cr, Cu, Ni, V, Zn) 

due to their high adsorption capacity, appear to be the dominant phase in the northern sector of the 

study area, including the major depression, but they do not relate to a single mineral phase, most 

probably due to their amorphous or poorly crystallized nature. 

The SE sector of the study area, i.e. the Sifnos-Kimolos strait, is characterized by rather coarse-

grained sediments, occurring at depths up to 300 m. On one hand, this is due to the abundance of 

sand-sized shells and debris of molluscs, but it also implies the presence of strong bottom-currents, 

which strip out fine-grained sediments. This is in agreement with the early work of Anagnostou et 

al. (1998) as well as the recent observations of Tripsanas et al. (2016); the latter authors identified 

several episodes of intense bottom-current activity during the last 80 ka in the South Aegean Sea, 

associated with climatic changes. 
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Abstract 

The grain size distribution (GSD) of surface bed material in alluvial rivers is of 

interest in many geological, ecological and engineering applications. In this work, 

which is a part of our broader Ph.D research in Vouraikos river on sediment 

transport, we are testing the possibility of obtaining such a distribution from 

photographs taken at the field (grid sampling), compared with the standard method 

which is the “pebble count”. We have also examined and quantified the errors 

resulting from radial distortion of the photographs. The motive of the work was to 

explore the opportunity of substituting field work for laboratory work. Results show 

that for this method to give reliable results, a better knowledge of the site-specific 

conditions is needed, which, in turn, requires more field work. 

Keywords: pebble count, bed material, photogrammetry, photography, sediment 

transport. 

Περίληψη 

Η κοκκομετρική κατανομή των φερτών υλικών του πυθμένα των ποτάμιων κοιτών 

παρουσιάζει ενδιαφέρον σε μια σειρά επιστημονικών εφαρμογών. Σε αυτή την εργασία, 

η οποία εντάσσεται στην ευρύτερη διδακτορική έρευνα που διεξάγουμε στον Βουραϊκό 

ποταμό με αντικείμενο τη στερεομεταφορά, δοκιμάζουμε την δυνατότητα να λάβει 

κανείς μια τέτοια κατανομή από φωτογραφίες, αντί για την καθιερωμένη μέθοδο που 

είναι η κροκαλομετρία (pebble count). Εξετάζουμε επίσης την ακτινική διαστροφή των 

φωτογραφιών και το σφάλμα που αυτή μπορεί να εισάγει στις μετρήσεις. Το κίνητρο 

μας είναι να συντομέψουμε το χρόνο στο πεδίο διατηρώντας την απαίτηση για καλής 

ποιότητας δεδομένα. Τα αποτελέσματα δείχνουν ότι κάτι τέτοιο είναι δυνατόν μόνο υπό 

την συνθήκη της καλής πρότερης γνώσης του πεδίου, που με τη σειρά της απαιτεί 

περισσότερο χρόνο στο πεδίο. 

Λέξεις κλειδιά: κοκκομετρική ανάλυση, υλικό κοίτης, φωτογραμμετρία, φωτογραφία, 

στερεομεταφορά. 

1. Introduction 

Many applications from various scientific fields require the knowledge of the grain size distribution 

(GSD) of surface or subsurface bed material at certain sites along a river course. These scientific 
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fields include geologists and geomorphologists that might be interested in sources and sinks of 

sediment within a catchment and the geomorphological evolution of the landscape, sedimentologists 

studying sedimentation environments, ecologists and environmental scientists that study the 

spawning conditions of certain wildlife species and engineers working in river restoration projects 

or need to estimate bedload transport rates. 

The size of gravel particles can be measured manually or by sieving. The different equipment used 

in both approaches can affect the results. This makes it necessary to compare different methods of 

particle-size measurements. Manual measuring includes the use of rulers or calipers, the “pebble 

box”, or the use of a template, an instrument also called gravelometer (see Fig.1). The use of 

gravelometer is preferred since it is much less prone to operator error. Sieving can be done in the 

field, but in most cases it is done in the laboratory. Sieving usually employs square-hole sieves (there 

are also round-hole sieves) that have gradations between 0.063 and 64 mm. Sieve sizes (the side 

length of the mesh width) typically advance as logarithmic series based on 2, i.e 

 𝐷𝑠 = 2
𝑥 (1) 

where x usually assumes values in increment of 0.5, so that Ds advances in 0.5 units of φ or ψ scale. 

Φ is defined as Φ = -log2(D) (Wentworth, 1922) and Ψ is defined as Ψ = log2(D), where D is the 

“diameter” of the pebble, that can be considered either as the nominal diameter, Dn = (a b c) 1/3 or 

just taken equal to the intermediate b-axis. 

Figure 1 - Left, the three perpendicular axes of a particle, middle, the gravelometer and 

right, sieving in the laboratory with the aid of a shaker. Both the gravelometer and the sieves 

are supposed to measure the b-axis of the particle. 

It should be pointed out here, that complete gravel surveys require the measurement of all three axes 

of a gravel (a,b,c, see Fig.1), and can be achieved either with the use of a ruler or a pebble box, while 

with the gravelometer, only the b-axis is measured. Relation between the b-axis and square-hole 

sieve sizes depend on the flatness of the particle (see Fig. 6). In addition, ruler measurements of b-

axes on photographs correspond to sieve results from round-hole sieves and need to be converted 

before they can be compared to standard sieve results from square-hole sieves (Bunte and Ampt, 

2001). 

2. Study area 

The study area of our research is Vouraikos River in Northern Peloponnese. This river and its 

watershed has been the subject of an on-going Ph.D research (of the first author) that was initiated 

in 2012, and aims at quantifying and modelling sediment transport, with emphasis in bedload 

transport. 
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2.1. Geographical and geological setting 

The greater area of Northwestern Peloponnese consists, in the southern part, of geological 

formations of Mesozoic age (mainly limestones, but also cherts and flysch layers which belong to 

the geotectonic zones of Olonos-Pindos and Gavrovo-Tripolis, respectively). The northern part is 

dominated by Late Pliocene fluvial and lacustrine sands, silts and conglomerates, passing upwards 

to Quaternary marls and Gilbert-fan delta conglomerates (Bornovas and Rondoyanni, 1983).  

The climate of the north Peloponnese is coastal Mediterranean (Köppen: Csb) with mean annual 

temperature 14.5˚C, mean temperature of the coldest month 10.6˚C and mean temperature of the 

warmest month 26.4˚C (Katsafados et al., 2012). Rainfall exhibits a gradient in the west-east 

direction ranging from more than 1500 mm of rain over the mountains of central Peloponnese to 

less than 450 mm in the east. 

 

Figure 2 - Vouraikos basin (northern part) and study area. 

2.2. Description of the river reach 

The river of Vouraikos is made up, in general, by two distinct parts; It is characterised by a tranquil, 

slow flow in the valley of Kalavryta (small slope), while, after its exit from the valley (approximately 

downstream of the bridge of Kerpini), its slope increases and it becomes a roaring watercourse 

within a v-shaped, steep valley until almost the village of Zaxlorou. About 1 km upstream of the 

village of Zaxlorou, the v-shaped, steep valley becomes a gorge, for which this river is widely known. 

In the study site (Pliatsikouras bridge) the stream can be classified broadly as plain bed type. Not far 

downstream, as its slope increases, it becomes a step - pool type. The average slope is 1.5%. The 

principal sediment sources are fluvial, hillslope and debris flows while sediment storage is mainly 

overbank. These features can be seen in Fig. 2 and Fig. 3. 
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Figure 3 - Panoramic view of the stream, downstream of the Pliatsikouras bridge. The piles 

of gravels that can be seen in the left bank come from a tributary. Occasionally, this 

sediment is mechanically shovelled and piled overbank. 

3. Materials and Methods 

3.1. Materials and instrumentation 

Bed surface sediment can be sampled by three methods: 

 pebble counts (line counts): select and hand-pick a preset number of surface particles at 

even-spaced increments along transects that may be parallel and span a relatively large 

sampling area (~100 m2), 

 grid counts: select particles at a preset number of even-spaced grid points that span a 

relatively small sampling area (~1-10 m2), hand-picking particles or measuring particle sizes 

on photographs, and 

 areal samples: include all surface particles contained within a small preset area (~0.1-1m2) 

of the streambed, often using adhesives to ensure that small particles are included 

representatively in the sample. 

 

 

Figure 4 - The study site upstream of the Pliatsikouras bridge. Piles of sediment can be seen 

near the left bank. Our measurements were on the exposed gravel bar to the right of the 

picture. This material is bedload since it is carried from the high flows (floods). 
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Pebble counts and grid counts are both suitable for gravel and cobbles (not for sand) and have been 

both employed in our research. In particular, we have carried out a pebble count of 150 particles 

using the gravelometer, and a photographic grid count on three photographs, both realised on the 

exposed gravel bar of the river (October 2015) upstream of the bridge of Pliatsikouras (see Fig.3). 

The pebble count was done over one line, materialised by the measuring tape laid on the ground, 

and picking one particle every 20 cm, trying to avoid bias towards smaller particles. In addition, we 

took a sample with a shovel (November 2015), weighting around 10 kg, and sieved it (after drying) 

in the laboratory of reinforced concrete of our department, in TEI Athens. 

Furthermore, we examined the errors occurring from the radial distortion of the photograph, with 

the use of a specialized software named FAUCCAL (Fully Automatic Camera Calibration). The 

input to this software is photographs of a chessboard pattern, taken from different angles. The 

algorithm then proceeds to extract object corner points, discard blunders, sort the valid nodes in 

pattern rows and columns and finally calibrate the camera by bundle adjustment (Douskos et al., 

2008). For our camera (a Nexus 5 camera), the results are summarized in the following table. 

Table 1 - Outcome of the camera calibration software. 

By Table 1, we conclude that the error introduced by the radial distortion (sigma) is small, its order 

of magnitude being approximately one pixel that is ~0.5 mm. 

The photographs were inserted into Autocad and scaled with the measuring tape. It is a fact, that for 

most cases, particles lie flat with the b-axis plane parallel to the photographic plane, so the shortest 

visible axis is the b-axis. After scaling of the photographs, the b-axes of the stones that fell onto the 

grid intersections were measured to the nearest mm, leaving out the ones that fell under leaves or 

other obstacles. This procedure gave around 190 measurements, covering roughly 3.5 m2. 

 

Figure 5 - One of the 3 photographs that were used for the grid count. Grid spacing is 10cm. 

Before we proceed to the diagrams and figures of the results, we recapitulate, in the following table, 

the basic formulas for the calculation of the geometric distribution parameters. 

A Posteriori Standard Error Sigma (pixels) Sigma=0.958 

Radial Distortion Parameters 
k1=1.282e-008 ± 2.55e-010 

k2=-1.713e-015 ± 1.42e-0162.5 
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Table 2 - Statistical characteristics of the Ψ size distribution. 

(after Parker, 2004) 

4. Results 

The cumulative distributions from the two methods gave the following results. 

 

Figure 6 - The results of the measurements. It can be seen that grid count curve lies almost 

constantly to the right of the pebble count curve suggesting a more “coarse” distribution. 

The results of the two distributions can be also given in a tabular form. 

Figure 6 and Table 2 reveal that the cumulative grain size distribution that was calculated from the 

photographic grid count is coarser. This is mainly due, as we already mentioned, to the fact that ruler 

measurements of b-axes on photographs correspond to sieve results from round-hole sieves and need 

to be converted before they can be compared to standard sieve results from square-hole sieves. In 

order for this correction to be possible, the ratio of c/b axes must be known (and also, considered 

constant for all size classes). This correction is given by the following figure 7. 
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Table 3 - Significant numbers for the two GSD. 

 

all numbers in mm 

 

pebble count 

 

grid count 

Geometric mean 23.3 25.6 

Geometric standard deviation  2.5 2.5 

D50 (size such that 50 percent of the sediment 

is finer) 

26.7 29.8 

D16  8.0 9.8 

D84 59.2 64.9 

D25 13.3 13.3 

D75 45.5 52.8 

 

Figure 7 - Ratio of square-hole sieve opening Ds, to measured b-axis, as a function of particle 

flatness, i.e. the ratio of c/b. (Church et al., 1987). 

In our case, this ratio was known due to a complete gravelometric survey at various reaches of the 

river (measurements of all 3 axes plus curvature angles of the particles) that had taken place in 

October 2014. The flatness of the sediment particles was found to vary between 0.55÷0.65. Taking 

an average of 0.6, Figure 7 gives us a Ds/b ratio equal to 0.83.  The whole series of grid size 

measurements was then multiplied with this conversion factor to derive the corrected grid count. 

Results are shown in the following figure and table. 

4.1. Discussion - Conclusions 

Photographic techniques for the purpose of acquiring grain size distributions of fluvial sediment are 

old, and some of their aspects have been debated for long. For instance, Kellerhals and Bray (1971), 

found that the mean particle size on photographic analyses was 5mm smaller than that obtained by 

sieving. Adams (1979), found that this discrepancy becomes larger with increasing particle size. It 

is a fact that this technique is prone to bias against smaller particles. We could add, from our own 

experience, that smaller particles, when (usually) packed between larger ones, tend to expose their 

c-axes instead of the b-axes. The errors introduced by the radial distortion of the photograph are 

small, but they also constitute to make measurements of particles smaller than 5 or 6 mm, prone to 

error. Another disadvantage of the photographic method, is that is very dependent on the operator 

(the one who measures on the screen), so it is mandatory that he/she must have a good prior 
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experience in manual measuring (gravelometers and rulers). The use of a good camera is, of course, 

recommended. 

 

Figure 8 - The cumulative distribution of the grid count after its correction, fits the pebble 

count distribution much better. 

Table 4 - Significant numbers for the two GSD after correction. 

 

all numbers in mm 

 

pebble count 

 

grid count 

corrected 

Geometric mean 23.3 22.1 

Geometric standard deviation  2.5 2.5 

D50 (size such that 50 percent of the sediment 

is finer) 

26.7 25.7 

D16  8.0 7.8 

D84 59.2 59.2 

D25 13.3 11.3 

D75 45.5 45.7 

It can be seen that the corrected GSD is a much better fit of the pebble count derived GSD. 

We can conclude that if the conditions are favourable (all particle b-axes are fully visible and parallel 

to the photographic plane), and the study is not very much concerned with fines, this method can 

save valuable field time, given that, for the site(s) studied, a general knowledge base exists already. 
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Abstract 

This study presents sedimentological and palaeontological data retrieved from a 

coastal lagoon near Ayvalik in NW Turkey. The objective of this study is to interpret 

the depositional environments and reconstruct the evolution of the study area during 

the late Holocene. 42 sediment samples have been retrieved from a 13m core. 

Sedimentological analyses such as grain size analysis, moment measures of mean, 

sorting, skewness and kurtosis, definition of total organic carbon (T.O.C.), total 

nitrogen (T.N.), colour and CaCO3 (%) were employed. Moreover, macro and 

microfossils were collected to reconstruct the depositional environments. The 

palaeoenvironmental - palaeoecological analyses indicated a closed shallow shelf 

environment (around 4000 to 2400 yr BP) that gradually turned into a leaky lagoon 

(around 2400 yr BP to present). 

Keywords: deposition environment, sedimentology, paleoecology, geochemistry. 

1. Introduction 

During Holocene several changes took place in the Mediterranean Sea. Climatic changes, eustatism 

and tectonism are responsible for the geomorphological modifications of the coastal areas. During 

the last glacial maximum (21-17ka BP) sea level was 115-120 meters below present level. The rising 

of the sea level had been relatively slow but accelerated from 12-6ka years BP, mostly from the 

melting of polar ice sheets (Fairbanks, 1989). The rising sea level during the Holocene epoch 

reached its present levels around 6ka BP. More specifically, Lambeck, (1995) and Lambeck and 

Purcell, (2005) estimated that sea level at 6ka BP was 6 meters lower in N. Aegean Sea and 2 meters 

in N. Greece than its present level. 

Coastal areas are of great significance in geology as they are affected by both the marine and the 

continental realms. Such continuously changing areas include coastal lagoons and ecosystems which 

are very important for coastal geology and aquatic ecology. Coastal evolution depends on the local 

geological and geomorphological conditions, climate, tectonism and the relative sea level changes. 

Coastal lagoons are areas with shallow brackish waters, separated from the open sea with sandy or 

shingly barriers (Kjerfve, 1994; Bird, 2008). These sensitive ecosystems are hosting unique types of 

fauna and flora adjusted to the fluctuating annual salinity. Being on the border of two realms they 
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are vulnerable to eustatic and tectonic changes, and recently to human intervention. Total organic 

carbon (TOC) and total nitrogen (TN) are important sediment characteristics, used to discriminate 

the origin of the organic matter (marine-terrestrial), defining the depositional conditions, the 

contamination factors and the productivity indicators (Caroll et al., 2003; Schaanning, 1994). Grain 

size distribution and geochemical data such as measurements of total organic carbon (TOC), total 

nitrogen (TN) and a variety of elements, provide significant information on the sediments and the 

respective depositional environments. 

In the present study, data from a 13m core (AG-1) from a Tuz Gölü lagoon, 7.94 km SW from 

Ayvalik in NW Turkey are presented. Spatial sedimentological and geochemical data have been 

calculated from 42 samples. In addition, macro and micro faunal analysis of subfossils and 

radiocarbon dating analysis were performed in order to reconstruct the evolution and the 

depositional environments of the studied area. 

 

Figure 1 - (A) General map of the Aegean with the study area in the inserted box, (B) 

simplified geological map of Ayvalik area modified from the respective geological map of the 

Balikesir Province of Turkey (Senel, 2002) and (C) the actual location of the AG-1 core. 
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2.  Regional setting 

Ayvalik is a town located on the western coast of Turkey (Figure 1A, B and C), a district in the 

Balikesir province which is considered as one of the most active tectonic regions of Turkey. 

5.1. The most striking feature of this region is the coastal morphology that consists of peninsulas 

and of numerous coves and bays. The area has been affected by eustatic and tectonic processes 

forming sandy beaches, cliffs, dunes, coastal marshes, crescent shaped beaches, lagoons, islands and 

peninsulas (Kayan, 1999). 

The volcanic and sedimentary rocks that compose the geological formations of the wider Balikesir 

Province area were formed between the Palaeozoic era and the Quaternary period (Senel, 2002). The 

NW part of this area is covered by Triassic granitoids and Triassic clastic and carbonate rocks, 

whereas, upper Palaeozoic schists can be found in the NE part. Lower to middle Miocene 

undifferentiated volcanic rocks (andesitic) extend from the west to the south, surrounding granitoid 

masses located to the east of the study area. North and East of Ayvalik, lower-middle Miocene 

continental clastic rocks and pyroclastic rocks can be found. Further eastwards, patchy outcrops of 

Quaternary basalts appear (Figure 1B). Practically the whole coastal area surrounding Ayvalik is 

composed of Quaternary deposits and lower to middle Miocene undifferentiated volcanic rocks 

(andesitic) (Senel, 2002). 

3. Materials and Methods 

The core AG-1 was drilled in the coastal lagoon Tuz Gölü SW of Ayvalik, (39ο16.587΄N and 

26ο37.138΄E) (Figure 1). The drilling equipment was a rotary wagon type drill (GEO 205) with a 

driling rig of Comacchio Company, with a single tube core barrel with tungsten carbide bit and 101

mm diameter. The total depth of the borehole was 13m. 

The AG-1 core was then carried to the Sedimentology laboratory of the Department of Geology in 

the University of Patras. The core was processed and 42 samples were collected. Standard 

sedimentological analyses were carried out such as grain size, moment measure of mean values, 

sorting, skewness and kurtosis. Grain size analysis was held out using a sequence of mesh sieves  

and Malvern Mastersizer 2000 Hydro while moment measures and statistical parameters were 

calculated using GRADISTAT V.4 (Blott and Pye, 2001) and sediments were characterised based 

on Folk’s, (1974) nomenclature. Colours were defined using a Minolta CM-2002 hand-held 

spectrophotometer based on Munsell’s colour chart. 

Total organic carbon (T.O.C.) was defined using the wet oxidation-titration technique (Gaudette et 

al., 1974), while total nitrogen (T.N.) using an elemental analyser (CHN Ratios Elemental Analyzer). 

CaCO3 (%) was calculated using a FOG II/Digital hand-held soil calcimeter Version 2/2014 (BD 

INVENTIONS). CaCO3 (%) was calculated using a FOG II/Digital hand-held soil calcimeter 

Version 2/2014 (BD INVENTIONS). CaCO3 (%) calculation was based on measuring emitted CO2 

a modified method by Muller and Gastner, (1971) and Jones and Kaiteris, (1983).  

Forty two dried sediment samples of approximately 25g were collected for micro and macrofaunal 

analysis. The sediments were washed with tap water through 0.5 mm and 0,063 mm mesh sieves. 

The processed sediments were dried overnight in the oven (40oC) and macro and microfossils were 

collected under a Zeiss 475002 stereoscope. Sieved sediment was split and up to 300 microfossils 

were collected. Using all data, a composite stratigraphic column was created (Figure 2). Radiocarbon 

analysis was carried out in Beta Analytics Labs. Radiocarbon age was determined on three samples 

of intact mollusc shells from three different layers and results such as Conventional Radiocarbon 

Age and Two-Sigma calendar calibration were taken. 
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4. Results 

4.1. Stratigraphy and grain size distribution, Total organic carbon (T.O.C.), total 

nitrogen (T.N.) and CaCO3 

Apart from the first two meters consisting of the Andesitic bedrock (13 – 10.9 m), the AG1 core has 

been divided into 5 sedimentological units based on grain size distribution, sediment characteristics, 

colour, moment measurements, TOC, TN and CaCO3 content (Figure 2): Unit 1 (10.90-9.00 m), 

Unit 2 (9.00 - 5.80 m), Unit 3 (5.80 - 2.30 m), Unit 4 (2.30-1.50 m) and Unit 5 (1.50-0.00 m).  

 

Figure 2 - Stratigraphic column showing grain size distribution, geochemical and 

radiocarbon dating results. 
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Unit 1 (10.90-9.00 m) refers to the lower unit of the core (Figure 2). In this unit shell fragments and 

plant remains are very abundant. Grain size ranged from coarse silt to very coarse silt while sediment 

colour ranged from dark gray to dark greenish gray. The unit consists of poorly sorted to very poorly 

sorted grain distribution (σ 1.50-2.64) while mean values ranged from 4.83Φ to 5.97Φ. Skewness 

ranged from -0.14Φ to 0.49Φ defining a coarsely skewed to very fine skewed grain distribution. 

Values of kurtosis ranged from 0.73Φ-1.67Φ indicating a platykurtic to very leptokurtic distribution. 

T.O.C. values in this unit of the core ranged from 1.98-5.21% with an average of 3.2%, while values 

of T.N. ranged from 0.0-0.51%. In this unit CaCO3 percentage ranged from 0.3-17.3%. Sedimentary 

Unit 1 has been further divided into subunit 1A (10.90-10.00 m) and subunit 1B (10.00-9.00 m) 

based on the changing colour, which becomes darker, and a distinct increase in T.O.C. values 

(greater than 3%, Figure 2). 

Unit 2 (9.00-5.80 m) contains several macro and micro fossil fragments, mica and plant remains 

(probably Posidonia) (Figure 2). This is a transitional sedimentological section to a segment unit 

that is rich in plant debris throughout its extent. Sediment colour ranged from dark gray to dark 

greenish gray. The unit consists of moderately sorted to very poorly sorted grain distribution (σ 0.99-

2.38), while mean values range between 2.68Φ and 6.25Φ. Skewness propose a coarsely skewed to 

very fine skewed grain distribution (-0.25-0.44Φ). Values of kurtosis define a mesokurtic to very 

leptokurtic grain distribution (0.94Φ-1.65Φ). In this unit T.O.C. values ranged from 0.09-2.53% 

with an average of 1.17%, while values of T.N. ranged from 0.0-0.9%. CaCO3 percentage ranged 

from 1.8-7.0 % with an average value of 4.73%. 

Unit 3 (5.00-2.80 m) is characterized by medium to fine grained sand (Figure 2). It should be noted 

that a quantity of sediment was partially lost during the coring procedure between 2.70-4.60 m (core 

recovery 60%), so detailed data from this depth cannot be presented. Micas are very abundant and 

sediment colour ranged from dark gray to dark greenish gray. In this unit shell fragments are also 

abundant. The unit shows poor sorting (σ 1.37-1.84) while mean values ranged between 1.99Φ and 

2.82Φ. Values of skewness ranged from -0.21Φ to -0.04Φ and define a coarse skewed to symmetrical 

grain distribution. Values of kurtosis defined a mesokurtic to leptokurtic grain distribution (0.93Φ-

1.45Φ). In this unit T.O.C. values ranged from 0.12-1.29% with an average of 0.74%, while values 

of T.N. ranged from 0.0-0.02%. CaCO3 percentage ranged from 2.1-11.5% with an average value of 

6.65%. 

Unit 4 (2.30-1.50 m) grain size ranged from fine to coarse grained sand, while the percentage of clay 

does not exceed 0.3% (Figure 2). In this unit shell fragments are abundant and colour ranged from 

dark gray to dark greenish gray. The unit presents poor sorting (σ 1.36-1.78), while mean values 

ranged between 0.66Φ and 2.19Φ.Values of skewness ranged from -0.23Φ to 0.38Φ and define a 

coarse skewed to very fine skewed grain distribution. Values of kurtosis define a platykurtic to 

mesokurtic grain distribution (0.76Φ-1.05Φ). T.O.C. values ranged from 0.03-1.71% with an 

average of 0.95%, while values of T.N. ranged from 0-0.03%. CaCO3 percentage ranged from 0.3-

1.9% with an average value of 1.05%. 

Unit 5 (1.50-0.00 m) refers to the upper part of the core (Figure 2). The grain size of this unit ranges 

from coarse to medium sand with the percentage of clay not exceeding 0.45%. Shell fragments are 

less abundant and colour ranged between gray and dark gray. The unit consists of poorly sorted 

sediments (σ 1.37-1.93), while mean values ranged between 0.79Φ and 1.76Φ. Values of skewness 

were calculated from -0.22Φ to 0.37Φ and defined a very fine skewed to coarse skewed grain 

distribution. Values of kurtosis defined a platykurtic grain distribution (0.72Φ-0.88Φ). In this unit 

T.O.C. values ranged from 0.03-2.63% with an average of 0.62%, while values of T.N. are zero in 

the whole unit. CaCO3 percentage ranged from 0.0-3.6% with an average value of 1.74%. 
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4.2. Radiocarbon dating 

The chronological framework of this study was based on linear regression of three radiocarbon 

datings from three individual Cerastoderma valves. The results of the radiocarbon datings from Beta 

Analytics Lab in Miami, U.S.A. are presented in table 1. 

Based on conventional radiocarbon age results and using OxCal software (Bronk Ramsey, 2009) the 

age depth curve was drawn and the age of each sedimentary unit was interpolated and estimated. 

The age of the first sedimentological unit ranged between around 4040-3460±30 BP, of the second 

from around 3460-2402±30 BP, of the third ranged from around 2402-740±30 BP, of the fourth 

between around 740-360±30 BP and finally of the fifth from around 360-0±30 BP. 

Table 1- Radiocarbon results from Beta Analytic Lab, Miami, U.S.A. 

Sample 
Depth 

(m) 

Laboratory 

reference 

Material 

dated 

Conventional 

years 14C 

(years BP) 

Calibrated 

years BP 

1σ 

Calibrated 

years BP 

2σ 

R1 1.50 Beta 399486 Shell  360±30 - - 

R2 5.65 Beta 399487 Shell 2350±30 1860-1730 1905-1685 

R3 10.80 Beta 399489 Shell 4040±30 3920-3810 3980-3715 

4.3. Macro and microfaunal analysis 

The collected macro- and microfaunal remains provided taxa that belong to six different phyla (mo

lluscs, arthropods, foraminifera, bryozoans, serpulids and echinoderms). More specifically, 21 biva

lve, 45 gastropod, 2 scaphopod, 16 ostracod and 27 foraminifera species have been determined as 

well as representatives of bryozoan colonies, sea urchin spines and plates, serpulid tubes and decap

od shell fragments (Figure 3). The dominant taxa in the sampled assemblages are the gastropod Bit

ium reticulatum, and the foraminifera Ammonia beccarii, Ammonia tepida, Elphidium crispum and

 Elphidium macellum. In addition macrophytic remains, belonging to Posidonia oceanica, have be

en recognised in the lower part of the core. Based on the distribution of the subfossil findings along

 the core, five biofacies have been identified. 

At the lower part of the core, biofacies 1 spreads from 10.9-10.0 m. It is characterised by the 

dominance of B. reticulatum and the significant contribution of shallow shelf taxa such as the 

gastropod taxa Pyramidellidae (Turbonilla lactea, Eulimella cf. acicula, Odostomia spp. and 

Parthenina cf. monozona), Pusillina marginata, Rissoa membranacea, Trochidae (mainly Jujubinus 

striatus and Gibbula spp.), Calliostoma conulus, Tricolia pullus, Cerithiopsis sp., Granulina 

marginata, Mysia undata, the bivalves Nucula nucleus, Parvicardium spp., Parvicardium 

pinnulatum, the foraminifera Ammonia beccarii, Ammonia tepida, Elphidium crispum, Elphidium 

macellum, Haynesina germanica, Lobatula lobatula, Rosalina sp., and the ostracods Loxoconcha 

rhomboidea, Semicytherura acuticostata, Carinocythereis carinata and Loxoconcha elliptica 

(Figure 3). The presence of Posidonia oceanica plant remains is very distinct. The number of species 

in this unit is 63. 

Biofacies 2 (10.0-9.0 m) is characterised by the absence of macro- and microfaunal remains hence 

it is considered as barren. Nevertheless, P. oceanica remains are quite abundant. 

The next one, biofacies 3 ranges from 9.0-2.3 m depth. Most shallow shelf taxa that had been 

identified in biofacies 1 are maintained in the assemblages. Concerning the macrofossils B. 

reticulatum dominates, followed by the foraminifera A. beccarii, A. tepida, E. crispum and E. 

macellum. P. marginata, H. germanica, the molluscs Trochidae and P. exiguum, and Loxoconha 

species are also contributing in the assemblages (Figure 3). Some taxa such as the molluscs P. 
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pinnulatum, Odostomia spp., C. conulus, M. undata and Cerithiopsis sp. are lost and are replaced 

by other taxa such as the foraminifera Peneroplis planatus in significant numbers, Planorbulina 

mediterranensis, Cibicides spp., Milliolidae, the ostracods  N. crenulata, C. torosa f. litoralis, 

Xestoleberis decipiens, the gastropods Hydrobia acuta, Potamides conicus, Retusa leptoeneilema, 

the bivalves Musculista perfragilis, Loripes lucinalis, Abra sp., Petricola lithophaga, the scaphopod 

Pulsellum lofotense, Bryozoa, Serpulidae, decapod (crabs) and the distinct presence of the gastropod 

Vermetes triquetrus (Figure 3). The lower part of the unit is also characterised by the distinctive 

presence of P. oceanica remains. The species number in this unit is 91. 

 

Figure 3 - Macro and microfaunal contents of the studied samples from core AG-1. 

From 2.3 - 1.5 m subfossils are absent, thus the sediments of biofacies 4 can also be considered as 

barren as well. 

Finally, biofacies 5, ranging from 1.5-0 m, is also dominated by B. reticulatum, whereas the 

foraminifera Ammonia beccarii, Ammonia tepida, Elphidium crispum and Elphidium macellum are 

present in considerable numbers (Figure 3). Typical brackish taxa such as the ostracods Cyprideis 

torosa f. litoralis, Neocytherideis crenulata, the gastropod Hydrobia acuta and the foraminifer H. 
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germanica are present in small numbers. In addition the increased number of sea urchin spines is 

notable. The species number in this Unit drops to 24. 

5. Discussion-Conclusion 

Based on the correlation of Figure 2 and Figure 3, it can be concluded that sedimentary Subunit 1A 

corresponds with biofacies 1, whereas, Subunit 1B to biofacies 2. Similarly sedimentary Units 2 and 

3 are both parts of biofacies 3, while sedimentary Units 4 and 5 can be referred to biofacies 4 and 5 

respectively. 

The assemblages in biofacies 1, 3 and 5 are characterised by the dominance of shallow shelf, subtidal 

and intertidal taxa, of which several can be characterised as epiphytal and soft bottom, nutrient rich 

dwellers. In particular, in biofacies 1 (10.9-10.0 m) the presence of shallow shelf taxa indicate a 

shallow infralittoral environment (Bakir et al., 2012; Fishelson, 2000; Murray, 2006; Frenzel et al., 

2010; Perçin-Paçal, 2015). The significant contribution of P. marginata, R. membranacea, T. lactea, 

E. cf. acicula, Odostomia spp., N. nucleus, P. exiguum suggest that the water depth did not exceed 

10 m although shallower water dwellers such as T. pullus are present (Bakir et al., 2012). In addition 

the substrate consisted of soft bottom muddy sands rich in nutrients being in agreement with the 

considerable numbers of Ammonia and Elphidium taxa (Murray, 2006). This can be also shown from 

the grain size that ranged from coarse to very coarse silt while the values of T.N. reach the second 

higher value of the whole core measurements. The significant numbers of the dominant epiphytic 

gastropod B. reticulatum and the considerable numbers of the phytal ostracod taxa L. elliptica and 

L. rhomboidea, as well as the presence of the foraminifer L. lobatula verify the presence of shallow 

water algae and in particular of sparse P. oceanica meadows (Bakir et al., 2012; Frenzel et al., 2010) 

as it is also shown by the plant remains in the studied assemblages. Hence, the increased presence 

of P. oceanica remains evinces significant meadow density and consequently shallow waters where 

organic debris accumulated over centuries (Hemminga and Duarte 2000), and oxygenated waters 

with a narrow range of salinity, from 33‰ to 39‰ (Díaz-Almela and Duarte, 2008; Fernández-

Torquemada and Sánchez-Lizaso, 2005). L. rhomboidea, S. acuticostata and C. carinata also point 

towards euhaline waters, although L. elliptica and A. tepida mark at least occasionally polyhaline 

conditions (Frenzel et al., 2010; Murray, 2006). The environment could represent a gulf with good 

connection to the open sea with occasional fresh water supply. 

The total absence of macro- and microfaunal remains in biofacies 2 (10.0-9.0 m), possibly is 

indicative of inhospitable conditions for living organisms due to severe anoxia that did not allow 

even low oxygen dwellers to survive, as the area probably turned into a closed gulf with no good 

connection with the sea. This anoxical event can be correlated well with the significant increase of 

T.O.C. percentage reaching here it’s maximum values. Nevertheless, the presence of numerous plant 

remains (most likely of Posidonia oceanica) which are generally indicative of good environmental 

conditions are not consistent with oxygen depleted environments, thus, their dense concentrations 

could be related to anaerobic decomposition of plant material, eutrophication, and/or increased 

sulphide concentration (Marbà et al., 2006). Possibly, suitable conditions for the development of 

dense meadows persisted originally in biophacies 2, nevertheless, abrupt changes as described above 

caused oxygen deprivation affecting benthic communities. 

In biofacies 3 (9.0-2.3 m) a significant increase in the species number is observed, 91 species have 

been recorded compared to 63 from biofacies 1. The notable presence of taxa such as V. triquetrus, 

P. lithophaga, H. acuta, T. pullus, C. torosa f. litoralis, L. elliptica, Bryozoa and serpulidae indicate 

very shallow protected waters of the mediolittoral zone with a depth less than 2m (Bakir et al., 2012; 

Fishelson, 2000; Frenzel et al., 2010). The increased presence of several typical epiphytic taxa, such 

as the gastropods B. reticulatum, M. perfragilis, the phytal ostracod taxa L. elliptica and L. 

rhomboidea, the permanently attached foraminifera L. lobatula and P. mediterranensis, as well as 

the motile grazing P. planatus and Rosalina sp. indicate the presence of shallow waters with P. 

oceanica meadows, at least at the lower part of this biofacies (Murray, 2006; Bakir et al., 2012; 
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Frenzel et al., 2010). The presence of P. exiguum, L. lucinalis, Ammonia, Elphidium and Miliolid 

taxa suggest soft bottom substrates (Murray, 2006; Bakir et al., 2012). In addition the presence of 

P. lithophaga shows towards the presence, in close proximity, of a hard calcareous substratum 

habitat suitable for this boring endobiont living in shallow waters (Kovalyova, 2015), hence its 

valves were transported. The increased presence of sea urchin spines in the upper part of this 

biophacies as well as in biophacies 5 are possibly indicative of increased populations of the grazing 

Mediterranean taxon Paracentrotus lividus, which either overexploited P. oceanica meadows or 

smaller and sparser seagrasses such as Cymodocea nodosa, which replaced P. oceanica as salinity 

levels probably dropped (Díaz-Almela and Duarte, 2008; Fernandez et al., 2006). The discrete but 

clear presence of several brackish taxa such as C. torosa f. litoralis, L. elliptica, N. crenulata, H. 

acuta, A. tepida and H. germanica (Debenay and Guillou, 2002; Frenzel et al., 2010) and the small 

numbers of P. conicus suggest more brackish conditions with polyhaline to euhaline waters 

particularly to the upper part of this biophacies. The foraminiferal assemblages resemble the B1 

assemblage of Dimiza et al., (2016) which characterises vegetated open lagoon to shallow marine 

environments. Hence, the environmental conditions that prevail in this biofacies can be characterised 

as a rather closed protected gulf with shallow waters, with a good connection with the sea though, 

towards the upper part occasional fresh water supply maintained salinities to polyhaline-euhaline 

levels. This can be verified by the increasing grain size of the sediments that progressively changes 

from higher percentages of silt into higher percentages of sand. 

The next unit, Unit 4 (2.3 - 1.5 m), is also marked by the total absence of macro- and microfossil 

remains as in biofacies 2. Again inhospitable conditions for living organisms prevailed, and 

consequently anoxic conditions were responsible for sediment layers without life. This can be shown 

with the increase in the percentage of T.O.C. while T.N. values reach zero levels. Probably the area 

turned again into a closed gulf with no good connection with the sea. 

In the upper Unit, Unit 5 (1.5-0 m), the significant reduction in the species number is clearly notable 

in respect to Units 1 and 3. From 91species in Unit 3 the species number drops to 24. The latter 

indicates that the environmental conditions in the basin changed significantly. The loss of several 

shallow shelf taxa, and the discrete but not dominant presence of brackish/lagoonal taxa such as C. 

torosa f. litoralis, N. crenulata, H. acuta, A. tepida and H. germanica suggests that the closed and 

protected gulf with shallow waters becomes more closed and its connection to the sea is getting 

further reduced. The dominance of B. reticulatum suggests the presence of shallow water algae 

(Fishelson, 2000). The foraminiferan taxa A. beccarii, A. tepida, E. crispum and E. macellum, 

dominate the assemblages as well indicating soft bottom and nutrient rich sediments, nevertheless 

with low oxygen (Murray, 2006) and being quite similar with the Group B assemblage described by 

Koukousioura et al. (2012). Two more, smaller scale anoxic events have been observed at 0.4 and 

0.8m, where total absence of subfossil findings occurred. Subsequently, the upper 1.5 meter of the 

core indicates that the closed gulf, as described above, turned into a normal leaky lagoon (Murray, 

2006) where more brackish low oxygen conditions prevailed, basically similar to the present 

condition of the lagoon. 

Conclusively, AG-1 core was divided into 5 sedimentological units based on grain size distribution, 

geochemistry and macro- and micro fauna assemblages. With radiocarbon dating the age of each 

sedimentary unit has been estimated and the chronological framework of the present study covers 

the late Holocene from around 4040 to present. 

Based on sedimentological and palaeoecological data it is suggested that from around 4040-3460±30 

yr BP (Unit 1) the study area was represented by a gulf with good connection to the open sea and 

occasional fresh water supply (Subunit 1A). This environment changes into a closed gulf with no 

good connection with the sea (Subunit 1B). 

From around 3460-740±30 yr BP (Units 2 and 3) the environment remains a rather closed gulf with 

shallow waters, with a good connection with the sea and with occasional fresh water supply that 

maintained salinities to polyhaline-euhaline levels. 
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The environment changes again from 740-360±30 yr BP (Unit 4) as anoxic conditions prevailed that 

indicate a closed gulf with no good connection with the sea. 

Finally from 360-0±30 yr BP (Unit 5) palaeoecological data reflect a closed gulf that turned 

gradually into a normal leaky lagoon (Murray, 2006) where more brackish conditions occurred, 

similar to the present day condition. 
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Abstract 

In this paper we discuss the landscape evolution of the Aggitis River basin by 

correlating the morphological characteristics of the Maaras Cave (Aggitis River 

spring) with the main geomorphological features of the Aggitis fluvial valley. We 

combine the various morphological features that are hidden inside the Maaras Cave 

with the surface geomorphology of the river valley in order to trace the imprint of the 

different evolutionary stages on the landscape. Also, we provide a relative 

chronological framework for the evolution of the area. The 3D survey of the Maaras 

Cave shows that the roof of the cave is looping-like shaped in contrast to the floor of 

the cave that shows low slopes and holds thick clastic sediment deposits. Furthermore, 

the geomorphological mapping of the Aggitis River valley shows two prominent 

windgaps at the southern part of the basin that formed as the result of river capture. 

Our results suggest that the Aggitis River basin suffered four major evolutionary 

stages from the Neogene until the Quaternary. 

Key words: Landscape evolution, Maaras Cave, Cave morphology. 

Περίληψη 

Στην παρούσα εργασία αναλύουμε την γεωμορφολογική εξέλιξη της κοιλάδας του 

Αγγίτη ποταμού και παρουσιάζουμε τον συσχετισμό των μορφολογικών 

χαρακτηριστικών από το σπήλαιο του Μααρά (Σπήλαιο πηγών Αγγίτη) με τις διάφορες 

γεωμορφές στην κοιλάδα του ποταμού. Παράλληλα, επιχειρούμε να θέσουμε ένα γενικό 

χρονολογικό πλαίσιο για την εξέλιξη της κοιλάδας. Για τον σκοπό αυτό μελετήσαμε το 

σπήλαιο και τις γεωμορφές στο εσωτερικό του ενώ παράλληλα μελετήθηκε και η 

επιφανειακή μορφολογία. Η τρισδιάστατη χαρτογράφηση του σπηλαίου έδειξε ότι η 

οροφή του σπηλαίου έχει κυματοειδές σχήμα ενώ το δάπεδό του παρουσιάζει μικρή 

κλίση και είναι καλυμμένο με κλαστικές αποθέσεις μεγάλου πάχους. Η γεωμορφολογική 

χαρτογράφηση έδειξε πως στο νότιο τμήμα της κοιλάδας υπάρχουν δύο windgaps. 

Αξιολογώντας τα αποτελέσματα καταλήγουμε στο συμπέρασμα ότι τέσσερα εξελεκτικά 

στάδια διαμόρφωσαν την κοιλάδα του Αγγίτη ποταμού κατά την περίοδο από το 

Νεογενές ως το Τεταρτογενές. 

Λέξεις κλειδιά: Γεωμορφολογική εξέλιξη, Σπήλαιο Μααρά, Μορφολογία σπηλαίου. 
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1. Introduction 

Landscape is the result of processes that generate and destroy topographic relief (D'Arcy and 

Whittaker, 2014). Topography is gradually, over geologic time, build-up by tectonic forces like 

uplift, subsidence and crustal deformation (e.g. Whipple, 2004; Allen, 2008; Whittaker and Boulton, 

2012) where at the same time erosion is modifying its characteristics (e.g. DiBiase and Whipple, 

2011 and references within). This interplay between endogenic and exogenic processes is best 

recorded in various fluvial systems. The surficial drainage network is often studied in order to extract 

information on landscape evolution (e.g. Dadson et al., 2003; Bishop, 2007; Allen, 2008; Cyr et al., 

2010). In areas where karst caves occur within fluvial landscapes one can extract additional 

information by studying these solutional landforms. Caves are forming under certain geologic 

conditions and therefore the various speleogenetic facies are driven by the geologic constrains. The 

imprint of these phases is the various morphological features that are evident on cave speleogens 

(Lauritzen and Lundberg, 2000). 

Here, we discuss the landscape evolution of the Aggitis River basin by presenting a correlation of 

the morphological characteristics of the Maaras Cave (Aggitis river spring) with the 

geomorphological features of the fluvial valley of Aggitis. We further provide a relative chronology 

of the different evolutionary stages of the area. The main objective of this study is to couple recently 

acquired speleological and geomorphological data and to suggest a conceptual model for the 

topographic evolution of the Aggitis River basin. Our correlation enables further understanding of 

the drainage evolution in Northern Greece and their response on the post-Neogene tectonic activity. 

2. Study area 

2.1. General 

The Aggitis river basin is located at the prefecture of eastern Macedonia in Northern Greece (Fig. 

1). The mountain Menikio at the west, mountain Falakro at the east and from the Ori Lekanis and 

Paggeo Mountains at the southeast and southwest borders the basin, respectively. The river is formed 

by the discharge of an extensive underground system that passes through the Maaras Cave (Aggitis 

river springs). The input of this massive karstic system is located near the Ohiro village (Fig. 1) 

(Marinos et al., 1989; Xydakis, 1994; Reile, 2005). The known extent of the underground river is 

almost 12 km, based on the results of the caving expedition that was held at 2010 by the French 

Federation of Speleology (Pascal Reile, head of the expedition) (Reile, pers. com). 

2.2. Geological setting 

The basin is a well-defined graben controlled by NW - SE normal faults that formed during the 

Neogene (Vavliakis et al., 1986; Psilovikos, 1990). The mountainous areas that border the basin are 

mostly dominated by metamorphic rocks (marble, gneiss and schists) and are intersected by small 

plutonic intrusions. The western part is covered by lacustrine clastic sediments deposited due to sea 

level rise during the Miocene (Papaphilippou-Pennou, 2004). Moreover, alluvial sediments cover 

the central part of the basin. At the area near the Philippi village, a large peat deposit occurs (Fig. 

1). The Philippi fen is considered to be the thickest deposit of this type in the world with a thickness 

of almost 190 m (Kalaitzidis and Christanis, 2003). Finally, the deltaic deposits of the Xiropotamos-

Doxato stream cover the southeast part of the lowland of the Aggitis basin (Gakis, 2002). 

The Aggitis drainage network is highly influenced by the tectonic pattern of the basin (Vouvalidis 

et al., 2002; Pennos, 2009; Pennos et al., 2011). Different capturing events are evident throughout 

the valley, mainly driven from the tectonic processes that dominate the broader area (Pennos, 2009). 

The most pronounced of these events is near the village of Simvoli, where the Aggitis River is forced 

to make an almost 90 degrees’ westward turn and to pass through the “Stena Petras” canyon. Former 
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studies concerning this capturing event have suggested different theories about the opening of the 

canyon (Vavliakis et al., 1986; Astaras, 1987/1988). 

 

Figure 1 - Geological map of the Aggitis river basin. Based on Pennos (2009) and references 

within. 

 

Figure 2 - Sediment terraces inside Maaras Cave. 

3. Methods 

In order to understand the controls on the evolution of the Aggitis River basin, we followed a two-

part methodological approach. First, we focus on the meso- and macro-morphology of the Maaras 
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Cave. The study of these speleogens provides the basis for understanding the geological conditions 

under which Maaras cave evolved through time. To this end we study the development of the main 

morphological features of the cave as response to base level changes of the Aggitis River valley. 

Additionally, we conducted a detailed geomorphological mapping of the area to understand the 

context under which these base level changes took place. This approach reveals the origin of the 

landforms and provides insights on the different evolutionary stages of the Aggitis basin. 

3.1. Underground mapping 

The most crucial part for the cave study was the creation of a detailed cave map. In order to acquire 

a detailed 3D survey, we followed the approach of a centerline with cross-sections vertical to the 

direction of the survey. In this way the dimensions and the shape of the cave passages are well 

descripted. All the measurements were completed using a laser-distance meter DistoA3 from Leica 

Geosystems, modified with the DistoX board that adds a three-axis compass, clinometer and 

Bluetooth connection (http://paperless.bheeb.ch/). The instrument connected via Bluetooth to a 

handheld device running the Pocketopo software on Windows Mobile OS where the measurements 

are transferred in real time and stored. Calibration of the instrument was also performed using the 

Pocketopo software (http://paperless.bheeb.ch/). In order to measure the macro-morphological 

characteristics of the Maaras Cave, the acquired data were imported to Therion 

(http://therion.speleo.sk/) and ArcGIS software. Finally, using the cave survey as a background we 

have mapped the sediment deposits and the mesoforms of the cave. 

3.2. Surface mapping 

We performed detailed geomorphological mapping of the Aggitis River basin that enabled us to 

depict the most prominent geomorphic characteristics of the area. Our mapping was based on the 

previous work of Pennos (2009) and field data, as well as on the use of digital elevation models 

acquired by the EU - DEM dataset (http://www.eea.europa.eu/data-and-maps/data/eu-dem). Our 

data sets were analysed using ArcGIS software to produce thematic maps that show the main 

geomorphological features of the Aggitis River basin. 

4. Results 

4.1.  Cave morphology  

Figure 3a shows a plan view of the Maaras Cave. The total length that we mapped together with the 

data acquired from the north branch of the cave (Theodosiadis, pers. com) is 10441 m. The total 

altitudinal difference from the innermost part of the cave until the water exit (springs) is 71 m (Fig. 

3b). The slope of the river varies from 3% to 67%. The highest slope occurs at the first part of the 

cave (Fig. 3c). The roof of the cave is following a looping pattern and the height varies from few 

centimetres up to 60 m. In contrast, the cave floor is flat and covered with sandy clastic sediments 

(Fig. 3d). The sediments that cover the floor of the cave have a minimum thickness of 10 m (Marinos 

et al., 1989) at least at the first 2.5 km from the cave entrance. At the innermost parts of the cave, 

sediment terraces occur alongside the riverbed. The height of these terraces is gradually getting 

higher in relation to their distance from the entrance (Fig. 2). 
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Figure 3 - a) Plan view of the cave survey interpolated on aerial picture from 

Ktimatologio.gr b) Cave floor altitude. c) Slope map of the cave floor. d) Longitudinal 

profiles of the cave roof and cave floor. 

 

Figure 4 - Geomorphological map of Aggitis River basin (modified after Pennos, 2009). 
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4.2. Geomorphological mapping 

Detailed geomorphological mapping of the Aggitis River basin revealed significant features that 

depict the dynamics of the landscape. The northern part of the basin is dominated by complex 

alluvial fans that divert Aggitis River from its original course, and subsequently incubate the river 

in its present position (Fig. 4). These alluvial deposits can be distinguished into two generations 

according to their age; the oldest formations occupy almost the middle part of the valley, while the 

younger ones are closer to the mountains. The deltaic deposits of the Xiropotamos - Doxato stream, 

cover the eastern lowland part of the Aggitis valley whereas the Filippi Fen is covering the southern 

part of the basin. Two prominent windgaps are identified (windgaps 1and 2, see Fig. 4) at the 

mountains of Ori Lekanis and Paggeo, respectively. The first one is lying at the area near the city of 

Kavala at an altitude of 200 m a.m.s.l. and the other one near the village of Eleftheroupoli at 175 m 

a.m.s.l. (Fig. 5). Moreover, different capturing events of the drainage network can be found scattered 

all over the Aggitis River basin. Furthermore, two canyons are formed; the Petrousa canyon in the 

northern part of the basin near the village of Petrousa which is 8 - 10 m deep and the Stena Petras 

canyon at the southwest part reaching the depth of almost 80 m (Fig. 5). Finally, various planation 

surfaces where identified across the basin (Fig. 4). 

 

Figure 5 - Cross sections of windgaps 1 and 2 (a and b), of Stena Petras (c) and of Maaras 

Cave (d). 

5. Discussion 

In this section, we integrate the speleogenetic and morphological results to suggest a conceptual 

model for the landscape evolution of the Aggitis River basin. We present the different 

geomorphological evolutionary stages of the valley and their imprint on the Maaras Cave 

morphology. 

During the initial evolutionary stage, the Aggitis River mouth was lying at the gulf of Kavala. At 

that time the river was flowing in an NNW - SSE direction passing through the area where the 

windgap 1 is found (for location see Fig. 4). According to Psilovikos (1990) this stage is dated back 

to Neogene. The karstic system at the northern part of the valley is already evolving; the cave is at 
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that time a phreatic conduit below the water level, forming loops, that are evident now at the Maaras 

cave roof (Figs 3d and 5).  

The second stage is characterized by the change in the Aggitis River course and the subsequent 

formation of windgap 1, as response to the uplift controlled by the core complex formation in the 

area of Kavala (Dinter and Royden, 1993; Dinter, 1998). The Aggitis River is shifting its flow by 

almost 90 degrees and it is exiting through the area where the windgap 2 is lying, near the 

Eletheroupoli village (for location see Fig. 4). At this stage, the Maaras Cave is likely lying below 

the water table. 

 

Figure 6 - Sketch of the conceptual evolutionary model of the Aggitis River Basin, note how 

the valley borders are changing in the last stage. 

The continuous tectonic activity in the graben valley since the Neogene results in the deepening of 

the basin. At this stage the river cannot keep pace with the tectonic uplift and floods the lowest part 

of the valley to the south, since it cannot exit the valley towards the Aegean Sea. Thus, the windgap 

2 forms at the Paggeo Mountain. An inner paleo-lake is formed that is evident by the Philippi Fen. 
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Moreover, the flooding of the area enabled the deposition of fluvial sediments in the form of a deltaic 

sequence from the Xiropotamos - Doxato stream. Furthermore, the base level drop is also causing 

extended erosion inside the Maaras Cave. This erosional phase altered the morphology of the cave 

floor destroying the lower parts of the loops. Subsequently, the flooding of the southern part of the 

basin creates a local basel level rise, which favors the extensive deposition of clastic sediments inside 

the cave. 

The final stage of the basin evolution is characterized by the formation of the “Stena Petras” gorge. 

According to Vavliakis et al. (1986) and Astaras (1987/1988) this event took place during late 

Quaternary. The formation of the gorge leads to the drainage of the inner paleo-lake and 

consequently to the lowering of the local base level. Inside the cave the erosional relict sediment 

terraces mark the drop at base level. Moreover, this drop is reflected by the increased slope at the 

first 2500 m inside the cave (see Fig. 5d). The cave floor will eventually adjust to a new equilibrium 

and it will reach a steady-state. 

6. Conclusions 

Our results are pointing out four major evolutionary stages of the Aggitis River basin. The imprint 

of these stages is evident both at the surficial and the cave geomorphology. The oldest stage is dated 

back to Neogene when the formation of the basin took place. Until the Quaternary the area 

experienced successive base level changes that altered significantly the drainage evolution as well 

as the Maaras Cave morphological pattern. These base level changes are mainly controlled by the 

evolution of the Aggitis graben valley. Dating data from the cave could provide a more robust 

chronological context. 
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Abstract 

A total of 27 samples of the Moschopotamos area lignite-bearing strata were studied 

in regard of their geochemical and sedimentary characteristics. Organic content and 

calcium carbonate evaluation, sieve analysis and micropaleontological observations 

were used and combined to investigate the paleoenvironment and the depositional 

conditions of the study area. TOC analysis showed that organic matter values range 

from 0.07% up to 13.42% with an average of ~3.26 %. The high average of organic 

carbon content indicates a promising basis for the sediments’ source rock potential, 

inquiring further and thorough examination. CaCO3 measurements present a range 

between 4% and 23%. A comparison between TOC-CaCO3 content throughout the 

stratigraphic column presented certain synchronous and inverse trends, due to 

alterations of the depositional conditions. This study provides new insights for the 

understanding of the broader Axios-Thermaikos basin, and depositional conditions in 

the North Aegean area. 

Keywords: TOC, CaCO3, grain-size analysis, Moschopotamos, North Aegean. 

Περίληψη 

Συνολικά 27 δείγματα από τα λιγνιτοφόρα στρώματα της περιοχής του Μοσχοποτάμου 

μελετήθηκαν ως προς τα γεωχημικά και ιζηματολογικά χαρακτηριστικά τους. Το οργανικό 

υλικό, η περιεκτικότητα σε ανθρακικό ασβέστιο, η κοκκομετρική ανάλυση και οι 

μικροπαλαιοντολογικές παρατηρήσεις συνδυάστηκαν για την διερεύνηση του 

παλαιοπεριβάλλοντος και των συνθηκών απόθεσης στην περιοχή μελέτης. Η μέτρηση του 

TOC έδειξε ότι το οργανικό υλικό στα ιζήματα κυμαίνεται από 0.07% έως 13.42% με 

μέσο όρο ~3.26 %. Οι υψηλές τιμές του οργανικού άνθρακα αποτελούν καλές ενδείξεις 

για την δυνατότητα των ιζημάτων να αποτελούν μητρικά πετρώματα, κάτι που πρέπει να 

διερευνηθεί αναλυτικά. Οι μετρήσεις του ανθρακικού ασβεστίου κυμαίνονται από 4% έως 

23%. Η συγκριτική μελέτη των μεταβλητών αυτών στη στρωματογραφική στήλη 

παρουσιάζει σύγχρονες ή και αντίστροφες τάσεις, λόγω μεταβολών στις συνθήκες 

απόθεσης. Αυτή η έρευνα προσφέρει νέα στοιχεία για την μελέτη της ευρύτερης λεκάνης 

Αξιού-Θερμαϊκού και των συνθηκών ιζηματογένεσης στην περιοχή  του Βόρειου Αιγαίου. 

Λέξεις κλειδιά: Οργανικό υλικό, Ανθρακικό ασβέστιο, Κοκκομετρική ανάλυση, 

Μοσχοπόταμος, Βόρειο Αιγαίο. 
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1. Introduction - Geological Setting 

The Moschopotamos section is the W-SW margin of the broad Axios-Thermaikos fault-bounded 

sedimentary basin (Fig. 1). The Axios-Thermaikos subduction is part of the North Aegean area, a 

complex region with distinct depocenters extending to Bulgarian and Turkish domains (Maravelis 

and Zelilidis, 2013; Maravelis et al., 2015). 

 

Figure 1 - Geological Map of the North Aegean with major tectonic elements (modified by 

Maravelis et al., 2015). 

The North Aegean Trough (NAT) is a 300km long, ENE-WSW trending narrow graben system, 

characterized by extensional tectonics and strike-slip faults (Maravelis et al., 2015; Lycousis, 2002) 

and is located along the Tethys Ocean [Vardar (Axios) Zone and Intra-Pontide Suture in Turkey] 

(Mountrakis, 2006). It was formed during late Oligocene - middle Miocene mainly as a result of 

collisional processes between Eurasia and Apulia plates combined by the westward progradation of 

the North Anatolia Fault (NAF) (Maravelis et al., 2015; Brooks and Ferentinos,1980). The Axios-

Thermaikos basin is the western depocenter of the broad North Aegean continental margin. It 

overlies mainly the Vardar (Axios) Zone, a fault defined crystalline massif, part of the Internal 

Hellenides and trending NNW-SSE through F.Y.R.O.M. and Bulgaria to the North, reaching North 

Crete and Western Turkey (Izmir-Ankara Zone) (Brooks and Ferentinos, 1980). The basin overlies 

the eastern margin of the Pelagonian zone and reaches up to North Sporades basin (Brooks and 

Ferentinos, 1980). 

As a result of the extensive subsidence, controlled by the complex back-arc extensional regime of 

the area, the basin presents an early Miocene to Quaternary sediment accumulation and can be 
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divided in the deeper parts (Thermaikos Gulf) and the shallower to terrestrial parts (Katerini and 

westwards to Moschopotamos area). The westward margins of the basin are characterized by the 

presence of lignite bearing strata which have been thoroughly, albeit exclusively studied (e.g. 

Faugeres et al., 1976; Benda and Steffens, 1981; Kotis et al., 1989; Kalkreuth et al., 1991). 

The sediment flow is generally derived from the north and west further feeds the Thermaikos sub-

basin. Most of the studies present a terrestrial to lacustrine paleoenviroment for the sediments. 

Present day outcrops are surrounded by the crystalline metamorphic basement (Fig. 2) but several 

areas are exposed due to the economical significance of the Moschopotamos lignite deposits (e.g. 

Meliadi mine). A detailed stratigraphy and sampling in the Moschopotamos area took place, 

investigating several geochemical and sedimentological parameters in order to further understand 

the depositional mechanisms and conditions. This is study is part of a broad research in the North 

Aegean region and specifically the Axios-Thermaikos basin. 

2. Stratigraphy 

The aggregate thickness of the Neogene accumulation has been estimated of approx. 1000m 

(Kalkreuth et al., 1991). The stratigraphic column of the basin can be divided in three major series 

(Fig. 3). Older studies (Benda and Steffens, 1981; Kotis et al., 1989; Kalkreuth et al., 1991) have 

suggested a terrestrial to low salinity depositional environment. The lower part of the basin, of 

~400m thickness, is exposed in the northern margin of the study area due to extensive erosion of the 

overlying strata. It mainly comprises of conglomerates of terrestrial origin and sandstone beds 

(reaching up to 10m thickness). Silt and sandy clay beds are also present. The middle part, of an 

overall thickness of >200m, is the lignite bearing part of the basin, where the present study is focused. 

The age of the coal beds have been identified in Lower Miocene by palynological measurements 

(Benda and Steffens, 1981) and where deposited in a swamp to limnic lower delta environment 

(Kalkreuth et al., 1991). The coal beds are followed by unconsolidated sandstones, silt and clay. The 

upper part comprises of sandstone and clay beds and is of Late Miocene age (Pontian). Lignite beds 

also occur, but of no economic importance (Kalkreuth et al., 1991). 

Field investigations and sampling focused in the middle part of the basin. The strata outcrop in the 

broad Meliadi area (Fig. 2). The strata can be further divided in three sub-sections, in regard of their 

sedimentological characteristics (Fig. 3):  The lower part, comprising of sandstone beds with greyish 

clay (type A) alterations. The middle part, comprising of the lignite beds (< 1m) within greenish 

clays (type B) and sandy clays. The upper part, with sand beds of increasing thickness moving 

upwards and thinner clay beds, marking the transition to the upper series of the stratigraphic column. 

Sampling was evenly distributed throughout the column, while lignite samples were also collected.  
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Figure 2 - Generalized geological map of the study area (modified by IGME, 1971) 

3. Laboratory Results - Geochemical and sedimentological characteristics 

3.1.  Organic matter content 

Quantitative determination of organic carbon in the sample based on the oxidation of organic carbon 

content in the samples was performed with the titration method (Gaudette et al., 1974). The studied 

samples present a highly variable TOC content (Fig. 4), ranging from 0.07% up to 13.42%. The 

highest TOC content values were found in the middle, coal bearing part of the sampling site (samples 

K14 to K24) were the high TOC content results to an average of 5.06%. The lower part (K1 to K13) 

presents a similar distribution of the TOC values, ranging from 0.4% to 1.6%, with the exception of 

sample K12 which presents very high TOC content (11.88%). The upper part (K25 to K27) present 

TOC values ranging from 3.4% to 6.0%.  

.
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Figure 3 – Stratigraphic column of the study area (modified from Kalkreuth et al., 1991). 

In terms of their source rock potential, the samples present fair to excellent hydrocarbon generation 

potential as far as the TOC values are concerned. Further Rock-Eval analysis is required for a 

thorough source rock appraisal. The studied formation present three main different types of source 

rocks: A limited potential for the lower part where TOC values range close to the threshold of 0.5%. 

An excellent potential for the middle part, where TOC content is in general over 5%.·The upper part 

presents a fair potential with TOC content over 4%. 
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Figure 4 - TOC content in studied samples. 

3.2. CaCO3 measurements 

For the determination of calcium carbonate (CaCO3) content, the method for decomposition of the 

CaCO3 with CH3COOH (acetic acid) is used (Varnavas, 1979). This method relies on the full 

decomposition of calcium carbonate (CaCO3) with acetic acid (CH3COOH), to form a soluble salt 

of calcium acetate ((CH3COO) 2Ca) and escape the produced carbon dioxide (CO2). 

Laboratory results showed that the samples are moderately enriched in calcium carbonate (Fig. 5) 

averaging approx. 12.00% and ranging between 23.32% (K9) and 4.13% (K27).  

3.3. CaCO3 - TOC correlations 

Certain physical and geochemical characteristics control the relation between TOC and CaCO3 in 

sediments and several studies have correlated these two parameters in Greek sites (see ref. in Nioti 

et al., 2013). The decomposition of TOC in deeper parts produces CO2 which in turn accelerates 

dissolution of CaCO3 and this process is often portrayed with proportional values of the variables. 

Positive relations can also be observed where CaCO3 productivity is present or by other controlling 

factors such as sedimentation and/or burial rates. A CaCO3/TOC plot was constructed to investigate 

such correlations (Fig. 6). 

A general upward trend of synchronous decrease was observed, suggests a change to more oxidizing 

conditions following the lignite production. Furthermore, lower CaCO3 values with synchronous 

increase with TOC content suggest increase in general productivity. 
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Figure 5 - CaCO3 content in studied samples. 

 

Figure 6 - TOC (gray)-CaCO3 (black) correlation plot. 

3.4. Grain size analysis and micropaleontological analysis 

The grain size analysis, aims to determine the lithology and grain size parameters to describe the 

particle size distribution of sediments. The method of sieve analysis for the sediments > 63mm, and 

the method of the pipette analysis for the sediments <63mm were used. Results of grain-size analysis 

were constructed as cumulative grading curves and the lithologic character of the sediments was 

according to the classification of Folk and Ward (1957), whereas the statistical parameters were also 

calculated (median Md, mean average Mz, standard deviation σi, asymmetry SK1 and curvature 

KG). 

According to the classification by Folk, as derived from the grain analysis results, the samples 

generally vary from silty to muddy sands. The constructed Passega (1964) plot presents that the 

samples were transferred primarily as a homogeneous suspension. Samples K10 and K11 were 
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transferred by rolling and swinging while remaining as a homogeneous suspension. The σ1/Md plot 

(Stewart, 1958) indicates slow deposition of sediments in calm water. The σ1/Sk1 plot (Valia and 

Cameron, 1979) indicates a general shallow environment, with the exception of some samples which 

seem to have deposited in deeper waters. 

In regard of micro-fossils investigation, the vast majority of the samples were barren, while plant 

residues were observed throughout, especially in the lignite-bearing samples. In sample K10 a fish 

bone part was identified. Micro-fossils were only present in sample K9, where two ostracod valves 

were collected. These two fossils were identified in the family Cyprididae and the genus 

Herpetocypris. Although this primary investigation may only hint guidelines for further study, the 

presence of plant residues and the Herpetocypris sp. valves indicate a low salinity and/or lacustrine 

depositional environment, which correspond with both previous studies (Benda and Steffens, 1981) 

and sedimentological observations. 

4. Discussion 

Studied deposits are of Miocene age, the same age with the source of the neighboring known Prinos 

oilfield. So, since the area feeds the deeper and subsiding Thermaikos gulf, the high TOC values 

provide important source of organic matter in regard of hydrocarbon production. The thick deposits 

in the central area of the Thermaikos gulf could offer the maturity of the Miocene source. 

Hydrocarbons could have migrated through bedding or faults and the more unconsolidated sand beds 

and potentially trapped by either upper Miocene (Messinian) evaporites or other structural and/or 

stratigraphic traps. Further research, including Rock-Eval pyrolysis for the selected samples and 

comparative studies in Thermaikos’ sediments might lead to constructing a depositional model for 

the basin. 

5. Conclusions 

The Moschopotamos area is situated at the western margins of the Axios-Thermaikos basin, and 

represents the terrestrial to deltaic part of the basin, sourced both from north and west, feeding the 

deeper parts in the Thermaikos gulf. 

Studied deposits generally vary from silty to muddy sands, deposited mostly as homogeneous 

suspension, with slow deposition processes in a shallow environment with calm/stagnant water. 

Combined earlier studies with results of this study, from the lignite-bearing section of the Neogene 

accumulation, an early Miocene deposition in a lacustrine environment are indicated. 

TOC results presented a high range averaging approx. 3.26%, ranging from 0.07% up to 13.42%, 

whereas the calcium carbonate (CaCO3) content has an average of 12%, ranging from 4.13% up to 

23.32%. The studied sediments present three main different types of source rocks: A limited 

potential for the lower part, where TOC values range close to the threshold of 0.5%· An excellent 

potential for the middle part, where TOC content is in general over 5% and fair potential for the 

upper part, with TOC content over 4%. 

The correlation between TOC and CaCO3 indicate a change to more oxidizing conditions following 

the lignite production, whereas the lower CaCO3 values with synchronous increase with TOC 

content suggest increase in general productivity. 
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Abstract 

The Corinth rift is counted among the most active tectonic grabens in the world, with 

extension rates up to 15 mm/yr (Western part). These high extension rates are 

associated with very strong seismic events that are, occasionally, responsible for 

submarine mass movements. These movements, their consequential bottom currents, 

and the differential river-discharging sediment accumulation in the whole gulf, 

strongly affect the modern marine sedimentary processes. The definition and 

understanding of these processes is the main aim of this project. This is attempted 

through via sedimentological, mineral and geochemical analyses on sediment 

samples from two ~1.1 m long, sediment cores from a WE submarine canyon (10 km 

long, 3 km wide) that lies in the Western tip of the gulf. The general sedimentation 

motif reveals the presence of hemipelagic deposits which are occasionally interrupted 

by sandy turbidites. Occasionally, these turbidites seem to have seismic origin. The 

sedimentation rates range between 2.57 mm/yr in the western part and 0.67 mm/yr in 

the eastern part. 

Keywords: marine sediments, submarine mass movements, seismic and aseismic 

turbidites, age model. 

Περίληψη 

Η παρούσα εργασία στοχεύει στην μελέτη και ανάδειξη των σύγχρονων διεργασιών 

ιζηματογένεσης στον δυτικό Κορινθιακό κόλπο μέσα από μια σειρά εργαστηριακών 

αναλύσεων σε ιζήματα πυρήνων ιζήματος. Δύο πυρήνες βαρύτητας μήκους περίπου 1 

μ. από την περιοχή ενός υποθαλάσσιου καναλιού μεταφοράς ιζημάτων επιλέχθηκαν 

προς ανάλυση. Σε αυτούς μελετήθηκαν οι ιζηματογενείς ιστολογικές δομές μέσω 

οπτικών παρατηρήσεων και ακτινογραφήσεων (Χ rays), η κοκκομετρική κατανομή και 

η ορυκτολογική σύσταση των ιζημάτων τους, ενώ πραγματοποιήθηκαν επίσης χημικές 

αναλύσεις προσδιορισμού της φυσικής ραδιενέργειας (226Ra, 232Th,  40K ) και 

ραδιοχρονολογήσεις (14C). Η σύνθεση όλων των παραπάνω, φανερώνει το μοντέλο 
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ιζηματογένεσης του καναλιού κατά το οποίο, ημιπελαγικές ακολουθίες διακόπτονται 

από αμμώδεις τουρβιδίτες οι οποίοι ενίοτε αποτελούν συνέπεια κάποιου σεισμικού 

γεγονότος (σεισμικοί τουρβιδίτες). Τα θαλάσσια ρεύματα της περιοχής, ο τεκτονισμός, 

και οι παροχές των ποταμών που εκβάλουν στον δυτικό Κορινθιακό κόλπο, επηρεάζουν 

καθοριστικά τις διεργασίες και τον ρυθμό ιζηματογένεσης ο οποίος μειώνεται προς τα 

ανατολικά κατά μήκος του καναλιού από 2.57 mm/yr σε 0.67  mm/yr. 

Λέξεις κλειδιά: θαλάσσια ιζήματα, υποθαλάσσιες βαρυτικές μετακινήσεις, τουρβιδίτες, 

σεισμική στρωματογραφία. 

1. Introduction 

The Corinth rift represents one of the most active intra-continental rifts on earth, with high levels of 

seismicity and rapid extension (Papazachos and Comninakis, 1971; McKenzie, 1972, 1978; Makris, 

1976; Doutsos et al., 1988; Jackson and McKenzie, 1988).This rift which is 115 km long and NE-

trending separates the central Greece to the north from the Peloponnese to the south (Fig. 1). Fan 

delta prograding deposits during Pleistocene sea-level changes, are the predominant sedimentary 

processes in the steep flanks of the gulf (Ferentinos et al., 1988; Perissoratis et al., 2000; Lykousis 

et al., 2007b). These processes are mostly related to seismically triggered gravitative mass 

movements (Piper et al., 1990; Ferentinos et al., 1988; Papatheodorou and Ferentinos, 1997). 

The highest extensional rate (up to 15 mm yr−1) has been recorded at the western tip of the Corinth 

Rift, where the geodetic measurements show that most of the present-day deformation is 

concentrated in a narrow band offshore (Briole et al., 2000; Avallone et al., 2004). 

This high extensional regime is associated with intense seismic events that leave their imprints in the 

texture of the sediments which cover the sea-floor of that area (Ferentinos et al., 1988; Heezen et al., 

1966; Lykousis et al., 2007b; Poulos et al., 1996). As a result, the earthquake history of the area could 

be revealed by investigating the sedimentary processes and deposits. Despite that, the study of the 

recent sediments in the western gulf of Corinth is important in the better understanding of the evolution 

of the sedimentation regime over the last 1000 years providing information regarding the mineralogy, 

the concentration of natural radionuclides and the distribution of the fluvial discharges from rivers with 

high terrigenous sediment supply, such as Mornos and Erineos rivers. 

This work focuses on a WE-trending submarine canyon (10 km long, 3 km wide) that lies in the 

western tip of the gulf and acts as an active path of sediment transportation initially to the ‘’Delphic 

Plateau’’(Heezen et al., 1966) and, then finally, to the central basin (Fig. 1). This canyon has been 

formed by the tectonic subsistence of the north-dipping Psathopyrgos-Lambiri-Helike faults and the 

south-dipping Trizonia fault (Zelilidis, 2003) and is associated with gravitative mass movements 

during the late Quaternary (Heezen et al., 1966). For this canyon, Beckers (2015) has proposed 

different sedimentation rates ranging between 2.1-2.6 mm/yr in the western part and 0.8-1.6 mm/yr 

in the eastern part, based on radiocarbon dates from four sediment cores and two unsupported 210Pb 

activity profiles. 

2. Materials and Methods 

For the present work, a series of sedimentological, mineralogical and geochemical analyses was 

performed on the sediments of two cores (CAN01UP, CAN03UP) retrieved by a BENTHOS gravity 

corer on the western and eastern part of the canyon, respectively (Fig. 1). The coring survey carried 

out within the framework of the “Siscor project: Seismicity in the western gulf of Corinth” 

(collaboration with the ISTerre - Insitute of Earth Sciences-, Universite de Savoie and the 

Department of Geography, University of Liège). 

The macroscopic description of the cores on the basis of color and texture together with the X-rays 

radiographs performed on core segments provided information of the sedimentary structures and the 

identification of the coarse and fine grained layers. Grain-size analyses were conducted with a laser 
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diffraction microgranulometer MALVERN™ Mastersizer 2000. The sampling interval for these 

analyses was 1cm throughout the cores and 0.5cm within selected sandy turbidites (event deposits). 

Mean size (Mz) and Standard deviation (σi) were also calculated. 

In addition, in the sediments from the lithological units determined by the preceding analyses, X-

ray diffraction was performed in order to determine the mineralogy and the activities of 226Ra, 232Th, 

and 40K (NORM) were obtained by direct γ-ray spectroscopy. 

Finally, radiocarbon (14C) datings were performed in two sediment samples, one from each core, 

aiming to the estimation of: (i) the sedimentation rates in the canyon and (ii) the age of the turbidite 

deposits. 

 

Figure 1 - Bathymetric-tectonic map of the investigated area. The coring sites are presented 

with green color. The river network is also depicted (after Beckers et al., 2015; Moretti et al., 

2003; Stefatos et al., 2002). 

3. Results 

3.1 Sedimentary motif and turbidites identification 

The sedimentary motif for both cores reveals a sequence of hemipelagic deposits; silty and muddy 

sediments with high concentration of phyllosilicates, occasionally interrupted by sandy turbiditic 

layers (Fig. 2, 3). The turbiditic layers were identified by means of their physical properties such as 

the grain-size distribution and color, as these proxies show characteristic differences in the turbidites 

and the hemipelagic sediments. A ‘’sandy turbidite’’ refers to a coarse grain-size (coarse silt to sand) 

and poorly sorted massive layer that results from a turbidity current and represents a sediment layer 

that differs greatly from the silty hemipelagic background sedimentation. In the present study, the 

turbidites show clear normal grading and sharp boundaries to the over- and underlying sediments, 

which facilitates their difference from the hemipelagic facies. All the turbiditic layers show a distinct 

sharp, in most cases planar, basal contact. Some of the contacts have erosional surfaces and/or they 

were slightly deformed. In some cases, the upper limit of the turbidites layers is poorly defined, 

introducing difficulties to the determination of the boundary between turbiditic and hemipelagic 

sedimentation. The different sediment fractions can be also distinguished based on their color: the 

sandy turbidites deposits are often dark grayish due to the presence of organic material (mainly plant 
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residues) while the silty hemipelagic facies are lighter grayish brown. Quartz and feldspars are the 

dominant minerals within the turbidites deposits. Calcite and phyllosilicates are also present. A 

remarkable decrease of the concentration of natural radionuclides has been observed in the turbidites 

deposits compared to the hemipelgic deposits. 

The layer thickness between the individual turbidites varies considerably and ranges from 0.5 to 

7cm. Several thin turbidites show multiple sedimentation pulses preventing the counting of the 

individual turbidites layers. Moreover, radiographs reveal that the thicker turbidites are faintly 

laminated. 

Based on the above presented characteristics all the sedimentary layers corresponding to turbidite 

deposits were determined. Fifteen (15) turbidites deposits (E1-E15) were identified within the 

CAN01UP and eleven (11) deposits (E1-E11) within the CAN03UP (Fig. 4). The sum thickness of 

all these layers reach up to 13 cm and 17 cm, in CAN01UP and CAN03UP cores, respectively, 

suggesting that the undisturbed hemipelagic sediments counts for the 88% and 84% of the total 

sedimentary material of CAN01UP and CAN03UP cores, respectively. 

 

Figure 2 - Digital X-ray, RGB image and lithostratigraphy of CAN01UP accompanied by the 

downcore variations in the grain-size properties and the results of the mineralogical and 

geochemical (NORM) analyses. 
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Figure 3 - Digital X-ray, RGB image and lithostratigraphy of CAN03UP accompanied by the 

downcore variations in the grain-size properties and the results of the mineralogical and 

geochemical (NORM) analyses. 

3.2 Age models, sedimentation rates and seismic turbidites 

The samples for the datings were carefully chosen from layers of hemipelagic sediments, obtained at 98.5 

cm in the CAN01UP and at 89 cm in the CAN03UP core. These samples provided an age of 270±30 cal 

yrs BP for the CAN01UP core and an age of 953±28 cal yrs BP for the CAN03UP (Fig. 4). 

The chronological framework of each core was suggested through the estimation of the depositional 

rate of the hemipelagic sedimentation. This rate was estimated by the extraction of all the turbiditic 

deposits occurred along each core and the application of linear extrapolation of the obtained age, 

assuming a steady hemipelagic sedimentation rate, at the remnant hemipelagic facies. The suggested 

age models showed that the CAN01UP core represents a time period of 382 yrs (1632 AD -2014) 

and the CAN03UP core a longer period of 1201 yrs (813 AD- 2014). 

Furthermore these age models allowed us to estimate two different sedimentation rates; 2.57 mm/yr 

at the western part (CAN01UP) and 0.67 mm/yr at the eastern part (CAN03UP) of the canyon (Fig.4). 

In CAN01UP sediment core, the age model showed that there are two main periods of evolution of 

the turbidity activity: (i) between 1869-1937 AD, having a frequency of 1 turbidity event/11yrs and 

(ii) between 1632-1742 AD with a frequency of 1 turbidity event /12yrs. In CAN03UP, due to the 

lower hemipelagic sedimentation rate, the periods of turbidity activity were less pronounced but they 

could imply three main periods: (iii) between 813-1240 AD the turbidity activity frequency is 1t.e/ 

85yrs, (iv) between 1347-1507AD the frequency is 1t.e/53yrs and (v) between 1674-1923 AD the 

frequency is 1t.e/83yrs. 

If we compare the suggested age of the turbidity events obtained from the two cores with the records 

of the earthquake history of the area (http://www.emidius.eu/SHEEC/, Papadopoulos, 2003) then 

ten (10) out of twenty six (26) turbidity events presents synchronicity with strong earthquakes of 

magnitude higher than 5.8. More specific, it seems that six (6) turbidites within the sedimentary 

record of the CAN01UP core were triggered by the 1660, 1703, 1714, 1742, 1889 and 1909 AD 
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earthquakes and four (4) within CAN03UP were triggered by the 1462, 1703, 1831 and 1909 AD 

earthquakes (Fig. 4). 

The comparison of the seismic turbidite events (E) between the two cores showed that only two cases 

present similarities on the basis of their age and laboratory analyses (grain size measurements, 

sedimentary structures and the mineralogical and geochemical signature). E5 in CAN01UP and E1 in 

CAN03UP most probably were triggered by the same earthquake happened at 1888, 1909 or 1917 AD 

and E12 in CAN01UP and E3 in CAN03UP of one of the earthquakes of 1703 or 1714 AD (Fig. 4). 

 

Figure 4 - Age model, turbidite events (E), hemipelagic sediments (HD) and the two 

stratigrafically correlated turbidite horizons. The sampling of the radiocarbon dating is 

indicated by stars. 
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Table 1 - Grain size characteristics, mineralogical and geochemical data of the two 

stratigraphically correlated seismic turbidite horizons. 

Events Sand 

(%) 

Mz 

(φ) 

Qz 

(%) 

Fsp 

(%) 

Cal 

(%) 

Phl 

(%) 

226Ra 

(Bq/kg) 

232Th 

(Bq/kg) 

40K 

(Bq/kg) 

1 E5 

CΑΝ01UP 

22.0 5.58 28 25 12 33 29 48 920 

E1 

CAN03UP 

53.6 4.68 30 17 22 29 16 15 340 

2 E12 

CAN01UP 

13.5 6.44 28 24 15 30 29 44 840 

E3 

CAN03UP 

14.3 6.46 25 23 22 29 24 37 750 

4. Discussion 

Multidisciplinary data sets from sedimentological analyses performed on the sediments from cores 

selected from the western gulf of Corinth provided information for the origin of the sedimentary 

deposits and the relative sedimentary processes. 

The geological regime and the developed river network of the area suggest that the canyon receives 

sediments mainly from two river deltas; the Mornos river delta from the north and the Erineos 

Gilbert-type fan delta from the south. These two rivers drain the terrestrial formations ie. limestones 

and cherts of the alpine bedrock, Oligocene turbidites, Neogene conglomerates, sandstones, 

mudrocks and shales as well as Quaternary deposits (mostly deltaic and alluvial sediments). The 

mineral analysis of the cores showed the dominance of quartz, feldspars and phyllosilicate minerals 

against calcite thus implying these two rivers as source areas for the canyon sediments through the 

intensive erosion of the Neogene and Quaternary formations. 

The study of the core sediments from the canyon of the western Gulf of Corinth provided undoubted 

evidences that for the last 900 years the sedimentary cover of the area is disturbed by a series of 

tubidite layers. The comparison of the turbititc events with the earthquake records of the area showed 

that the trigger mechanism could be the intense seismic activity of the area. This is further supported 

by the intense seismic activity recorded over the last 1000 years, characterized by strong seismic 

events (Mw > 5.8) which they may have triggered strong turbidite currents (Fig. 6). The impact of 

these events is considered to be so strong that they are related with breaks of the submarine cables 

(Heezen et al., 1966; Ferentinos et al., 1988). 

Based on the interpretation of the pattern of turbidites in the canyon, Beckers (2015) has proposed 

two periods of seismic quiescence; 1740-1890 AD in the western part of the canyon and 1500-1700 

AD in the eastern one. This coincident rather well with the findings of the present work. Two periods 

of seismic quiescence have been recorded between 1742-1869 AD and 1507-1674 AD in CAN01UP 

(western part) and CAN03UP cores (eastern part), respectively. This is probably due to the different 

sedimentation rates in the canyon, as well as the difference of the areas affected by the seismic 

epicenters and the acceleration of the seismic waves (Fig. 6). Both these factors can affect the extent 

of the turbidite horizons. 

Although the comparison of these layers showed that the trigger mechanism could be the seismic 

activity of the area, the majority of the turbitic layers present an aseismic origin. The proximity of 

the coring sites to two major river fan deltas - these of Mornos and Erineos rivers- raises the 

enhanced river-discharging fluxes as additional origin for the turbitic events. A typical example is 
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the decade of 1920-1930 AD which is marked by four aseismic turbidite events in the CAN01UP 

sediment core. This series of turbitides may have been originated by enhanced weather conditions 

that led to increased sediment flux and accumulation of the river network of the canyon. 

However the two coring locations present similar sedimentation motif as this is depicted by 

similarities in the mineral and radioactivity signature of both the hemipelagic and the turbiditic 

deposits. Dissimilarities occurred in the sedimentation rates and in the quantity of the turbiditic 

deposits. The western location (core CAN01UP) presented higher sedimentation rate together with 

higher number and longer total turbiditic deposits in relation to the eastern location (core CAN03UP). 

The above suggests that the competition among the sediment accumulation of the Mornos and 

Erineos rivers together with the bottom currents intensity and the seismic activity leads to the final 

sedimentary processes which most probably differs from west to east. 

 

Figure 6 - Map showing the earthquake epicentres and the location of the two cores. 

Submarine cable breaks that were linked with earthquake shocks (according to Heezen et al., 

1966) are also highlighted. 
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Abstract 

The aim of this study was to establish a chronological frame of paleoseismic events 

of Gyrtoni Fault, (Thessaly, Central Greece), with the use of OSL dating method.  The 

Gyrtoni Fault, defines the north-eastern boundary of the Middle-Late Quaternary 

Tyrnavos Basin, and was previously investigated with geological methods. Twenty 

five fluvial-colluvial sediment and pottery samples were collected from two 

paleoseismological trenches, excavated along the Gyrtoni Fault, from both the 

upthrown and the downthrown fault blocks. Optically Stimulated Luminescence (OSL) 

dating was applied to coarse grain quartz using the single-aliquot regenerative-dose 

(SAR) protocol. Investigations of luminescence characteristics using various tests 

confirmed the suitability of the material for OSL dating using the SAR protocol. 

Radioactivity measurements were performed in order to estimate the annual dose rate 

of the surrounding soils to which the quartz grains were submitted during the burial 

period of the collected samples. The estimated OSL ages agreed well with the 

available stratigraphical data, and archaeological evidence. The occurrence of three 

surface faulting events in a time span between 1.42 ± 0.06 ka and 5.59 ± 0.13 ka was 

revealed while an earlier faulting event (fourth) was also recognized to be older than 

5.59 ± 0.13 ka. 

Keywords: OSL dating, SAR protocol, annual dose rate, paleoseismology. 

Περίληψη 

Σκοπός αυτής της μελέτης ήταν να δημιουργήσει ένα χρονολογικό πλαίσιο των 

παλαιοσεισμών στο ρήγμα Γυρτώνης, (Θεσσαλία, Κεντρική Ελλάδα), με τη χρήση της 

μεθόδου χρονολόγησης OSL. Το ρήγμα Γυρτώνης, ορίζει το βόρειο-ανατολικό όριο της 

Λεκάνης Τυρνάβου, και έχει ερευνηθεί στο παρελθόν με γεωλογικές μεθόδους. Είκοσι 

πέντε δείγματα ιζημάτων, ποτάμιας-κολλουβιακής προέλευσης και κεραμικά δείγματα 

συλλέχθηκαν από δύο παλαιοσεισμολογικές τάφρους, κατά μήκος του ρήγματος 

Γυρτώνης, τόσο από το ανερχόμενο όσο και από το κατερχόμενο τέμαχος του ρήγματος. 

Η μέθοδος της οπτικά προτρεπόμενης φωταύγειας (OSL) χρησιμοποιήθηκε για τη 

χρονολόγηση κόκκων χαλαζία σύμφωνα με το πρωτόκολλο αναγεννόμενης δόσης  

μεμονωμένου δισκίου (SAR). Η έρευνα των χαρακτηριστικών φωταύγειας, επιβεβαίωσε 

την καταλληλότητα του υλικού για χρονολόγηση με τη μέθοδο OSL, χρησιμοποιώντας 
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το πρωτόκολλο SAR. Μετρήσεις ραδιενέργειας διενεργήθηκαν για την εκτίμηση του 

ετήσιου ρυθμού δόσης των εδαφών στον οποίο υποβλήθηκαν οι κόκκοι χαλαζία κατά 

τη διάρκεια της περιόδου ταφής των δειγμάτων. Οι εκτιμώμενες ηλικίες συμφωνούν 

επίσης με τα διαθέσιμα στρωματογραφικά, και αρχαιολογικά δεδομένα. Από τη 

συνεκτίμηση στρωματογραφικών δεδομένων και του χρονολογικού πλαισίου 

προέκυψαν τρία σεισμικά γεγονότα σε ένα χρονικό διάστημα μεταξύ 1.42 ± 0.06 ka και 

5.59 ± 0.13 ka ενώ επίσης εκτιμήθηκε ένα παλαιότερο σεισμικό γεγονός (τέταρτο) με 

πιθανή ηλικία μεγαλύτερη από 5.59 ± 0.13 ka. 

Λέξεις κλειδιά: OSL dating, SAR protocol, annual dose rate, paleoseismology. 

1. Introduction 

The Gyrtoni Fault (GF), a south-dipping normal fault affecting Thessaly, Central Greece (Pavlides 

et al., 2010), is located ~13 km from Larissa, one of the largest cities of Greece (population ~160.000, 

Fig. 1). Therefore, the understanding of the seismotectonic behavior of this active fault in terms of 

slip rate, recurrence interval and date of past earthquakes (McCalpin, 2009b), is of great importance 

considering the hazard due to a future great seismic event for the population of the area. 

 

Figure 1 - a) Digital Elevation Model with hill-shading relief of the Tyrnavos Basin showing 

the main structural features. b) Simplified geological map of the study area, and the 

locations of the two trenches. Images taken form Google Earth. 

Several large events have occurred in Thessaly during historical times and the instrumental period 

(Caputo et al., 2006 and references therein), but only three of these events have been directly related 

to the Tyrnavos Basin; the 1731 (Ms 6.0), the 1781 (Ms 6.3) and the 1941 (Ms 6.1) earthquakes 

(Papazachos and Papazachou, 1997). Also, archaeological data, based on remains and damaged 

monuments, provide evidence of strong earthquakes in the Tyrnavos Basin during the last 2-3 ka 

(Caputo and Helly, 2005b). However, the correlation of these events with specific faults of Tyrnavos 

Basin is still under discussion. 

Optically Stimulated Luminescence (OSL) dating (Huntley et al., 1985) provides age estimates for 

the last time a sediment was exposed to sunlight and is a potentially useful tool in dating earthquake-

related deposits (e.g. Aitken, 1998). The single-aliquot regenerative-dose (SAR) protocol (Murray 

and Wintle, 2003) is extensively used for measuring the equivalent dose (De), providing a high 

degree of precision and accuracy for OSL ages (Murray and Olley, 2002). OSL dating studies based 

on the SAR protocol applied to date earthquake-related deposits provide reliable results (Porat et al., 

1996; Chen et al., 2003; Fattahi et al., 2010). 

Only a few previous studies have applied luminescence dating to fault-related deposits associated 

with paleoerthquakes, in Greece. Chatzipetros et al. (1998) were the first to apply 

thermoluminescence (TL) and 14C dating to colluvial sediments associated with the Palaeochori-

Sarakina Fault in western Macedonia, Greece, for estimating recurrence intervals of past earthquakes. 
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In palaeoseismological investigations carried out along the Tyrnavos and the Rodia faults, Central 

Greece, Caputo et al. (2004) and Caputo and Helly (2005a) reported TL, OSL and AMS ages from 

numerous trenches and quantified the most important seismotectonic parameters. 

In the present study, chemically purified quartz extracted from fluvial-colluvial sediment and pottery 

samples, which were collected from two excavated paleoseismological trenches along the GF, was 

subjected to OSL dating method using the SAR protocol (Murray and Wintle, 2003). The 

chronological determination of the identified past surface faulting events has been constrained by 

the obtained OSL ages of the observed stratigraphic units. Our results allowed the estimation of the 

Holocene slip rate, the mean return period and the elapsed time from the last earthquake on the GF. 

In addition, the establishment of a reliable chronological framework for the floodplain deposits 

exposed in the excavated trenches was employed. 

2. Materials and Methods 

2.1. Sample collection  

To establish a reliable chronological framework for this area, six samples for OSL dating were 

collected from four of the five distinct lithologic units exposed on the upthrown fault block of an 

excavated trench G1, perpendicular to the Gyrtoni Fault. Additionally, three samples were collected 

from fallen blocks belonging to another fifth unit and involved in the shear zone. To evaluate internal 

consistency, also three samples were collected from the exposed units of the upthrown fault block 

of a second excavated trench G2. Eight sediment samples and five pottery fragments were collected 

from the four distinct lithologic units exposed on the downthrown fault blocks of the two trenches 

to constrain the timing of the earthquake events observed in the trenches and thus reconstruct the 

recent seismotectonic behavior. One sediment sample and four pottery fragments, as well as pieces 

from buried pottery were collected from silty clay units of trench G1. Due to the lack of clear 

layering and some uncertainty in the recognition of the units of trench G2, four samples were 

collected in a vertical sequence in order to establish an age trend with depth (McCalpin, 2009a), and 

two from different parts close to the fault zone of the fifth unit from trench G2. One additional 

sample was collected from the silty sand colluvial deposit unit that was exposed on the west wall of 

the same trench. For details on litholigical units of the two trenches, see Tsodoulos et al. (2016). 

All sediment samples were collected by hammering 20 x 5 cm steel tubes horizontally into the 

surface of the walls of the two trenches, which were then carefully dragged out. The tubes were 

closed and sealed using duct tape and aluminum foil, labeled and stored in black plastic bags. Also, 

an additional sample for water content estimation and dose rate determination was collected. 

2.2. Sample preparation 

Sample preparation and luminescence measurements were carried out at the luminescence dating 

laboratory of the Archaeometry Center at the University of Ioannina. The collected steel tubes were 

opened under subdued red light laboratory conditions. The outermost 2 cm of the sediment were 

removed from each end of the steel tubes to avoid contamination with light-exposed material and 

then the sediment from the central part of the cores was reserved for quartz OSL equivalent-dose 

(De) determination. Pottery samples were sawed with a low speed diamond-impregnated wheel in 

order to remove a 2 mm layer from the surface and then were gently crushed and grinded using a 

vice and a mortar. The grain-size fraction of 125-250 μm, for samples from trench G1, and 63-100 

μm, for samples from trench G2, were extracted by wet-sieving. The extracted grains were treated 

with 8% HCl and 30% H2O2 to remove carbonates and organic material. Finally, 40% HF was 

applied for 1 h to remove feldspars and to etch the outer surface of quartz grains, thus eliminating 

the alpha contribution, followed by concentrated HCl to remove any remaining soluble fluorides. 

After the chemical treatment, the grains were mounted on 10 mm diameter stainless steel discs by 

evaporation of an acetone suspension. The purity of the quartz extract was checked using the OSL-
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IR depletion ratio with an extra step within the SAR sequence (Duller, 2003) and by observing the 

110 °C TL peak during preheating (Constantin et al., 2014). (Fig. 2). 

 

Figure 2 - Typical OSL decay curves (inset) and SAR growth curves for pottery 

(Gyr1OSL_13) and sediment (Gyr2OSL_07E and Gyr1OSL_06) samples using a 260oC and 

240oC preheat for 10s, respectively, and a 160oC cut heat. 

2.3. Equipment and equivalent dose determination 

Following sample preparation, luminescence measurements were performed on a Risø TL/OSL-

DA-20 reader (Bøtter-Jensen et al., 2010) equipped with a 1.48 GBq 90Sr-90Y beta radiation source 

with a dose rate ~0.084 Gy/s. Quartz OSL was obtained through stimulating with blue LEDs emitting 

at 470 nm (FWHM = 20 nm) and delivering ~50 mW/cm2 at the sample position and infrared (IR) 

stimulating using IR diodes emitting at 880 nm delivering ~145 mW/cm2. Signals were detected 

using a 7 mm Hoya U-340 optical filter in front of an EMI 9235QA photomultiplier tube. 



396 

 

Measurements of OSL were made on chemically purified coarse-grained quartz, using the single-

aliquot regenerative-dose (SAR) protocol proposed by Murray and Wintle (2003). 

All OSL measurements were made using stimulation with blue diodes at 125°C for 40 s. To 

determine De, the initial 0.8 s (channels 1 to 5) of the OSL decay curve was used, and the background 

was assumed as the mean of the signal in the last 8 s (50 channels) of the 40 s measurement of the 

decay curve. Preheat temperatures of 240oC for 10 s for sediment samples and 260oC for 10 s for 

pottery samples, were chosen after performing preheat plateau tests and dose recovery tests using 

different preheat temperatures. A cut heat of 160oC followed by immediate cooling prior to test dose 

response of approximately 5 Gy was used. Preliminary luminescence measurement tests on aliquots 

from the pottery samples, using the standard SAR protocol, were found to have significant 

recuperated corrected OSL signal compared to the natural signal (e.g. GyrOSL1_13, >10%). Thus, 

an additional 40 s optical stimulation at 280oC was added at the end of each measurement cycle of 

the SAR protocol, and recuperation was reduced to <10% for all pottery samples. 

The De values were calculated using the Analyst software (Duller, 2015) by fitting an exponential 

or exponential-plus-linear function to the dose-response curve, with an instrumental error of 1.0 %. 

2.4. Dose rate assessment 

The environmental dose rate for each sample was calculated using high-resolution gamma 

spectrometry to measure the radionuclide concentrations of 238U, 232Th and 40K (Murray et al., 1987), 

at the Nuclear Physics Laboratory of the University of Ioannina. Dry sample material was packed in 

plastic containers, sealed and stored at least for four weeks to allow for radon equilibrium before 

being measured on a Canberra broad energy HPGe gamma spectrometer for ~48h. The 

concentrations of 238U, 232Th and 40K were then used to calculate the dose rates using the conversion 

factors of Adamiec and Aitken (1998) and Liritzis et al. (2013). The water content (% weight) of 

each sample was measured in the laboratory based on the initial field water content. In addition to 

the environmental dose rate, the contribution of the cosmic radiation was calculated based on the 

modern burial depth of the samples, the sediment density (1.8 g/cm3) and the site’s latitude, 

longitude and altitude, using the equations given by Prescott and Hutton (1994). The analytical 

results from gamma spectroscopy measurements are summarized in Table 1. 

2.5. Luminescence characteristics 

To establish appropriate preheat conditions for the SAR measurement protocol, preheat plateau tests 

and dose recovery tests using different preheat temperatures were conducted on representative 

samples. We first examined the dependence of De on different preheat temperatures, using 

representative samples selected to be studied in detail. In this experiment, twenty-four aliquots were 

measured for each sample (three aliquots for each preheat temperature) by the SAR protocol using 

eight different preheat temperatures from 160 to 300oC (in 20oC steps) for 10 s, with a fixed test 

dose cut heat temperature of 160oC. For sample Gyr2OSL_07E, a plateau was detected between 

temperatures 180-300oC, giving an average De of 5.58 ± 0.47 Gy. The recycling ratios and the signal 

recuperation values are all within 10% of unity and <2.0% of the natural signal, respectively. The 

De values of the sample Gyr1OSL_13 also show to be independent of preheat temperatures at least 

between 180 to 300oC, giving an average De of 5.79 ± 1.10 Gy. The recycling ratios obtained are 

also within 10% of unity but the recuperation values are sufficiently high (3 - 13 %), in the 

temperature region 180 - 300oC. High recuperation values of pottery samples can be attributed to 

low count rates of the natural OSL signal of the samples (Choi et al., 2009). In order to minimize 

this effect an additional 40 s optical stimulation at 280oC was included as an extra step at the end of 

the SAR protocol (Murray and Wintle, 2003). A dose recovery test was also performed. Twenty-

four aliquots from each sample were bleached by exposure to blue LED stimulation for 1 ks at room 

temperature (Rowan et al., 2012), with a 10 ks pause between bleaches to allow charge in the 110oC 

trap to empty, followed by another 1 ks blue LED stimulation. The aliquots were then given a beta 

dose of 5.60 Gy and were measured as if they were natural samples using the SAR protocol. 
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Measurements were made using a range of OSL preheat temperatures (160oC - 300oC, step 20oC) 

using three aliquots for each temperature and a test dose cut heat of 160oC. For sample 

Gyr2OSL_07E a plateau is identified between temperatures 160-300oC and ratios of the recovered 

dose to given dose are within 10 % of unity for all temperatures. For sample Gyr1OSL_13 a plateau 

was identified between temperatures 180-280oC, but the given dose seemed to be underestimated in 

the preheat temperature region between 160oC and 240oC. The recycling ratios for both samples 

were all within 10 % of unity, and signal recuperations were < 2.0 % of the natural signal. Based on 

these test results, a preheat temperature of 240oC for sediment samples and 260oC for pottery 

samples were adopted for all further SAR OSL measurements. 

Table 1 - Sample information, radionuclide concentrations and dose rates results for 

luminescence samples collected from the two paleoseismological trenches at Gyrtoni Fault, 

Thessaly, Central Greece. 

 

Finally, in order to confirm the suitability of the chosen SAR protocol to accurately measure a known 

laboratory dose, dose-recovery tests have been performed on all samples (Murray and Wintle, 2003). 

During these tests, three new aliquots of each sample were bleached twice using the same procedure 

as previously described, and a known dose close to the expected natural dose (~De) was applied. 

The same preheating conditions and measurement sequence as selected for dating were used. Of 74 

aliquots, ~85% had dose recovery ratios within the range 0.9 - 1.1. The statistical analysis of the 

doses recovered show a mean and standard deviation of 0.98 ± 0.06 of the given laboratory dose, 

confirming that the chosen SAR protocol is able to recover a given dose prior to any thermal 

treatment for all samples. The aliquots’ measurements were accepted when the following criteria 

were satisfied: (i) recycling ratio of 1.0 ± 0.1, (ii) OSL-IR depletion ratio of 1.0 ± 0.1, (iii) a 

detectable OSL signal (i.e. >3 sigma above background), (iv) recuperation of signal less than 5% of 

the natural signal for soil samples and 10% for pottery samples, and (v) whether the sensitivity 

corrected natural signal intersected the dose-response curve. 

Typical dose-response curves, for pottery sample (Gyr1OSL_13) sediment samples (Gyr2OSL_07E 

and Gyr1OSL_06), and natural OSL signal decay curves are shown in Fig. 2. The decay curves are 
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typical for quartz, and show that the OSL signal was depleted rapidly during the initial 3 s of 

stimulation, indicating that the signal was dominated by the fast component. The dose-response 

curves of samples Gyr2OSL_07E and Gyr1OSL_13 were fitted by a single exponential function. 

The De values of 5.54 ± 0.17 Gy and 5.50 ± 0.34 Gy were obtained for these samples, respectively.  

The De values obtained are far below the saturation level of their growth curves except for the 

Gyr1OSL_06 sample. Although the De value of 285.2 ± 17.3 Gy that was obtained for this sample 

is in a dose range where the exponential component is saturated, the continuous growth of the dose-

response curve indicates saturation at much higher doses. 

2.6. Equivalent dose distribution 

Sediment samples from depositional environments, such as floodplains and colluvial systems may 

not be well-bleached due to the short fluvial or gravity transport distance (Wallinga, 2002a). Τhe De 

distribution of an insufficiently bleached sample is expected to have a scattered form and high 

overdispersion values (σOD) (Wallinga, 2002b). Overdispersion values >20% may indicate 

incomplete bleaching (Olley et al., 2004). 

Table 2 - Equivalent doses (De) and quartz OSL ages calculated for samples collected from 

the two paleoseismological trenches at Gyrtoni Fault, Thessaly, Central Greece. 

 

The De distributions obtained for these samples are usually narrow and symmetrical with 

overdispersion values <20%, except for the pottery sample Gyr1OSL_12 which shows a significant 
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overdispersion (29%) and a skewed De distribution (Table 2), indicating sufficient bleaching of the 

fluvio-colluvial sediments of the downthrown block of the GF. Therefore, the central age model 

(CAM; Galbraith and Roberts, 2012) was applied to the De data for all samples. The estimated De 

values for all samples are summarized in Table 2. 

3. Results and discussion 

3.1. OSL ages 

The OSL ages were calculated by dividing the CAM De by the total dose rate. Table 2 summarizes the 

OSL chronology for the two excavated paleoseismological trenches at GF. The derived ages of the 

samples from the upthrown fault blocks of the two paleoseismological trenches are in stratigraphic 

order, within uncertainties. The six samples from the exposed four units on the upthrown block of 

trench G1 were dated between 46.1 ± 3.3 and 233.3 ± 12.5 ka (Table 2). The ages of the three samples 

dated from the displaced blocks of fifth upper unit ranged from 20.9 ± 1.5 ka to 28.1 ± 2.1 ka (Table 

2), which nicely fit the stratigraphic order of this unit. Three additional samples were also dated from 

the units exposed on the upthrown fault block of trench G2 to check for internal consistency between 

trenches. These samples provided ages of 92.6 ± 6.1 ka (Gyr2OSL_01E), 96.9 ± 6.5 ka 

(Gyr2OSL_02E) and 148.2 ± 10.8 ka (Gyr2OSL_03E). Sample Gyr2OSL_01E showed comparable 

age, that agreed within one standard deviation, to the sample Gyr1OSL_03 (86.4 ± 5.0 ka) which was 

taken from the middle part of the same silty clay deposit of the trench G1. The sample Gyr2OSL_03E 

(148.2 ± 10.8 ka) collected from the base unit is in stratigraphic order with the samples Gyr1OSL_05 

(133.9 ± 5.5 ka) and Gyr1OSL_06 (233.3 ± 12.5 ka) taken from the upper and the lower part, 

respectively, of the same massive silty clay unit exposed on trench G1. 

In summary, all OSL ages from the upthrown fault block clearly document that the exposed units 

were deposited during the upper part of the Middle Pleistocene and mainly during the Late 

Pleistocene. Van Andel et al. (1990) estimated that the Agia Sophia alluvium, which is the earliest 

and most extensive unit of the Niederterrasse, deposited between c. 40 to 27 ka BP during the last 

glacial period, and is overlaid by a mature paleosoil  (Agia Sophia soil). Interestingly, OSL ages 

from units 4 and 5 ranges from 50 to 21 ka thus suggesting they likely belong to the Agia Sophia 

alluvium (see Tsodoulos et al., 2016). 

A ceramic fragment (Gyr1OSL_15) from the buried pottery that was found on unit 6 (trench G1), 

was dated and provided an OSL age of 3.77 ± 0.13 ka (Table 2) with an archaeological estimation 

by the Department of History and Archaeology of the University of Ioannina (Dr. Andreas 

Vlachopoulos, personal communication) to be from 2000 – 1600 B.C. (Middle Bronze Age), thus 

in good agreement with the OSL age. The four pottery fragments dated from trench G1, provided 

OSL ages ranging from 1.98 ± 0.08 to 3.15 ± 0.13 ka (Table 2). The determined OSL ages for the 

pottery fragments were expected to be older than the ages of the sediment unit in which they were 

found (Moro et al., 2013; Vanneste et al., 2006). This is consistent with the OSL age (1.42 ± 0.06 

ka) of the sediment sample Gyr1OSL_10 taken from the base of unit 7 (trench G1, see Tsodoulos et 

al., 2016) (Table 2). In trench G2, the calculated OSL ages for unit 5 ranged from 1.35 ± 0.02 to 

3.77 ± 0.06 ka (Table 2). Samples Gyr2OSL06E to 09E were collected in a vertical sequence at 

every ~0.50 m. Thus, from the obtained OSL ages of these samples a mean age trend with depth of 

1.60 yr/cm and a mean sedimentation rate of 0.62 mm/yr was estimated. An OSL age of 5.59 ± 0.13 

ka was obtained for a sediment sample (Gyr2OSL_01W) from the scarp derived colluvial deposit 

(unit 4), west wall in trench G2 (see Tsodoulos et al., 2016) (Table 2). Overall, the calculated OSL 

ages indicate that the fluvial-colluvial deposits of the downthrown fault block were deposited during 

the Middle-Late Holocene. Previous researchers (Demitrack, 1986) consider the Gyrtoni alluvium 

to have been deposited between c. 5.0 and 4.0 ka BP, using archaeological criteria, and defined the 

end of the deposition of the higher floodplain of the Pinios River. 
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4. Conclusions 

The OSL characteristics of the studied samples from the two paleoseismological trenches were 

discussed. Recycling ratio, recuperation and dose recovery tests confirmed the suitability of the 

quartz grains for OSL dating purposes, using the SAR protocol. Preheat plateau tests were also 

performed to select the appropriate preheat temperatures. Overdispersion values of the assessed ages 

for each sample were found to be less than ~20% for the majority of the samples, indicating well 

bleached quartz and assuring the quality of the dating process. Using a combination of OSL dating 

and paleoseismological trenching, we have estimated dates of the observed paleoarthquakes related 

with the Gyrtoni Fault. The two paleoseismological trenches provide evidence of at least three, and 

possibly four faulting events (age ranges of 2.16-1.42 ka, 3.77-2.80 ka, 5.59-3.77 ka, and <5.59 ka) 

with an average recurrence interval 1.39 ± 0.14 ka. The estimated OSL ages agreed well with the 

available stratigraphical data, and archaeological evidence. 

5. Acknowledgements 

This research project was implemented within the framework of the Action «Supporting 

Postdoctoral Researchers» of the Operational Program "Education and Lifelong Learning" and is 

co-financed by the European Social Fund (ESF) and the Greek State. 

6. References 

Adamiec, G. and Aitken, M.J., 1998. Dose-rate conversion factors: update, Ancient TL, 16, 37-49. 

Aitken, M.J., 1998. An Introduction to Optical Dating. Oxford University Press, Oxford. 

Bøtter-Jensen, L., Thomsen, K.J. and Jain, M. 2010. Review of optically stimulated luminescence (OSL) 

instrumental developments for retrospective dosimetry, Radiation Measurements, 45, 253-257. 

Bronk Ramsey, C., 1995. Radiocarbon calibration and analysis of stratigraphy: the OxCal program, 

Radiocarbon, 37(2), 425-430. 

Caputo, R. and Helly, B., 2005a. The Holocene activity of the Rodia Fault, Central Greece, Journal 

of Geodynamics, 40(2-3), 153-169. 

Caputo, R., Helly, B., Pavlides, S. and Papadopoulos, G., 2004. Palaeoseismological investigation 

of the Tyrnavos Fault (Thessaly Central Greece), Tectonophysics, 394, 1-20. 

Caputo, R., Helly, B., Pavlides, S. and Papadopoulos, G., 2006. Archaeo- and palaeoseismological 

investigations in Northern Thessaly (Greece): Insights for the seismic potential of the region, 

Natural Hazards, 39, 195-212. 

Chatzipetros, A., Pavlides, S. and Mountrakis, D., 1998. Understanding the 13 May 1995 western 

Macedonia earthquake: a paleoseismological approach, Journal of Geodynamics, 26, 327-339. 

Chen, Y.G., Chen, Y.W., Chen, W.S., Zhang, J.F., Zhaoc, H., Zhou, L.P. and Li, S.H., 2003. 

Preliminary results of long-term slip rates of 1999 earthquake fault by luminescence and 

radiocarbon dating, Quaternary Science Reviews, 22, 1213-1221. 

Choi, J.H., Kim, J.W., Murray, A.S., Hong, D.G., Change, H.W. and Cheong, C.-S., 2009. OSL 

dating of marine terrace sediments on the southeastern coast of Korea with implications for 

Quaternary tectonics, Quaternary International, 199, 3-14. 

Constantin, D., Begy, R., Vasiliniuc, S., Panaiotu, C., Necula, C., Codrea V. and Timar-Gabor, A., 

2014. High-resolution OSL dating of the Costines¸ ti section (Dobrogea, SE Romania) using 

fine and coarse quartz, Quaternary International, 334-335, 20-29. 

Demitrack, A., 1986. The Late Quaternary geologic histoty of the Larissa Plain, Thessaly, Greece: 

Tectonic, Climatic and Human Impact on the Landscape, Ph .D. dissertation, Stanford 

University, CA. Ann Arbor, Michigan: University Microfilms. 

Duller, G.A.T., 2003. Distinguishing quartz and feldspar in single grain luminescence measurements, 

Radiation Measurements, 37, 161-165. 

Duller, G.A.T., 2015. The Analyst software package for luminescence data: overview and recent 

improvements, Ancient TL, 33(1), 35-42. 



401 

 

Fattahi, M., Nazari, H., Bateman, M.D., Meyere, B., Sébrier, M., Talebian, M., Le Dortz, K., 

Foroutan, M., Ahmadi Givi, F. and Ghorashi, M., 2010. Refining the OSL age of the last 

earthquake on the Dheshir fault, Central Iran, Quaternary Geochronology, 5(2-3), 286-292. 

Galbraith, R.F. and Roberts, R.G., 2012. Statistical aspects of equivalent dose and error calculation 

and display in OSL dating: an overview and some recommendations, Quaternary 

Geochronology, 11, 1-27. 

Huntley, D.J., Godfrey-Smith, D.I. and Thewalt, M.L.W., 1985. Optical dating of sediments, Nature, 

313, 105-107. 

Liritzis, I., Stamoulis, K., Papachristodoulou, C. and Ioannides, K., 2013. A re-evaluation of 

radiation dose-rate conversion factors, Mediterr. Archaeol. Archaeom., 13, 1-15. 

McCalpin, J.P., 2009a. Field techniques in paleoseismology. Paleoseismology in extensional tectonic 

environments. In: McCalpin, J.P., eds., Paleoseismology, Academic Press, San Diego, 161-269. 

McCalpin, J.P., 2009b. Application of Paleoseismic Data to Seismic Hazard Assessment and 

Neotectonic Research. In: McCalpin, J.P., eds., Paleoseismology, Academic Press, San Diego, 

1-106. 

Moro, M., Gori, S., Falcucci, E., Saroli, M., Galadini, F. and Salvi, S., 2013. Historical earthquakes 

and variable kinematic behaviour of the 2009 L'Aquila seismic event (central Italy) causative 

fault, revealed by paleoseismological investigations, Tectonophysics, 583, 131-144. 

Murray, A.S., Marten, R., Johnston, A. and Martin, P., 1987. Analysis for naturally occurring 

radionuclides at environmental concentrations by gamma spectrometry, Journal of 

Radioanalytical and Nuclear Chemistry, 115, 263-288. 

Murray, A.S. and Olley, J.M., 2002. Precision and accuracy in the optically stimulated luminescence 

dating of sedimentary quartz, Geochronometria, 21, 1-16. 

Murray, A.S. and Wintle, A.G., 2003. The single aliquot regenerative dose protocol: potential for 

improvements in reliability, Radiation Measurements, 37, 377-381. 

Olley, J.M., Pietsch, T. and Roberts, R.G., 2004. Optical dating of Holocene sediments from a 

variety of geomorphic setting using single grains of quartz, Geomorphology, 60, 337-358. 

Pavlides, S., Caputo, R., Sboras, S., Chatzipetros, A., Papathanasiou, G. and Valkaniotis, S., 2010. 

The Greek catalogue of active faults and database of seismogenic sources, Bulletin of the 

Geological Society of Greece, XLIII/1, 486-494. 

Papazachos, B.C. and Papazachou, C., 1997. The Earthquakes of Greece, Editions ZITI, Thessaloniki. 

Porat, N., Wintle, A.G., Amit, R. and Enzel, Y., 1996. Late Quaternary earthquake chronology from 

luminescence dating of colluvial and alluvial deposits of the Arava Valley, Israel, Quaternary 

Research, 46, 107-117. 

Prescott, J.R. and Hutton, J.T., 1994. Cosmic ray contribution to dose rates for luminescence and ESR 

dating: large depths and long-term time variations, Radiation Measurements, 23, 497-500. 

Rowan, A.V., Roberts, H.M., Jones, M.A., Duller, G.A.T., Covey-Crump, S.J. and Brocklehurst, 

S.H., 2012. Optically stimulated luminescence dating of glaciofluvial sediments on the 

Canterbury Plains, South Island, New Zealand, Quaternary Geochronology, 8, 10-22. 

Tsodoulos, I., Chatzipetros, A., Koukouvelas, I., Caputo, R., Pavlides, S., Stamoulis, K., Gallousi, 

C., Papachristodoulou, C., Belesis, A., Kalyvas, D. and Ioannides, K., 2016. 

Palaeoseismological investigation of the Gyrtoni Fault (Thessaly, Central Greece), Submitted 

for the proceedings of the 14th Intern. Conference, Thessaloniki, May 2016. 

Van Andel, T.H., Zangger, E. and Demitrack, A., 1990. Land use and soil erosion in prehistoric and 

historical Greece, J. Field Archaeology, 17, 379-376. 

Vanneste, K., Radulov, A., De Martini, P., Nikolov, G., Petermans, T., Verbeeck, K., Camelbeeck, 

T., Pantosti, D., Dimitrov, D. and Shanov, S., 2006. Paleoseismologic investigation of the 

fault rupture of the 14 April 1928 Chirpan earthquake (M 6.8), southern Bulgaria, J. Geophys. 

Res., 111, B01303. 

Wallinga, J., 2002a. Optically stimulated luminescence dating of fluvial deposits: a review, Boreas, 

31, 303-322. 

Wallinga, J., 2002b. D e tec t ion  of OSL age overestimation using single-aliquot techniques, 

Geochronometria, 21, 17-20.  



402 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 402-411 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 402-411 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

PRELIMINARY GEOCHEMICAL AND 

SEDIMENTOLOGICAL ANALYSIS IN NW CORFU: THE 

MIOCENE SEDIMENTS IN AGIOS GEORGIOS PAGON 

Tserolas P.1, Mpotziolis C.1, Maravelis A.2 and Zelilidis A.1 

1Department of Geology, University of Patras, Patra, 26110, Greece 

2School of Environmental and Life Sciences, University of Newcastle, Callaghan 2308 NSW, 

Australia 

Abstract 

A total of 80 samples of the Miocene deposits in Agios Georgios Pagon (NW Corfu) 

were selected and studied in regard of their geochemical and sedimentological 

characteristics. Organic content and calcium carbonate measurements were used 

and combined to investigate the depositional conditions and preliminary source rock 

potential. TOC analysis presented significant values ranging up to ~3% of organic 

carbon, with an average of 0,7%, and thus providing a promising basis for further 

assessment of their source rock potential. Calcium Carbonate measurements 

presented an average of ~27%. Fluctuations, correlative trends and the combined 

use of sieve analysis provide insights and alterations in the depositional conditions. 

The studied strata are part of an ongoing investigation throughout the Miocene to 

Pliocene sediment accumulations in Corfu, from Lefkimmi in the SW part to Agios 

Stefanos to the NW. The depositional conditions and source rock potential should 

provide new insights in understanding the geotectonic processes and basin 

development in the western margin of the Hellenic Fold and Thrust Belt. 

Keywords: TOC, CaCO3, Corfu, Ionian Sea, grain size analysis, Hellenic FTB. 

Περίληψη 

80 δείγματα από τις Μειοκαινικές αποθέσεις στον Άγιο Γεώργιο Πάγων επιλέχθηκαν 

για εργαστηριακές αναλύσεις των γεωχημικών και ιζηματολογικών τους 

χαρακτηριστικών. Η περιεκτικότητα σε οργανικό υλικό και ανθρακικό ασβέστιο 

υπολογίσθηκαν και συνδυάστηκαν τόσο για τον προσδιορισμό συνθηκών απόθεσης, 

όσο και για την εκτίμηση μητρικών πετρωμάτων στην περιοχή μελέτης. Η 

περιεκτικότητα σε οργανικό υλικό έδειξε σημαντικά αποτελέσματα που φτάνουν και το 

3%, με ένα μέσο όρο ~0,7%. Το ανθρακικό ασβέστιο παρουσίασε μια μέση τιμή στο 

27%. Διακυμάνσεις, συγκριτικές τάσεις και ο συνδυασμός της κοκκομετρικής ανάλυσης 

έδειξε διαφοροποιήσεις στις συνθήκες απόθεσης. Τα υπό μελέτη στρώματα είναι τμήμα 

μιας ευρύτερης μελέτης των Μειοκαινικών - Πλειστοκαινικών ιζημάτων στην 

Κέρκυρα, από την Λευκίμμη στο ΝΔ τμήμα ως τον Άγιο Στέφανο στο ΒΔ. Οι συνθήκες 

απόθεσης και η αξιολόγηση μητρικών πετρωμάτων δύναται να βαθύνει την κατανόηση 

για τις γεωτεκτονικές διεργασίες και την εξέλιξη της λεκάνης στο δυτικό όριο του 

ελληνικού συστήματος πτυχώσεων και επωθήσεων στη Δυτική Ελλάδα. 

Λέξεις κλειδιά: Οργανικό υλικό, Ανθρακικό ασβέστιο, κοκκομετρία, Κέρκυρα, Ιόνιο. 
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1. Introduction 

Research and commercial interest in oil and gas prospects in western Greece has risen in the past 

years. Existence of oil and gas is proven by surface shows and gas leaks throughout the Ionian Sea 

and Ionian islands (Fig.1). Corfu Island lies in the northern Ionian Sea and on the northwestern 

flanks of the Hellenic Fold and Thrust Belt (FTB). It consists of both the Ionian and pre-Apulian 

geotectonic zones, as most of the Ionian Islands. 

 

Figure 1 - Generalized geotectonic map of Western Greece (modified by Zelilidis et al., 2015). 
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The Balkan peninsula FTB consists of the external Hellenides and Albanides in Albania. The 

geological setting of the broad on-shore and off-shore western Greece is the southern extension of 

the important Albanian oil and gas provinces, where two potential hydrocarbon systems (Mesozoic 

and Tertiary) have been distinguished (Zelilidis et al., 2003; Maravelis et al., 2012; Maravelis et al., 

2014a; Zelilidis et al., 2015). Important hydrocarbon reserves have been associated with fold and 

thrust belts throughout the world (e.g. Central Italy, Albania, and Saudi Arabia), increasing academic 

and industrial interest (see ref. Maravelis et al., 2012). It has been established that ~14% of the 
world’s reserves are discovered within FTBs developed at convergent plate boundaries. 

Western Greece still remains poorly explored despite petroleum seepage evidence and thorough 

academic research (see ref., Zelilidis et al., 2015). Corfu’s widespread sedimentary accumulations 

are under an ongoing and detailed investigation, combined with previous and ongoing studies in 

Zakynthos, Diapontia Islands and Lefkada (Maravelis et al., 2014a and 2014b); in order to further 

understand the mechanisms and characteristics of the Hellenic FTB. The present preliminary report 

includes results of geochemical and sedimentological investigations in the Miocene sediments of 

Agios Georgios Pagon, in Northern Corfu (Fig.2). 

 

Figure 2 - Generalized Geological map of the study area (modified by IGME, 1971). 
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2. Geotectonic Setting  

Corfu Island lies on the northwestern edge of the Hellenic FTB system of Greece, south of Diapontia 

islands (Fig.1). Sedimentation on the Hellenic FTB occurs in platforms, such us the pre-Apulian and 

Gavrovo zones, and deep basins, such us the Ionian and Pindos Zone. The most external zones, pre-

Apulian and Ionian Zone, where Corfu is situated, are mainly separated by the Ionian Thrust system. 

The Ionian Thrust is a crustal-scale fault system which pushes the lower Ionian Zone over the pre-

Apulian zone. The thrust boundary is marked by intrusive Triassic evaporites and corresponding 

Triassic Breccia, which can be observed in various sights in Western Greece (Epirus, Akarnania) 

and are present in the central part of the island (Fig.2). Major strike-slip faults have separated the 

Ionian Thrust into two major parts: The northern part, which bisects the island east of the study area 

(Fig.2) and the southern part, where the thrusting area moves parallel to the western shoreline. The 

South Salento - North Corfu strike slip fault zone is another major tectonic feature which controls 

the evolution of the basin, since the Oligocene. Such faults present significant role in basin 

evolutions in Pindos Foreland (Konstantopoulos et al., 2013). 

The geological complexity of the area corresponds to the collision and convergence of the African and 

Eurasian plates since the Mesozoic (see ref. Maravelis et al., 2014a). The pre-Apulian Zone is the 

eastern continuation of the Apulian platform, while the Ionian Zone was initially a fault-controlled 

extensional basin adjacent to the Pindos Ocean (up to early Jurassic). In both zones, carbonate 

sedimentation took place during the Mesozoic. Submarine fan deposits took place during the Tertiary, 

as part of Pindos Foreland Basin. Agios Georgios Pagon is part of the broad Karousades Miocene to 

Pliocene sedimentary basin, which is suggested to correspond to distal turbidite fan deposits from 

Pindos foreland (Monopolis and Bruneton, 1982). Field stratigraphic observations provided evidence 

of deep-sea sedimentation (Fig.3a). It has already been established that Ionian Thrust activity during 

the early Miocene has changed the tectonic regime of the northern Ionian sub-basins, as is evident in 

the piggy-back basins in Diapontia Islands to the North (Makrodimitras, 2011). Local branching of the 

Ionian Thrust and strike-slip fault activity may explain spatial differences and different sub-basin 

evolutions. During the Middle Miocene, further activity of the Ionian Thrust in Corfu results to the 

elevation of the Mesozoic Carbonates to the northeastern part of the island. 

 

Figure 3 a, b. - a. Ag2 section, with probable Bouma sequence. b. Miocene-Pliocene border in 

Ag. Stefanos cape. 
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Karousades basin expands westward of the anticline structure of the Mesozoic Carbonate series, where 

the Jurassic Limestones (also known as Pantokratoras Limestones) dominate the eastern part of the 

island. South Salento - North Corfu strike slip zone bounds the basin to the south, where the Mesozoic 

Carbonates are exposed after a thick transitional zone of loose breccia. The Pliocene succession 

continues comfortably to the North of Agios Stefanos cape (Fig.2). The Miocene - Pliocene interval is 

marked by two conglomerate beds with sandstone intercalations, of approx. 10m thickness each (Fig. 

3b). The typical, in other examples of the Ionian basins such as Zakynthos, occurrence of the Messinian 

evaporates is absent in the study area. The Messinian deposits can be identified in the Arillas beach, 

north of the study area, and comprise of siltstone and unconsolidated sandstone alterations. To the 

south, the series is slightly altered, with the Miocene-Pliocene generally undivided. 

3. Stratigraphy 

Agios Georgios Pagon sediments are part of the early to middle Miocene sedimentation in the broad 

Karousades basin of Northern Corfu. The stratigraphy of the Ionian Zone has been extensively 

studied (see ref. Zelilidis et al., 2015). Most of the zone’s features are present in Northern Corfu 

(Fig. 4). Namely, the Mesozoic carbonate series are exposed in the NE part of the island. Jurassic 

«Pantokratoras» and Senonian «Vigla» limestones form a large anticline. 

 

Figure 4 - Stratigraphic Column of Northern Corfu and study area. 
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Several sections where investigated and measured in the Agios Georgios Pagon bay, regarding both 

their vertical and horizontal characteristics. A normal fault to the North exposes the Mesozoic 

basement, while the South Salento- North Corfu fault zone controls a transitional zone of 

unconsolidated conglomerates and breccia to the south, after which the carbonate basement is also 

exposed (Cretaceous limestones). The bay was studied at both its flanks, southern (Ag1, Ag2) and 

northern (Ag3, Ag3b, Ag4) and at its central parts (Ag4b) and a synthetic column is presented in 

figure 4. 

The southern flank dips towards the fault zone, suggesting Ag2 section as the oldest. Ag2 section is 

a ~30m succession of grey mudstone and sandstone alterations. Sandstone thickness and ratio 

increases upwards. Section Ag1 is approx. 5m, with blue-grey mudstones and thin sandstone 

intervals. The northern equivalent, Ag3b and Ag3 sections may be the youngest sediments, of a 

combined thickness ~30m of sand/mud alterations, starting with 1:1 ratio and with sandstone 

thickness increasing upwards. Section 4 consists of mudstone strata with a variable thickness from 

2 to 10 cm, while section 4b presents four sandstone beds. These sandstone beds are more 

consolidated than in the lower parts, and also present a thickening trend upwards. The Agios 

Georgios Pagon overall thickness is approx. 150m, while ~30m of strata (between Ag1 and Ag2) 

where not exposed due to recent landslides. 

4.  Laboratory Results 

3.1 Organic matter content 

Quantitative determination of organic carbon in the sample based on the oxidation of organic carbon 

content in the samples was performed with the titration method (Gaudette et al., 1974). 

The studied samples present a variable TOC content (Fig.5), ranging from 0% up to 2,7%. The 

highest TOC content values were found in the NE sections (Ag1, Ag2) where numerous samples are 

above the 0,5% mark. The northwestern flank and central part of the bay (Ag3, 3b, 4, 4b), present 

lower TOC values, with some samples presenting values over 0,5%. As a result, further studies and 

organic matter evaluation will be focused in the southern flank of Agios Georgios Pagon. 

3.2 CaCO3 measurements  

For the determination of calcium carbonate (CaCO3) content, the method for decomposition of the 

CaCO3 with CH3COOH (acetic acid) is used (Varnavas, 1979). This method relies on the full 

decomposition of calcium carbonate (CaCO3) with acetic acid (CH3COOH), to form a soluble salt 

of calcium acetate ((CH3COO) 2Ca) and escape the produced carbon dioxide (CO2). The samples 

present a general trend between 20% and 30% with the exception of one sample (Fig. 6). 

3.3 CaCO3 - TOC correlations 

Certain physical and geochemical characteristics control the relation between TOC and CaCO3 in 

sediments and several studies have correlated these two parameters in Greek sites (see ref. in Nioti 

et al., 2013). The decomposition of TOC in deeper parts produces CO2 which in turn accelerates 

dissolution of CaCO3 and this process is often portrayed with proportional values of the variables. 

Positive relations can also be observed where CaCO3 productivity is present or by other controlling 

factors such as sedimentation and/or burial rates. A comparative observation of the variables’ 

fluctuations presents a general inverse trend: TOC presents higher values in the southern flank (Ag1, 

Ag2), while calcium carbonate presents its lower values. A general increasing trend of CaCO3 is 

accompanied with a general decrease of the organic matter content, moving from the lower to the 

upper parts of the column. 
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Figure 5 - TOC content in studied samples         Figure 6 - CaCO3 content in studied samples. 

3.4 Grain size analysis  

The grain size analysis, aims to determine the lithology and grain size parameters to describe the 

particle size distribution of sediments. The method of sieve analysis for the sediments > 63mm, and 

the method of the pipette analysis for the sediments was according to the classification of Folk and 

Ward (1957), whereas the statistical parameters were also calculated (median Md, mean average Mz, 

standard deviation σi, asymmetry SK1 and curvature KG). 

According to the classification by Folk (1968), as derived from the grain analysis results, the samples 

can be generally described as mud and sandy mud. The constructed Passega (1964) plot presents that 

the samples were transferred primarily as a homogeneous and pelagic suspension (fig.7). The σ1/Md 

plot by Stewart (1958) indicates slow deposition of sediments in calm water, while the σ1/Sk1 plot (fig. 

8) by Valia and Cameron (1977) indicates deep water environment for the majority of the samples. A 

few samples from sections Ag3b and Ag4b present shallower environments, possibly representing a 

general paleoenvironmental change in the upper parts of the stratigraphic column. 
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Figure 7 – Passega diagram for studied samples. 

 

Figure 8 - Valia and Cameron diagram, with σ1/Sk1 plot where studied sediments mostly 

deposited in deep marine conditions. 

5. Conclusions 

The Miocene sediments in Agios Georgios Pagon bay are part of a broad Miocene to Pliocene 

sedimentary basin in Northern Corfu, which corresponds to the distal submarine fan deposits of the 

westernmost Pindos Foreland. The evolution of the Pindos foreland basin, after the Oligocene, is 

mainly controlled by major strike-slip fault systems (mainly the South Salento-North Corfu fault 
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system) and by the activity of the Ionian Thrust. The Messinian evaporites, present throughout the 

Ionian Zone and other basins of the Hellenic domain, are absent from the studied area. 

Sequence stratigraphy, extensive field work and grain size analysis support the conclusion that the 

sediments where deposited in deep, calm waters as a homogenous suspension. A number of 

sandstone beds, in sections Ag2 and Ag3, present Bouma sequence. Samples from Ag3b and Ag4b, 

which comprise the upper part of the stratigraphic column, present shallower depositional 

environments, possibly indicating sea level changes during the Middle Miocene and/or uplift 

incidents due to the activity of the Ionian Thrust. The Miocene-Pliocene boundary is exposed north 

of the study area, marked by two 10m thick conglomerate beds. 

Laboratory examination presented promising TOC values (>1%) for the southern part of the study 

area, which corresponds to the lower part of the stratigraphic column. Further investigation is 

required, in order to evaluate the type of the organic content and the evaluation of source rock 

potential. 

Ongoing investigations in the Pliocene succession in the north and in the Miocene to Pliocene 

sediments in Southern Corfu will provide not only a general modeling of the basin evolution in the 

western margins of the Pindos Foreland, but will also provide helpful insights in the evaluation of 

the Tertiary hydrocarbon generation prospects in the broad area. 

The absence of the Messinian evaporites, a very important seal in the Hellenic domain, as far as 

petroleum systems are concerned, further focuses the investigation in discovering alternative 

trapping and sealing of produced hydrocarbons. The anticline structures in the northern part of the 

island, which are controlled by the Ionian Thrust and the strike-slip fault systems, may require 

further research concerning their role as traps. On the other hand, the thick Pliocene succession in 

Agios Stefanos (observed over ~500m alterations of mud/sand) needs to be studied in regard of its 

source rock potential but also of its reservoir capabilities. 

Studied deposits are the major source of the Ionian foreland and in relation with the fact that these 

deposits are buried within Ionian foreland could be act as the major source for hydrocarbon 

generation of Miocene deposits in Ionian foreland basin. 
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Abstract 

Geological and geomorphological research has been carried out in the western part 

of the south coast of Patraikos Gulf and the findings were studied in relation to 

archaeological remains found in the same area. The characteristics of the 

archaeological findings and the stratigraphical record and the deposits in which they 

are contained, may originate their source, transportation way and age. 

The artifacts were contained in fluvial and alluvial deposits under the present land 

surface. Their age was estimated by archaeologists to be between 7th century BC and 

4th century AC. Geomorphology and archaeology have strong historical and 

methodological links and can provide information about the processes and extent of 

environmental changes. They also provide the tools for analysing sedimentation rates, 

relative chronology and geomorphological evaluation of the particular 

archaeological site as well as clues for land-surface development, 

paleoenvironmental and climatic conditions. Sediments indicating considerable 

climatic changes in current humid areas are alluvial deposits of considerable 

thickness, covering areas with human activity. There is a close correlation, as shown 

by the archaeological findings between climatic and environmental fluctuations. 

Since when there is a transition in climatic conditions causing changes in hydrologic 

conditions with ensuing geomorphological instability and burying the structures. 
Keywords: Geo-Archaeology, Holocene, Climate Change, Fluvial Geomorphology, 

Hellenistic Period. 

Περίληψη 

Γεωλογικές και γεωμορφολογικές έρευνες διεξήχθησαν στο δυτικό τμήμα των νότιων 

ακτών του Πατραϊκού κόλπου και τα ευρήματα μελετήθηκαν σε σχέση με αρχαιολογικά 

ευρήματα στην ίδια περιοχή. Τα χαρακτηριστικά των αρχαιολογικών ευρημάτων και οι 

αποθέσεις στις οποίες βρίσκονται, δύναται να δίνουν στοιχεία για την πηγή, τη 

μεταφορά και την ηλικία τους. Βρέθηκαν θαμμένα σε αποθέσεις ποτάμιας και 

αλλουβιακής ιζηματογένεσης. Η ηλικία τους εκτιμήθηκε από αρχαιολόγους και 

κυμαίνεται από τον 7ο αιώνα π.Χ. έως και τον 4ο αιώνα μ.Χ. Η γεωμορφολογία και η 

αρχαιολογία έχουν ισχυρούς ιστορικούς και μεθοδολογικούς δεσμούς και μπορούν να 

προσφέρουν πληροφορίες για τις διαδικασίες και την έκταση των περιβαλλοντικών 

αλλαγών. 

Προσφέρουν επίσης τα εργαλεία για την ανάλυση του ρυθμού ιζηματογένεσης, τη 

σχετική χρονολόγηση και γεωμορφολογική αξιολόγηση της συγκεκριμένης περιοχής 
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όπως και στοιχεία για την χρήση της επιφάνειας του εδάφους, για τις 

παλαιοπεριβαλλοντικές και κλιματικές συνθήκες. Τα ιζήματα που υποδεικνύουν 

σημαντικές κλιματικές μεταβολές στις περιοχές με υψηλή υγρασία είναι αλλουβιακές 

αποθέσεις σημαντικού πάχους που καλύπτουν περιοχές ανθρώπινης δράσης. Υπάρχει 

στενή συσχέτιση, όπως φαίνεται από τα αρχαιολογικά ευρήματα μεταξύ κλιματικών και 

περιβαλλοντικών διακυμάνσεων . Η αστάθεια των κλιματικών συνθηκών, προκαλούν 

αλλαγές στις υδρολογικές συνθήκες με επακόλουθο τη γεωμορφολογική αστάθεια και 

τη ταφή των κατασκευών. 

Λέξεις κλειδιά: Γεώ-Αρχαιολογία, Ολόκαινο, Κλιματική Αλλαγή, Ποτάμια 

Γεωμορφολογία, Ελληνιστική Περίοδος 

1. Introduction 

The Patraikos Gulf forms the western end of a major east-west graben system, extending from the 

Ionian Sea through the Gulf of Corinth to the Aegean Sea. Major geomorphological and geotectonic 

events as well as human activity, characterise the evolution of this region in the Holocene (Dufaure 

et al., 1975; Piper and Panagos, 1979). 

For a long length of time man's ability to alter the environment according to everyday needs, was 

limited by poor technological development and low population. The prevailing farming and breeding 

activities were conditioned by the natural context and, in turn, conditioned it. By means of constant 

and gradual interventions, natural hazards were progressively reduced and natural resources more 

and more exploited for economic purposes (Castaldini et al., 2007). The improvement of the living 

conditions in the town and its surrounding territory is mainly linked to reduction of the hygienic-

sanitary deterioration (produced on the environment by human settlements) and to water control. 

These interventions effects, combined with natural evolution, have contributed to create the present 

geomorphological situation. During the Early-Middle Holocene, human activities were strongly 

influenced by climate-induced environment changes, as evidenced by the occurrence of 

archaeological sites buried at different levels within the fluvial and alluvial deposits close to the 

coast. 

Detailed field investigations of Holocene stratigraphy in combination with the study of an important 

number of archaeological discoveries provided valuable information for a better understanding of 

the relationship between man and the environmental change. During the Early-Middle Holocene, 

human activities were strongly influenced by climate-induced environment changes, as evidenced 

by the occurrence of archaeological sites buried at different levels within the fluvial and alluvial 

deposits close to the coast. 

The wider region of the southern coast of Patraikos Gulf is characterised by a plethora of 

archaeological findings buried in fluvial and alluvial sediments. One common way of archaeology 

to be a tool in geomorphology, is by dating sedimentation or erosion and thereby establishing rates 

of flux, or dating the archaeological findings in order to identify and date major climatic events. 

Artefacts can give geomorphologists a datum point and sometimes a date, sometimes relative but 

sometimes more precise (e.g., from inscriptions) (Castaldini et al., 2007).  

The discovery of archaeological evidence is an indication of a function of an environmental system 

behaviour and a challenge for scientists to interpret. 

The main objective of this paper is to combine the archaeological information and environmental 

development in a direct chronological framework, to outline the geomorphological changes and to 

interpret the geomorphological evolution of the study area during the Holocene by associating these 

changes with archaeological, stratigraphical and geomorphological findings obtained from 

fieldwork studies. 
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2. Methodology 

To study landscape evolution of the selected area, geological, lithological and hydrological data 

were compiled and separately analysed. A geomorphological survey was carried-out, which supplied 

an overview of the forms and processes, namely the geomorphological dynamics of the investigated 

area. As concerns geomorphological investigations, in this study, the data were primarily collected 

by means of bibliographical research, aerial photo interpretation and field survey. 

Detailed field investigation of Holocene stratigraphy, coupled with the study of a large number of 

archaeological sites provided valuable information to better understand the relationships between 

man and the environment in the study area. 

3. Geographical and Geological setting 

The Patraikos Gulf located on the northwestern part of Peloponnese, lies approximately 100 km east 

of the Hellenic trench, immediately behind the Plioquaternary fold belt, which runs parallel to the 

coast of western Greece (Doutsos et al., 1987). The mountains of Klokova and Varasova are located 

to the northeast of the Gulf, consisted of Cretaceous limestones and Eocene flysch (Gavrovo zone). 

Quaternary deltaic deposits of Acheloos and Evinos rivers are located to the northwest, while the 

southern shore of the Gulf is characterized by Plio-Quaternary deposits of shallow marine and 

lagoonal origin (Piper and Panagos, 1981; Hageman, 1977; Mariolakos and Papanikolaou, 1982). It 
comprises a thick Upper Tertiary clastic sequence, which overlies unconformably the pre-Neogene 

basement (Zelilidis et al., 1988). The geomorphological features of the area are influenced by 

bedrock structure, crustal movements and Quaternary climate changes. 

The study area has an altitude that ranges from 0-70m (Figure 1) and mainly consists of semi-

consolidated Neogene sediments or Quaternary fluvial, alluvial and overbank deposits. 

 

Figure 1 - Location of the study area with marked red (1-3) archaeological locations (Google 

Earth/Terrametrics/DigitalGlobe). 
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From a tectonic point of view, Patraikos Gulf area consists the western part of a major East/West 

graben system, behind the Plioquaternary fold belt (Doutsos et al., 1987). This graben system 

extends from the boundary of a marginal compressional zone (Brooks and Ferentinos, 1984) 

associated with the subducting Western Hellenic arc, to the center of the Aegean Sea (Figure 2). 

The study area is located at the western part of the southern coast of Patraikos Gulf, with Neogene 

folded rocks of Araxos to the West, Skolis mountain to the south and Panachaiko mountain to the 

east.  

The WNW-ESE trending grabens of this system (Gulf of Corinth and Megara Basin) are associated 

with listric normal faulting (Zelilidis et al., 1988) trending at the same direction and are associated 

with shallow earthquakes (Brooks and Ferentinos, 1984; Jackson et al. 1982). The trending WNW 

subsiding areas in the immediate vicinity, like the Prevesa Gulf, Trihonis lake and the Corinthian 

Gulf are also associated with ENE trending faults (Doutsos et al., 1985) (Figure 2). 

4. Archaeological evidence and sedimentary record 

The evolution of the coastal environment is the main key for understanding the history of the 

archaeological evidence in the area. During Holocene, human groups more or less continuously 

occupied the study area. Recurrent flooding episodes repeatedly buried these sites under fluvial and 

alluvial sediments. 

These deposits consist of alternating beds of very fine greyish sand, silt and silty clay with occasional 

lenses of fine to medium gravel and cobbles for the Vrachneika area (No.1) and laminations of very 

fine to coarse grained sand, silty sand, sandy silt and clay with occasional fine to medium gravel and 

cobbles for the Tsoukaleika and Theriano area (No. 2 and 3). 

At present times, human activity in the three marked areas (Figures 1 and 2) have revealed 

archaeological artefacts. The interaction between geomorphology and archaeology in the Modena 

territory show the significance of the relationship between human communities and nature. It also 

shows the effect these communities had on the territory from the 8th century B.C. onwards. 

Excavations that were carried out, revealed a great total number and variety of findings in all three 

areas, showing an extensive human activity taking place in the general study area. 

The area is characterized by a wide variety of archaeological findings, including several pottery 

artefacts, settlement remains, a sanctuary, a Roman cemetery, a sanctuary and Roman baths buried 

at depths of 0.3 - 5m bellow and between fluvial, alluvial and flash flood sediments. 

5. Discussion 

The geomorphological characteristics of the study area are mainly the result of the fluvial, alluvial 

and tectonic evolution in combination with human activity. The geomorphological information was 

obtained from field survey, aerial photo-interpretation and bibliographic research and from the 

analysis of other maps (micro-relief, surface deposits). During the Würm Pleniglacial (ca. 30,000-

15,000 B.P.), the study area was generally affected by dry-cold climate conditions which favored 

frost shattering on limestone and flysch slopes and related production of significant amounts of 

debris, which were subsequently moved down to the river channels by running water and mass 

movements, causing stream overcharging and riverbed aggradation (Calderoni et al., 2007). 

Subsequently, in the early Holocene underwent a rapid change of climate, characterised by humid-

temperate conditions and a widespread development of vegetation, that drastically reduced slope 

erosion and riverbed aggradation, favoring the incision of the previous alluvial sediments (Castaldini 

et al., 2007). From 3.500 B.P. to post-Roman times, fluvial erosion dominated almost everywhere 

in the central Marches, with the development of slowly deepening sinuous or meandering channels. 
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Examining the system of faults in the vicinity, the presence of a more or less continuous, pre-existing 

fault scarp is being deduced (Figure 2) that due to wave erosion and tectonics, has retreated. This 

retreat is underlining the problem of the coastal area of Achaia, hence western Achaia as well, which 

is facing a major coastal erosion problem due to climatic change. 

 

Figure 2 - Faults of the graben system related to the Patraikos Gulf (Zelilidis et al., 1988) 

(modified). Red line shows the trace of the pre-existing active fault scarp. 

Moreover, the earthquake of 2008 in the neighboring area of Movri has created several surface 

cracks which probably indicate the presence of the scarp and in places indicate the presence of fault 

lines (Stamatopoulos, L., personal communication, December 4, 2015). The existence of this, active 

in the late Quaternary, scarp is supported by some surface scarps in the Saravali area, the trend of 

the coast line and the trend of the bathymetric lines near Vrachneika village (Zelilidis et al., 1988). 

Also, the large-scale uplift which has occurred during the Plio-Quaternary in northern Peloponnese 

which has also played a significant morphogenetic role in the area (Stamatopoulos and Evelpidou, 

2011), created even more sedimentary material and flooding events and sediment deposition on the 

river sides were increased. 

From a methodological standpoint, though, a definition of the relationship between fluvial forms 

and archaeological sites cannot be expressed by a simple presence/absence ratio. The presence of 

archaeological findings overlapping landforms identifies, as a rule, an ante quem dating, whereas an 

opposite relation, that is a landform overlapping buried archaeological findings, is identifiable with 

a post quem dating. 

The wider Patraikos Gulf area in northern Peloponnese is characterised by the presence of plenty 

archaeological findings, mainly of Early to Late Protogeometric Period to Late Archaic due to the 

occupation of the area from productive human groups. Recurrent flooding episodes repeatedly 

buried these sites under fluvial and alluvial sediments. Also, according to the examined sediment 
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particle size and the lens type of its formation, some flash flooding events in ephemeral river 

channels must have taken place. 

Three areas of archaeological interest (Marked 1-3 in the respective Figures 1 and 2) are described 

as an indicative example of the extensive human activity in the area. Archaeologists estimated the 

age of all artefacts and found that for area No.1 the stone graves revealed are dated around 1st century 

B.C. (Roman Greece) while for area No.2 some Roman baths were discovered and they divided the 

findings into two distinct periods. 

The first one is between late 1st century B.C. (Roman Greece) and 4th century A.C. (Late Antiquity 

period) while the second is dated between 3rd century B.C. (Hellenistic Period) and the middle of 1st 

century B.C. (Roman Greece) buried under overbank deposits (Figure 3) (Tsakirakis, 2009). 

Area No.3 showed archaeological evidence of a sanctuary, dated as of late 8th century B.C. – early 

7th century B.C. and more likely around 700 B.C. (Late Geometric – Late Archaic Period) (Figure 

4) (Tsakirakis, 2009). 

The impact of man-made forest clearance and agriculture, which has progressively spread all over 

the area since the Iron Age, does not seem to have significantly affected fluvial erosion-deposition 

processes, as suggested by the generalized deepening trend of river channels in the general study 

area up to recent historical times. 

 

Figure 3 - Partial view of the archaeological findings of Roman baths at Tsoukaleika area 

(Area No.2). Red arrows indicate the height of the discovered structure and the depth of 

the excavation. 
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Figure 4 - Partial view of the archaeological findings of the sanctuary at Theriano area (Area 

No.3). 

6. Conclusions 

The southern coast of the Gulf of Patras, provides a typical example of climate-induced 

environmental changes which have, in turn, affected the human communities and structures present 

in the area. 

The geomorphological evolution is one of the main keys for understanding the history of human 

settlements in general study area. From the 8th century B.C. to post-Roman times notwithstanding 

the progressive spreading of agricultural-pastoral activities all over the area and the related increase 

of debris supply to the drainage systems, erosion and deposition processes dominated almost 

everywhere in the rivers of the Patraikos Gulf, likely induced by climatic factors. 

The large-scale uplift which has occurred during the Plio-Quaternary in northern Peloponnese 

created an aggradational type of fluvial evolution. This hypothesis was modeled according to the 

reconstruction of figure 5. According to this model, the watercourses, even the minor ephemeral 

ones, passed from a runoff occurring in deep riverbeds to one elevated after passing the pre-existing 

scarp with respect to, or at least at the same level as, the surrounding plain within embankments. 

The alluvial fan was created due to the change of gradient when the watercourse is exiting the fault 

scarp area. This model represents the buried archaeological findings in the areas 1 and 2 (Vrachneika 

and Tsoukaleika). In contrast, in area 3 (Kaminia) the sediments are exclusively of fluvial processes. 

Human life, in the early- middle Holocene was controlled by erosion and deposition processes by 

ephemeral river channels and flooding events in the area, induced by climate changes. Moreover, 

the role of human impact on landscape evolution in the study area during the Early-Middle Holocene 

seems to be relatively limited. 

Archaeologists dated the artefacts and their age varied from the 7th century BC to the 4th century AC, 

signifying major geomorphological and tectonic events.  
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The tectonic environment of listric faults and the forming scarp on the south of the wider study area 

could also assist these events and provide excess of sedimentary material. That hypothesis is 

supported by the stratigraphy and the particle size of the sediments that the archaeological remains 

were buried in. 

Lenses of larger particles in the generally fine matrix reveal some extreme flash flooding events. 

Human activity in the area appeared to be significant and the whole geomorphological environment 

played a significant role in forming their life conditions, their living places and generally their life 

patterns. 

 

Figure 5 - Schematic illustration of the morphogenetic evolution of the study areas 1 and 2 

(Vrachneika and Tsoukaleika). 1: Fluvial deposits. 2: Alluvial fan. 3: Archaeological 

findings. 4: Actual sea level. 
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Abstract 

In this research, the geomorphological and environmental changes of Lake Ismarida 

during Holocene are studied. Ismarida is located 20Km south of Komotini city and 

5Km NNE of the archeological site of ancient Stryme at Rhodope Province, (N. 

Greece). The analysis of geomorphological, paleontological, sedimentological and 

magnetic susceptibility data as well as the evaluation of 14C datings, showed that four 

environmental units are recognized in the lake sediments. The environment changed 

from shallow marine to open lagoonal of low energy (~5400-3400 years BP), to 

shallow marine to open lagoonal of high energy (~3400-3000 years BP), subsequently 

turned into brackish to lagoonal with fresh water inputs (~3000-2000 years BP), and 

finally formed to fluvial-terrestrial, until present time. The Lake Ismarida as it is 

known today was formed 2000 years BP on the isolated western part of the pre-

Holocene valley between the deltaic deposits of the rivers Filiouris and Vosvozis. 

Keywords: lake geomorphology, paleogeopraphy, paleoenvironment, magnetic 

susceptibility, Filiouris River. 

Περίληψη 

Στην παρούσα εργασία μελετώνται οι γεωμορφολογικές και περιβαλλοντικές μεταβολές 

της λίμνης Ισμαρίδας, κατά το Ολόκαινο. Η Ισμαρίδα βρίσκεται 20Km νότια της πόλης 

της Κομοτηνής και 5Km ΒΒΑ του αρχαιολογικού χώρου της αρχαίας Στρύμης στη 

Ροδόπη (Β. Ελλάδα). Η ανάλυση των γεωμορφολογικών, παλαιοντολογικών, 

ιζηματολογικών και μαγνητικής επιδεκτικότητας δεδομένων καθώς και η εκτίμηση των 

χρονολογήσεων 14C, έδειξαν ότι προκύπτουν τέσσερις ενότητες στα λιμναία ιζήματα. Το 

περιβάλλον μεταβλήθηκε από ρηχό θαλάσσιο-λιμνοθαλάσσιο χαμηλής ενέργειας 

(~5400-3400 χρόνια BP) σε ρηχό θαλάσσιο-λιμνοθαλάσσιο υψηλής ενέργειας (~3400-

3000 χρόνια BP), στη συνέχεια μετατράπηκε σε υφάλφυρο λιμνοθαλάσσιο με επιρροές 

γλυκών υδάτων (~3000-2000 χρόνια BP) και τέλος κατέστη χερσαίο-ποτάμιο και 

παραμένει το ίδιο έως σήμερα. Η λίμνη Ισμαρίδα όπως είναι γνωστή σήμερα, 

σχηματίστηκε 2000 χρόνια BP στο απομονωμένο δυτικό τμήμα της προ-ολοκαινικής 

κοιλάδας μεταξύ των δελταϊκών αποθέσεων των ποταμών Φιλιούρη και Βοσβόζη. 
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Λέξεις κλειδιά: λιμναία γεωμορφολογία, παλαιογεωγραφία, παλαιοπεριβάλλον, 

μαγνητική επιδεκτικότητα, ποταμός Φιλιούρης. 

1. Introduction 

In the last decade, many studies have been performed in several Greek coastal, providing 

information about paleoenvironmental changes during Holocene (Syrides et al., 2008, 2009a, 2009b; 

Vouvalidis et al., 2010; Koukousioura et al., 2012; Triantaphyllou et al., 2010). Lake Ismarida is a 

Ramsar protected area situated at the deltaic plain of the Vosvozis River and the Filiouris River. 

Many researchers have studied the lake as well as the Vosvozis River during the last years, covering 

different scientific aspects. Pisinaras et al. (2007), developed a groundwater flow model for water 

resources management in the Ismarida plain and Giannopoulos (2008), developed models for 

preventing and monitoring pollution at Vosvozis River. Moustaka et al. (2011), studied the 

phytoplankton and zooplankton of Ismarida and Katsavouni and Papadimos (2012a, 2012b), studied 

the physical and chemical parameters that affect ecology and biology of the lake. Additionally, 

Tsiaras and Nikisianis (2014), studied how tourism influences the protected sites. 

The aim of this research is to study the geomorphological and paleoenvironmental changes of 

Ismarida Lake during Holocene, by taking into account the geomorphological, lithological, 

paleontological and magnetic susceptibility data. 

2. Geological-Geomorphological Setting 

Lake Ismarida administratively belongs to Komotini Municipality of Eastern Macedonia and Thrace 

Province. It is located at the southern part of Rhodope Province, 20Km south of the city of Komotini. 

Pagouria village is located at the north side of the lake, Neo Sidirochori village at the north-east and 

Imeros village at the south-east. Ismarida Lake is located 5Km north-northeast of the archeological 

site of ancient Stryme and 7Km north-east of Molyvoti headland. 

Ismarida Lake is the only natural shallow lake containing fresh water at the northern Greece. The 

maximum lake surface is about 3Km2, while the mean depth is about 1m. Vosvozis River supplies 

Ismarida Lake with fresh water, flowing into the lake at the northern part. Both the lake and the river 

are parts of the Komotini drainage system, included in the 12th water management district of Thrace. 

The total area of its drainage basin occupies 366Km2. In the eastern part of the lake, Filiouris River 

is located, flowing into the North Aegean Sea (Figure 1) and creating its deltaic plain between 

Ismarida Lake and the North Aegean coastline. During heavy rainfall periods the river’s overbank 

flow floods the lower area of the lake surroundings. 

Ismarida Lake is located at the wider area of the Rhodope geotectonic Massif. This wider area 

includes the Rhodope Mountains at Thrace, south Bulgaria and part of Eastern Macedonia reaching 

Strymon River as the western limit. Neogene sediments delimit the lake on the west, while on the 

northern and eastern part of the lake Quaternary alluvial sediments appear (Bousbouras et al., 2010). 

The lake sediments of the area dated to Holocene Era. The lake bottom is covered by silty sediments 

deposited during various phases of lacustrine sedimentation. At the peripheral area of the lake, 

sandstones and sediments of sandy marls and sandy clay are spotted. At certain parts, 

undifferentiated conglomerates are located (Bousbouras et al., 2010). 
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Figure 1 - Geological map of Ismarida Lake and the surrunding area, (modified from IGME,

 Dimadis and Zachos, 1986). 

3. Methodology 

Borehole data 

The main sampling process determining subsurface stratigraphy was vibracoring. The sediment 

cores were obtained by using an Atlas Copco vibracoring device (Cobra MK 1). The 1m in length 

corer used, was equipped with a 40mm in diameter core cutter and a basket type core catcher. The 

inner sampling was achieved by using plastic PVC tubes with a 40mm outer diameter. After 

sampling, all the tubes were sealed in order to avoid loss of humidity, marked and stored properly 

for further analysis. The maximum recovery depth was 5.80m below surface. 

Magnetic Susceptibility 

The magnetic susceptibility volume of core sediments was measured by using a Bartington MS2C 

Core Logging Ring Sensor. A total of 288 measurements were obtained using a 2cm step. 

Sampling - Laboratory analysis 

By dividing the core samples, stratigraphic description and photographic record were allowed. 191 

selective samples using 2.5cm step, or denser when needed, were collected from the undisturbed 

parts of the vibracores. After oven dried up at 40oC, samples of ~10g were separated and weighted. 

All samples were treated with 30% H2O2 and washed with normal water into a stainless steel sieve 

of 0.063mm wire mesh, for paleontological analysis. All the samples were inspected under a JENA 

stereoscope and all the fossils (gastropods, bivalves, etc.) were handpicked, sorted and stored into 

small glass and plastic vials. The finest parts of the samples (<0.063mm), were collected for further 

sedimentological study. The complete individuals of gastropods and the isolated valves of bivalves 

were taken under concern in terms of determining environmental facies. Total samples were studied 
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for paleontological purposes. All sorted shells were counted and afterwards total number and 

density/10g of dry sediment was calculated. Although the crushed shells and shell fragments were 

present in many samples, only complete individuals were considered for further paleontological 

analysis and interpretation. 

14C Dating 

Four radiocarbon age determinations of in situ marine shells and plants of ISMR-2 borehole were 

obtained by AMS technique (Table 1). All the samples were submitted to BETA ANALYTIC INC., 

Miami, Florida, USA. The conventional radiocarbon ages of the marine shells have been calibrated 

in calendar years after IntCal13 by using MARINE13 curve for marine data (Reimer et al., 2013). 

Maps and Aerial photographs - Positioning and GIS 

The maps produced derived from processing aerial photographs from Hellenic Military 

Geographical Service (H.M.G.S.) using GIS software. All the coordinates are in Hellenic Geodetic 

Reference System 1987 (HGRS87). The borehole coordinates were obtained with a TRIMPLE R-6 

receiver. In order to ortho-rectify the aerial photographs, GPS measurements were also obtained 

with a Garmin GPSmap 60CSx device. Various points of interest around the lake that identified on 

aerial photographs, like human constructions etc., were selected as control points. 

4. Results 

4.1. Geomorphological changes 

Lake Ismarida and the surrounding lowland area has undergone a considerable evolution since 1945. 

The key factors for the lake and the plain evolution are respectively the construction of a side wall 

at the east shoreline of the lake in 1976 and the construction of the new artificial channel of Vosvozis 

River westwards of its old channel (Figure 1). 

 

Figure 2 - a) maximum surface of Ismarida Lake (blue line) and the lake delta (red line) in 

1945, b) maximum surface of Ismarida Lake (blue line) and the lake delta (red line) in 2015. 



428 

 

According to the aerial photograph of 1945 (Figure 2), the surface of the lake is 2.77Km2 and the 

area of the lake delta with fine grained sediments is 6.67Km2. Until 1976, the Vosvozis River 

channel reaching the lake side from northeast creating a lake delta fan with a length of its 

longidudinal axis about 2Km. 

Since 1976, because of the new artificial channel construction (Figure 1), the river channel enters 

the lake from the north side, deviating its initial course from the old lake delta. Since then the 

sediment deposition takes place in the lake reservoir. As a result of this artificial channel 

construction, the old floodplain of the lake delta is not supplied with fine river sediments anymore. 

Today, the maximum lake surface is 2.65Km2 whereas the minimum is 1.18Km2 and the area of 

the old lake delta is only 3.30Km2 (Figure 2). The volume of the lake reservoir is continuously being 

reduced due to the depositional process of the Vosvozis River. Additionally, there is a change of the 

physical and chemical parameters of the lake water causing changes in aquatic vegetation (reed 

expansion). 

4.2. Lithology and molluscan composition 

A borehole (ISMR-2) was drilled at the south-east side of lake Ismarida (0.81m above m.s.l., 5.80m 

depth, x: 611885.718; y: 4536536.64) is depicted in Figure 1. Molluscs were found into 148 samples 

from the 191 of the borehole (1.49m - 5.73m depth). The fauna of gastropods comprises Bittium 

spp., Cerithium spp., Rissoa spp., Cyclopes sp., Caecum spp., Hydrobia sp., Retusa spp., Planorbis 

sp., Potamides sp. and Gibula sp., and the fauna of bivalves comprises Loripes sp., Parvicardium 

sp, Venus spp., Tapes sp., Donax sp., Plagiocardium sp., Glycymeris sp., Cerastoderma sp., Abra 

sp., Mactra sp., Dosinia sp., Clausinella sp., Corbula sp., Barbatia sp., Arca sp., Pecten sp. and 

Mytilus sp. (Figure 4b). In some samples organic matter, plants, Echinoidea, Crustacea and 

scaphopoda such as Dentalium sp. were found. 

Facies determination is based on macro-faunal analyses from the borehole studied samples. At 

vibracore profile ISMR-2, four distinguished units are distinct. 

The upper part, 0.00m - 1.49m (Unit 1), consists of sandy mud to mud sediments (Figure 3, 4) and 

lacks invertebrate fauna. 

The middle part, 1.49m - 3.68m (Unit 2), consists of sandy mud to silty sand sediments (Figure 3, 

4). A molluscs fauna is present, containing abundant Cerastoderma sp., Abra sp., Mactra sp. (max. 

11/10g) and Bittium spp. (max. 29/10g), also accompanied by Rissoa spp., Caecum spp., Loripes 

sp., Parvicardium sp., Echinoid and Crustacean fragments. 

The next part, 3.68m - 4.54m (Unit 3), consists of muddy sand sediments (Figure 3, 4). Molluscs are 

present, abundantly with Bittium spp. and Parvicardium sp. (max. 42/10g), Loripes sp., and Dosinia 

sp., and with lower values with Cerithium spp., Rissoa spp., Caecum spp, Tapes sp., Donax sp., 

Echinoids, Crustacean and a small concentration of Veneridae. At this part, Cerastoderma sp., Abra 

sp. and Mactra sp. are totally absent. 

The base part, 4.54m - 5.80m (Unit 4), consists of silty sand sediments (Figure 3, 4). Mollusc fauna 

mainly represented by Bittium spp. (max. 47/10g), Veneridae (max. 12/10g), Cerastoderma sp. and 

Mactra sp. (max. 22/10g), followed by Cerithium spp., Rissoa spp., Caecum spp., Hydrobia sp., 

Parvicardium sp., Donax sp., Plagiocardium sp., Dosinia sp., Clausinella sp., Arca sp., Mytilus sp., 

Echinoids and Crustacean. At this part, the higher concentration of Veneridae was noticed in total 

borehole sequence. 
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Figure 3 - a) Lithology of the ISMR-2 borehole, b) Relative frequencies of sand, c) Relative 

frequencies of mud. 
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Figure 4 - a) Magnetic Susceptibility, b) Molluscan abundances/10g, c) Abundances/10g of the most common molluscan taxa. 
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4.3. Magnetic Susceptibility 

Figure 4a shows the variation of the magnetic susceptibility along the core. The higher values of the 

whole core are revealed in the upper part of the borehole at 0.00m - 1.49m depth (Unit 1), reaching 

186.2 x 10-5 SI. At 1.49m - 5.80m depth (Unit 2, Unit 3, Unit 4), the values differentiate and range 

at lower rate between 2.1 x 10-5 SI and 17.2 x 10-5 SI with the maximum value at 2.22m depth. 

4.4. 14C Dating 

Four samples of marine shells and plants, from the borehole ISMR-2 were dated with the 14C -AMS 

method. The type of dated materials, their depth below present mean sea level and their calibrated 

age, are presented in Table 1. 

Table 1 - Radiocarbon dating results for borehole samples of Ismarida Lake, calibrated after 

IntCal13 (Reimer et al., 2013). 

Sample Code/ 

Lab. number 

Depth (m)

 b.m.s.l. 
Material 

13C/12C Ra

tio (‰) 

Conventional 

R/C Age 
2 σ Calibrated age 

12-ISMR2-155/ 

Beta - 397441 
0.74 Shell -1.4 2490 +/- 30 BP 

Cal BC 145 - AD 100 

(Cal BP 2095-1850) 

13-ISMR2-373/ 

Beta - 397442 2.92 Plant -14.4 2960 +/- 30 BP 
Cal BC 1065-1055 

(Cal BP 3015-3005) 

14-ISMR2-459/ 

Beta - 397443 3.78 Plant -13 3150 +/- 30 BP 
Cal BC 1460-1390 

(Cal BP 3410-3340) 

15-ISMR2-564/ 

Beta - 397444 
4.83 Shell +1.4 5210 +/- 30 BP 

Cal BC 3605-3345 

(Cal BP 5555-5295) 

5. Discussion and synthesis 

5.1. Environmental identification 

The obtained data of the present study indicate that the four units recognized from the lithological 

and molluscan analyses (described above) can be distinguished, from the oldest to youngest as 

follow (Figure 4): 

Unit 4 (4.54m - 5.80m depth): In this Unit, silty sand sediments with low values of magnetic 

susceptibility appear. These results, in combination with the abundance of brackish euryhaline 

molluscs Cerastoderma sp. and Mactra sp., of marine euryhaline mollusc Bittium spp. and of marine 

molluscs Veneridae, indicate a shallow marine to open lagoonal environment of low energy in very 

good communication with the sea (Sakellariou, 1957; Syrides, 2008; Liu et al., 2012). 

Unit 3 (3.68m - 4.54m depth): This Unit consists of muddy sand sediments. The abundance of 

marine euryhaline molluscs Bittium spp. and Parvicardium sp. brackish euryhaline mollusc Mactra 

sp., in combination with low values of magnetic susceptibility at sediments, indicate a shallow 

marine to open lagoonal environment of high energy in good communication with the sea. 

Unit 2 (1.49m - 3.68m depth): In Unit 2, brackish euryhaline molluscs Cerastoderma sp., Abra sp., 

and Mactra sp. and of marine euryhaline Bittium spp. and Parvicardium sp. are abundant. This fauna 

in combination with sandy mud to silty sand sediments with low values of magnetic susceptibility, 

indicate a brackish to lagoonal environment with fresh water inputs. 

Unit 1 (0.00m - 1.49m depth): the sandy mud to mud sediments with high values of magnetic 

susceptibility and lack of mollusc fauna indicate a fluvial - terrestrial environment. 
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5.2. Holocene paleoenvironmental changes: paleogeography 

Evaluation of the aforementioned geomorphological, lithological, paleontological, chronological 

and magnetic susceptibility data allows determination of paleoenvironmental changes in Ismarida 

Lake and its surrounding lowland area. According to this scenario, before ~5400 to ~3400 years the 

area of interest was at good communication with the sea, and the environment was shallow marine 

to open lagoonal of low energy. Probably, the area was the inner part of a bay created by the sea 

transgression which covered the pre-Holocene paleosurface of the Vosvozis and Filiouris river 

valleys. The area at ~3400 years BP to ~3000 years BP, remained in good communication with the 

sea at a shallow marine to open lagoonal environment, but subsequently changed into high energy. 

This bay was open from south, allowing high energy waves with a south-north orientation to arrive 

at the beach creating a wave dominated coast. This is proved by the lack of mollusc Cerastoderma 

sp. and the rapid sedimentation. The shallow marine environment gradually turned into brackish to 

lagoonal with fresh water inputs, and remained like this for 1000 years. This occurred before ~3000 

years due to the deltaic prolongation of the Filiouris River. The area of the lake was isolated and the 

open communication with the sea was interrupted. Finally, at ~2000 years BP a fresh water lake was 

formed. The Filiouris River delta plain was developed further southwards isolating the area from the 

sea. The area turned into a fluvial-terrestrial environment silted by fine grained sediments derived 

from Vosvozis River and overbank flow of Filiouris River. 

6. Conclusions 

The study area has gradually evolved from a shallow marine to a fluvial-terrestrial environment 

during upper Holocene. At ~ 3000 years BP the water communication between the lake and the sea 

interrupted due to fluvial process of the Filiouris River. The lake as it is known at present time was 

formed years later, when it was cut off by the deltaic plain of Filiouris River. The new deltaic plain 

of Filiouris is now located at the south of the lake. The lake was formed on the isolated western part 

of the pre-Holocene valley between the elevated deltaic deposits of Filiouris River and the alluvial 

fan of Vosvozis River further northwards. Nowadays, Lake Ismarida is supplied with fresh water 

only by Vosvozis River. The coarse sediments of the river are still deposited at the plain further 

northwards and only the fine sediments are transferred and deposited into the lake. 
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Abstract 

Sea level indicators, such as tidal notches and beachrocks, may provide valuable 

information for the relative sea level changes of an area. Beachrocks in particular have 

received various arguments concerning their use as reliable sea level indicators and 

their formation environment. This work focuses on the coasts of East Attica in order to 

trace the palaeoshorelines of the Upper Holocene through the study of beachrocks. The 

coastal zone was surveyed in detail by snorkelling and diving, in order to locate, map 

and sample beachrocks. The samples were studied under a SEM, which showed that the 

beachrocks are mainly composed of quartz grains, a few calcites and feldspars, while 

the carbonate cement is characterized with the presence of MgO at percentages between 

5 and 7.8%. Based on correlations with published drillings in the study area, the studied 

beachrocks should not be older than 2000 years BP. 

Keywords: beachrocks, Late Holocene, coastal changes, sea level. 

Περίληψη 

Οι δείκτες θαλάσσιας στάθμης, όπως οι παλιρροιακές εγκοπές και οι ακτόλιθοι, 

παρέχουν πολύτιμες πληροφορίες για τις σχετικές μεταβολές της θαλάσσιας στάθμης 

μιας περιοχής. Συγκεκριμένα οι ακτόλιθοι έχουν συζητηθεί αρκετές φορές, ως προς την 

χρήση τους ως αξιόπιστοι δείκτες θαλάσσιας στάθμης και ως προς το περιβάλλον 

σχηματισμού τους. Η συγκεκριμένη εργασία εστιάζει στις ακτές της Ανατολικής Αττικής 

ώστε να εντοπίσει τις παλαιοακτογραμμές του Ανώτερου Ολόκαινου, με την χρήση των 

ακτόλιθων. Για τον σκοπό αυτό, η παράκτια ζώνη ερευνήθηκε λεπτομερώς, ώστε να 

εντοπιστούν και να χαρτογραφηθούν οι εμφανίσεις ακτόλιθων καθώς να ληφθούν 

δείγματα. Τα δείγματα μελετήθηκαν στο Ηλεκτρονικό Μικροσκόπιο Σάρωσης, το οποίο 

έδειξε ότι οι ακτόλιθοι της περιοχής αποτελούνται κυρίως από χαλαζία, ασβεστίτες και 

αστρίους, ενώ το ανθρακικό συγκολλητικό υλικό χαρακτηρίζεται από την παρουσία 

MgO σε ποσοστά μεταξύ 5 και 7.8%. Η συσχέτιση των ακτόλιθων με διαθέσιμα 

στρωματογραφικά έδειξε ότι η ηλικία των ακτόλιθων της περιοχής δεν είναι μεγαλύτερη 

από 2000 χρόνια BP. 

Λέξεις κλειδιά: ακτόλιθοι, Ανώτερο Ολόκαινο, παράκτιες μεταβολές, στάθμη θάλασσας. 
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1. Introduction 

Remains of past sea levels, such as tidal notches, benches and beachrocks, may provide valuable 

information for the investigation of relative sea level changes. Beachrocks are formed in the coastal 

zone, consisting of beach sediments that are lithified through the precipitation of carbonate cements. 

Beachrocks have been used as indicators of sea level change in various studies (e.g. Kindler and 

Bain, 1993; Chowdhury et al., 1997; Tatumi et al., 2003; Desruelles et al., 2004, 2009), and have 

proven particularly useful when no other indicators are available or when they are coupled with 

other sea level data. Nevertheless, their role as sea level indicators has received some arguments. 

According to Hopley (1986), beachrocks are more reliable in microtidal environments, while 

Kelletat (2006) considers a supratidal genesis and has discussed that their relation to other sea-level 

indicators should be taken into consideration, i.e. the deposition and cementation history of the 

beachrock material should not contradict other objective indicators, such as notches. According to 

Desruelles et al. (2004), beachrocks that have formed in the intertidal zone by carbonate cementation 

during periods of stable relative sea-level, are good sea-level indicators. A recent study by Mauz et 

al. (2015) has reported how a beachrock can be transformed into a sea-level index point (cf. Shennan 

et al., 2015) with well-defined indicative meaning. Furthermore, the cement mineralogy and 

morphology is indicative of the diagenetic environment (Gischler, 2007), and by examining the 

cement characteristics and microstratigraphy it is possible to identify the cement type and the spatial 

relationship between coastline and beachrock formation zone (Mauz et al., 2015). 

Dating of beachrocks is also a challenging task (Hopley, 1986; Goodwin, 2008). As Hopley (1986) 

has argued, although biogenic material can be easily dated with radiocarbon, the results must be 

evaluated with caution. The age obtained is the date of death of the organism and there is likelihood 

that the difference in time from the death of the organism to its incorporation in the beachrock may 

be hundreds or thousands of years (Hopley, 1986). During the last decade, the OSL method has also 

been attempted to date beachrocks for the reconstruction of palaeoshorelines along the Brazilian 

coast (Barreto et al., 2002; Tatumi et al., 2003), India (Thomas, 2009) and Turkey (Erginal et al., 

2010) and the results were also compared/constrained by radiocarbon dating. 

In this context, this work focuses on the east Attica coasts in an attempt to trace the palaeoshorelines 

of the Upper Holocene through the study of beachrocks and their correlation with other available 

sea level indicators from the study area (e.g. stratigraphic data, archaeological data, etc.). 

2. Study area 

The study area is located in the eastern coasts of Attica (eastern Greece), extending from Porto Rafti 

to Marathon (Figure 1). The lithology of the coastal area consists of Quaternary sediments, in the 

northern part, while towards the south the area is composed mainly of schists and marbles. 

The dominant features of NE Attica are Parnitha and Pendeli mountains, bounded by Neogene 

shallow basins of NW-SE and NE-SW direction (Freyberg, 1951; Mettos et al., 2000). According 

to Papanikolaou and Papanikolaou (2007) NE Attica forms a tilted tectonic block rotating to the S-

SW, bounded by the Afidnai fault to the south and the Oropos fault to the north. The wider area 

shows no indications of major earthquakes during the last 2500 years (Ambraseys and Jackson, 

1998). Both historical and instrumental data provide no evidence for large earthquakes for the period 

1700-2000, with the exception of two events, in 1705 and 1938 (Ganas et al., 2005; Papanikolaou 

and Papanikolaou, 2007). 

Palaeogeographic research in the study area has also taken place in Vravron by Triantaphyllou et al. 

(2010), and in Marathon by Baeteman (1985) and Pavlopoulos et al. (2006). According to 

Pavlopoulos et al. (2006), the relative sea level rise in Marathon, for the period 5250-1252 BP, was 

estimated between 2 and 2.5 m (0.50-0.62 mm/yr), while for the last 3800 years it reached a rate of 

about 0. 43 mm/yr. In Vravron, a relative sea level (RSL) rise at a rate of about 0.49mm/y for the 
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last 3462 years BP was estimated based on peat, while, based on marine gastropod datings, the RSL 

rise was estimated at a rate of 0.69mm/y for the last 4709 years BP (Triantaphyllou et al., 2010). 

 

Figure 1 - Location of the study area (a) and sites of investigated beachrocks (b). 

3. Materials and Methods 

The coastal zone of Eastern Attica was surveyed in detail in order to locate beachrocks. All 

submarine features were surveyed in detail by snorkelling. In beachrock occurrences, their thickness, 

width and inclination were measured, while their depths were referred to the sea level at the time of 

the measurement. At each site, one or more transects were performed, depending on the particular 

features of beachrocks (Figure 2). 

In order to determine the nature and composition of the beachrock cements, samples were collected 

from all sites by diving. Thin sections were cut from the samples and were studied and analysed 

under a Scanning Electron Microscope (SEM), in order to determine the carbonate composition of 

the cements and characterize the nature of the constituents and the geochemistry of the cements. 

An attempt was made to date selected samples with OSL, however, because the samples were too 

coarse grained, it was impossible to proceed with the method. As a consequence, relative dating of 

beachrocks was made, by correlating them with 14C datings from sedimentological data of drillings 

in nearby locations. 
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Figure 2 - (A) Submarine transects from Agia Marina (BR-7), (B) sampling of beachrocks, 

(C) submarine beachrocks in Porto Rafti at about -1.3 m. 

4. Results 

Beachrocks have been identified in seven locations, from the bay of Porto Rafti to Marathon Bay 

(Table 6) (Karkani, 2012). In St. Panteleimonas (BR-1), Marathon Bay, the beachrocks have a 

thickness of 15-20 cm and extend from +21 cm above sea level to a depth of -70 cm. In Nea Makri 

(BR-2), the beachrocks are found from +36 cm to a depth of -110 cm. In Artemida (BR-3), beachrock 

benches extend from -32 cm to -180 cm. In Vravron (BR-4) area, beachrock benches are found at 

sea level down to a depth of 60 cm. In Porto Rafti area, three locations with beachrocks were 

identified, extending from +16 cm to -130 cm (BR-5), 0-150 cm (BR-5) and 0-180 cm (BR-7) 

respectively. In each location, various transects were carried out according to the characteristics of 

the beachrocks (see Figure 1). 

At sites BR1, BR2 and BR3 extensive parts of the beachrocks are removed or destroyed by human 

activities, in order to make the coast more accessible to the general public. In St. Panteleimonas and 

Nea Makri, in particular, broken and transported slabs were found in the submarine part of the coast. 
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Table 1 - Location and characteristics of beachrocks 

Location Site Longitude Latitude 
Depth in relation to SL (cm)  

minimum; maximum 

St. Panteleimonas BR-1 23° 58' 47.39" 38° 6' 3.34" +21; -70 

Nea Makri BR-2 23° 58' 52.27" 38° 5' 14.17" +36; -110 

Artemida BR-3 24° 0' 19.28" 37° 57' 55.75" -32; -180 

Chamolia BR-4 24° 0' 42.40" 37° 55' 10.01" 0; -60 

Porto Rafti BR-5 24° 0' 45.29" 37° 52' 49.35" +16; -130 

Porto Rafti BR-6 24° 0' 48.82" 37° 52' 37.08" 0; -150 

Porto Rafti BR-7 24° 1' 6.30" 37° 52' 14.25" 0; -180 

Examination of the samples under a Scanning Electron Microscope (SEM) showed that the studied 

beachrocks are mainly composed of quartz grains, with the presence of a few calcites and feldspars, 

while no bioclasts were observed (Figure 3). The carbonate cement is characterized with the 

presence of MgO with percentages between 5 and 7.8%. In terms of cement morphology, micritic 

and fringe forms have been observed in most samples, as well as meniscus cement. 

 

Figure 3 - Cements observed in the studied beachrocks. 

5. Discussion 

Beachrocks were identified at various depths, and in particular, in St. Panteleimonas at - 70 cm, in 

Nea Makri at -110 cm, in Artemida at -180 cm, in Chamolia at -60 cm, in Kalos Yialos at -130 cm, 

in Porto Rafti at -140 cm and in St. Marina at -180 cm. The presence of beachrocks at depths ranging 

between -60 and -180 cm testify to a regime of subsidence for the study area. At first view, this 

subsidence appears greater towards the south. On the other hand, in Marathon bay, beachrock slabs 

were also found between +21 cm (BR-1) and at +36 cm (BR-2). 

Based on some available stratigraphic data from Triantaphyllou et al. (2010), who performed 

drillings on the coastal plain of Vravron bay, an attempt is made to estimate the age of the beachrocks. 

Based on radiocarbon ages from drillings by Triantaphyllou et al. (2010), the beachrocks, located at 

a depth between 60-70 cm (BR-1, BR-4) may be tentatively dated at about 950±50 BP (1434-1645 

AD), based on marine gastropod shells (Murex sp.) that were found at a depth of 65 cm below sea 

level (Triantaphyllou et al., 2010). 
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In a similar manner, the beachrocks found at a depth of about -180 cm (BR-3, BR7) may be 

tentatively dated at about 1730 ± 50 BP (692–934 AD), based on marine gastropods (Murex sp.) 

found at -1.7 m (Triantaphyllou et al., 2010). 

The aforementioned correlation indicates that the studied beachrocks overall may not be older than 

2000 years BP. Although the presence of beachrocks at various depths, reaching -1.8 m, suggests a 

general subsidence for the study area, in the north part beachrock outcrops above sea level (Figure 

4) imply uplift. This observation is consistent with the presence of uplifted tidal notches found on 

the coastal zone north of Marathon at +24 and +40 cm (Evelpidou et al., submitted). 

  

Figure 4 - Beachrocks outcrops above sea level at sites BR1 (left photo) and BR2 (right 

photo) 

6. Conclusions 

This work focused on the coasts of East Attica in order to trace and study beachrocks. Beachrocks 

were identified in various depths, reaching -1.8 m, in the south part, while on the north part 

beachrock slabs were also found between +21 cm and +36 cm. Examination of the samples under 

SEM showed that the studied beachrocks are mainly composed of quartz grains, with the presence 

of a few calcites and feldspars, while the carbonate cement is characterized with the presence of 

MgO at percentages between 5 and 7.8%. Based on correlations with published drillings in the study 

area, the studied beachrocks should not be older than 2000 years BP. 
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Abstract 

The oscillations of coast line in Albania, and simultaneously the Quaternary deposits in 

Albania were little studied until the decade of 90th of 20th century. Up to now, the studies 

consider those deposits as fluvial sediment; meanwhile, the coast line was categorized 

as of erosional and accumulative type. In those studies, the role of sea waves and 

euastatic change of sea level in the process of sediment supply in coastline is neglected. 

Transgression and regression was interpreted according to Theory of Geosynclinals, as 

tectonic subsidence or uplift of continental area. From observations in Borshi beach, 

during August 2013 and September 2015, result that the sediment in this area originate 

mainly from the erosion of coast line rocks, and less from sediments transported by 

continental flows. Some traces of marine sediments inside the continental area, in a 

higher hypsometric quote regarding the actual coastline traces of erosion in some 

infrastructure works dated of the decade 70’ and 80’ of 20th century, are argument of a 

temporal rise of sea level during the decade 90’ of past century. 

Keywords: Sea level rise, gravel, sediments. 

Περίληψη 

Οι αλλαγές της παράκτιας γραμμής της Αλβανίας, και μαζί τους και οι αποθηκεύσεις 

αδρανών υλικών της Τεταρτογενούς περιόδου ήταν ιδιαίτερα ελάχιστες μέχρι της 

δεκαετία του 90 του 20-ουαιώνα. Οι μέχρι πρότινος μελέτες έχουν χειριστεί τις 

αποθηκεύσεις στην παράκτια περιοχή ως προερχόμενες από προσχώσεις των ποταμών, 

ενώ η ίδια η ακτή έχει ταξινομηθεί ως δυο μορφών, διαβρωτική και συσσωρευτική. Στις 

εν λόγω μελέτες έχει αποφευχθεί ο ρόλος των θαλάσσιων κυμάτων και η αλλαγή της 

ευστάθειας της θάλασσας κατά τη διάρκεια των προσχώσεων στις ακτές. Η πλημμυρίδα 

και η άμπωτη έχουν εξεταστεί βάσει της θεωρίας των Γεωσυγκλινουσών ως ανυψώσεις 

είτε τεκτονικά φαινόμενα των ηπειρωτικών περιοχών. Από τις παρατηρήσεις στην 

παραλία του Μπόρσι τον Αύγουστο του 2013 και τον Σεπτέμβριο του 2015 προκύπτει 

ότι οι επιχωματώσεις αυτής της παραλίας θα πρέπει να έχουν την προέλευσή τους 

κυρίως από τις διαβρώσεις των παράκτιων βράχων εξαιτίας των θαλάσσιων κυμάτων 

και λιγότερο από υλικά των ρευμάτων των ηπειρωτικών ρυακιών. Μερικά σημάδια των 

θαλάσσιων επιχωματώσεων στο βάθος της ηπειρωτικής ζώνης σε υψηλότερα σημεία 

από τη σημερινή ακτή και ορισμένες δομές των υποδομών είτε επιχωματώσεις 

λειψάνων με ανθρώπινη προέλευση που οριοθετούνται των δεκαετιών 70 και 80 του 

20ου αιώνα, μαρτυρούν για προσωρινή ανύψωση της στάθμης της θάλασσας στη 

δεκαετία του 80 και 90. 

Λέξεις κλειδιά: Η άνοδος της θάλασσας, χαλίκι, ιζήματα. 
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1. Introduction 

The importance of coast lines cause of high concentration near them of urban areas (Proust et al., 

2013), touristic infrastructure and others activities of great economic importance, justify the 

increasing attention of researches of different scientific fields. 

Up to the beginning of 21st century, the attention on the Quaternary deposits in Albania was scarce. 

This was argued by the absence in important mineral resources of those deposits (Marku, 2014). 

In the traditional geological mapping, the quaternary cover, particularly in the area of the contact 

between those deposits and the older formation, is not designed. Meanwhile by the geological maps 

of Albania on scale 1:200,000 (Biçoku et al., 1967; Vranai et al., 1997 and Collective, 2012), as 

marine sediments are treated only the sandy sediments of coastlines. 

Albanian geology has suffered by a great discordance with the concepts of European geology, 

because until the end of 80’ decade of 20th century, it has elaborated thesis according to the Theory 

of Geosynclinals, and although some updates performed some questions still continue to be 

discussed on the reminiscences of this theory. 

The main problem brought by this in the study of quaternary deposits which belong to coastal area, 

was the neglecting of the eustatic change of the sea level, caused as consequence of global sea level 

rise or fall, result of climatic changes collected with the combination of glacial-interglacial periods. 

Consequently was not considered the impact of the sea transgression and regression processes in the 

forming of quaternary deposits. This because according to the theory of geosynclinals, the 

transgression happens only in case of downward movement of geosynclinals; meantime the 

regression happens where geosynclinals is uplifted. In both cases the global sea level remains 

constant. 

From this point of view, the Albanian lowland, situated adjacent the Adriatic Sea is considered as 

an alluvial field constructed by river’s supply of sediments, which rivers in fact are the second 

supplier of Adriatic basin with sweet waters after Po River. The deposition of alluvial sediments is 

considered to be performed in a shallow environment, in continue subsidence, and in contrast with 

surrounding environment which represents this part of geosynclinals in continue uplift. 

As deposits of marine origin are considered only the sands of beach, the lying of which under newer 

sediments continent ward was considered as trace of sea regression during a time period, where the 

rivers was in their youthful age characterized by a higher sediment supply. Meantime the erosion 

phenomena observed in the end of 80’ decade, are considered as consequence of sediment supply 

reduction mainly cause by river ageing (Konomi, 2015). 

All the sediment in Ionian coast line, are designated on maps as alluvions. This brings to conclusion 

that the absence of large lowlands, as in adjacent area of Adriatic coast line, is dedicated to the 

absence of important rivers in front of Ionian Sea. 

So those concepts diminish the role of sea and exaggerate the role of rivers during the process of 

quaternary deposits forming. In fact worldwide the history of geological science has abandoned 

geosynclinals concepts more than half century ago, even is concluded that every challenge to update 

its concept with those of Global Tectonic Theory, as in Albania happen, constitute a useless 

scientific mistake (Kearey et al., 2009). 

Following in this conceptual mistake, caused that in studies of coastal area, or of the lowland 

adjacent to not be taken into consideration the concepts of transgressive or regressive coasts, or the 

study of system tracks traces and the role of sea waves. The coast was categorized into two types 

according to its relief (high or low coast) combined with the erosive and accumulative coastline. So 

isn’t made a categorization of beach based on coast processes. Also neither of studies declares a 

mean sea level or any base sea level. Every study till now doesn’t mention the term “sea level” 

referring the sea level in the moment of observation.  
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Although the tides in Albanian coast line don’t exceed the range of 0.5 meters which classify then 

in the first group of tidal range according to Davies (1964) those show a visible difference in the sea 

level change as result of Sun influence, which can have impact in coast processes. This change of 

level, with falling tendency, particularly from June to September (between summer and autumnal 

equinoxes) remarked in different coastlines (Shëngjin, Durrës, Borsh) during calm state of sea level 

observations, isn’t mentioned in precedent studies. 

2. Geographic position and geological setting of the Borshi Beach 

2.1. Geographic and historical data 

Borshi Beach is situated in proximity of Ionian coast and is part of this geographical area began to 

call “Albanian Riviera” after 60th decade of 20th century. Although natural beauty of this beach and 

others beach of “Riviera” which lay from Llogara Pass, including some villages and the town of 

Himara, all positioned adjacent of sea and cultural and historical monuments (castles, old churches), 

until begin of 21st century the touristic potential was unused. 

Those areas until the end of 80th decade of 20th century were used only for agricultural and military 

purposes. The area of hilly relief was covered by artificial terraces to plant trees of lemons and 

oranges. This activity was abandoned after the year 1991, where the collapse of communist state, 

the only owner of the land, deepened the economic crisis began from the second half of 70’ decade. 

The crisis was followed by a mass migration of population of this area, mainly toward Greece. The 

terraced hill degraded, and as consequence the level of erosion began from the first deforestation of 

hills by natural vegetation four decades ago. 

Military installations, besides others, consist in some lines of bunkers, very characteristic for the 

communist Albania, with the purpose to be a defended position for the infantry and artillery corps. 

The concreting lines were situated parallel to coastline, beginning from its proximity. The project of 

bunker’s line was fulfilled at 1979. Their actual condition can help to have an approximate idea 

regarding the sea level oscillation, and coastline processes that occurred during last four decades.  

Borshi beach is situated in Ionian coast line, between Qeparo, Borsh and Piqeras villages. The coast 

line extends northwest-southeast, forming a triangular shape, which go narrowing until closed 

adjacent to a cliff structure, in coordinates E 04404455; N 04432230. 

The low relief area, where the backshore takes part, is surrounded by mountainous reliefs, which 

rises immediately, with a steep angle. 

Coast line lies about 5km. It begins to appear immediately after the contact in shape of cliff, between 

sea and Drisi hill (593m). Here the backshore is followed towards continent by Field of Borshi, in 

triangle shape to, which northern border is streambed of Borshi torrent, which flow northeast-

southwest. Southward this field narrows until the foothill. After this point the low relief is presented 

only by backshore.  

The beach is intersected by a number of waters torrents, the biggest of which Borshi torrent, and the 

waters which generate from the spring “Gurra e Borshit”. Except those two, all others torrents are 

seasonal and are dry during the summer. Source of those flows is the water generated from karstik 

gaps of carbonate rocks which dominate in this region. 

The southern extreme of region is Lukova village, where passes the geographic parallel 41o 

considered as the most southern extreme where has impact the isostasic rebound which followed the 

transgression of first Holocene’s half. 

2.2. Geological setting of the area 

Refereeing data from the Geological Map of Albania on scale 1:200,000, Albanian Riviera region, 

where Borshi Beach is included, is part of Çika subzone of Ionian tectonic zone. 
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Carbonate rocks belong to lower Jurassic, middle-upper Jurassic, lower Cretaceous and upper 

Cretaceous. Depositions of Oligocene are composed by sandstone, those of Burdigalian marls and 

clays and the Aquitanian deposits are of clays. Burdigalian and Aquitanian deposits are partially 

incohesive. 

The above mentioned deposits compose the surrounding area of Quaternary deposits. In the places 

where the sea is in direct contact with Jurassic, Cretaceous and Paleogene (Oligocene), the backshore 

is absent, and the coastline is of rock substrate, where the impact of sea waves can be observed 

through the cliff forms. 

Quaternary deposits are represented from sediments of a cohesive coast, mainly gravel of different 

size and coarse sands. 

Here can be observed some tectonics which lies normal to the coastline. Each of those is at the same 

time a bed of the torrents which flow to the sea, along the beach. 

In some places, as Sopoti Hill, are observed some vertical displacements in carbonate rocks, possibly 

caused from tectonic uplift during Quaternary. 

2.3. Short description of sediments and processes on the coastal area 

The backshore is larger wide of backshore is reached in the northern part of Borshi beach, about 10-

15 meter, between Drisi and Sopoti hills. Following southward, the backshore remains the only 

element of the low relief. In the area of Sopoti hill the width of backshore is only 3-4 meter. After 

this hill the backshore, narrows up to 2 meters in the “Lagja e Mirditoreve”, and then shows a 

tendency to expand until it reach a width of 5-8 meters, and after that closes gradually under the 

Piqeras village, disappearing in the cliff of Buneci hill. The composition of backshore sediments is 

white color gravel, originated mainly from the fragmentation and after the modeling of carbonates 

by the sea waves, and less of sandstones. Sometimes we can detect and some elaborated pieces of 

glass, plastics, aluminum, that can be considered as sediments of mankind origin. 

In the southern expand of the back shore is observed that the gravels of the area adjacent to coastline 

are followed towards continent by a belt of coarse sand, and this one by another belt of gravel, 

coarser in size compare with the other one. This last gravel belt ends in a contact with sandy-clay 

sourronding hills. 

The pieces of back gravel are ellipsoidal and rarely spheroids. Their diameter is between 1 and 3-4 cm, 

but sometimes, their size range up to 10 cm regarding the longer axe of ellipsoid. Moving seaward 

backshore is substituted by foreshore and the sizes of foreshore gravel are grower, and in a distance 1-

1.5-2 meters from the coastline appears big piece of rocks in the size of boulders and bigger. 

Those big pieces cover a large are till 10-20 meters from the coastline, which coincide with the wave 

breaking zone. In the northern area of the beach pieces of rock show uniform size 15x10x7 cm, but 

toward south become grow after a distance 3-4-5 meters from the coastline, reaching a triple respect 

with those of first belt. 

However between the gravels and boulders doesn’t exist a well definite border. In the first meters 

of the foreshore (3-4m) boulders are intersected with a thinner gravel compared with that of 

backshore, and after that the sand replace gradually the gravel between the boulders. This sand show 

similar visual characteristics with this observed in the backshore of the southern area mentioned 

above. 

After that boulders area and wave breaking zone disappear, seawards, the sea floor is covered only 

by sand. 

2.4. Areas of wave’s transformation and the characteristics of wave’s action. 

In general, except during the second half of July and at the beginning of August, the winds are 

present, and with them and the sea waves caused by air currents. By the observation made, is noted 
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than during the months of July, August and September the wave breaking zone began about 20 

meters from the coastline. 

The dominant wind direction is west-northwest to south-southeast. This determinate the principal 

direction of wave front movement, which shows small angle of impact with the shoreline, about 15-

20 degree. 

Usually, during the summer days, the waves aren’t high, and the swash moves in shoreline only 

gravels of small sizes, of about 1 cm and smaller, constructing a small berm on backshore side of 

coastline, that has a triangular section with dimensions of base and high respectively 10 and 5 cm. 

While the back swashes drag seawards mostly sand. In the calm days of the summer, can’t be 

observed suspended material in the sea water, and its clearness is high. 

During stormy days in summer, by the observations of August 2013 and September 2015, the wave 

breaking zone begins a little deeper, about 25 meters. Those storms are originated by the same but 

stronger wind. In such conditions the wave changes obviously the beach landscape. 

The shore line advance about 1 meter toward continent, and during the second day of the storm the 

swashes slams up to 2 meters from this coastline. The potency of wave is such that they can carry 

pieces of gravel in size of a tennis ball until the ankle of an adult people (about 15 cm). 

In all cases longshore currents are observed. Their capacity of transportation depends of waves. 

In few places, mainly in areas where are some rocks (carbonate) more than 2 meters in size, emerge 

from the water in the first meters of foreshore, during the storms can be observed some micro ripper 

currents, which create some holes in the fine gravel of the coastal area. 

Usually during the summer the storms ends within three days and the second day is the rougher. 

During the last day, the storm power begins to fall, and the coast gradually retakes the appearance it 

had before the storm. 

Regarding the winter period, the waves are much rougher, and the coastline moves 2 meters toward 

continent respecting this of calm days of summer. 

Beside the dominant wind, in this can be notified and the wind of “Shirok”, which is a characteristic 

for the whole Albanian coastline, and comes from the south. During the observations, is notified that 

this wind isn’t the cause for any important waving, and as such hasn’t any important impact on the 

coast morphology modeling process. 

Based in what we can be able to do from our observation, the coastline, at least during the summer, 

can be classified as of dissipative type, except some parts where the rocks show the morphology of 

cliffs, and where the beach can be classified as reflective. This classification was based in the 

categorization of the beach types from Wright and Short (1984). 

3. Materials and Methods 

This paper is supported in data collected from field observation in Borshi beach during years 2011 

(July), 2013 (August) and 2015 (September). Those data are collected in a mode to be compared 

with similar international research data. 

Was a purpose to make a categorization of nearshore, foreshore, backshore, zone, to collect data 

about the sediment sizes, movement of waves, winds that cause those waves and the wave’s power.  

Also the observation has purpose to create a description of wave activities, distinguishing the waves 

break zone. 

Must be highlighted that, the methods used, can be classified as approximate. But for the Albanian 

tradition of coastal studies their shown a development with the number of elements studied. 
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For dating of the time where events occurred are used historical data, such the year where the 

operation of bunker’s line construction was concluded (year 1979), data carried out from artifacts 

(date marked on a water fountain 1976), and a relative dating of remains of some plastic products 

and pharmaceutics, produced from the industry which exist before 1992. 

4. Results 

From the observations was noted than the backshore was composed by gravels which as described 

in paragraph 2.3 shown an order in size change. Gravels followed by grey coarse sands seawards, in 

the area of foreshore. Towards continent, where the coast narrows, the gravels are presided by big 

pieces of stone, in size of boulders and bigger. Those stone sign the maximal distance toward 

continent, where the sea waves collide during storms. 

In the cliffs areas, gravels almost are missing in the subaerial part, but dominates stones in size of 

boulders and bigger. 

This order of sediments leads to the conclusion that the deposits of the coast are of marine nature, 

formed as result of sea wave activity, which have chopped mainly the carbonate structures situated 

in the coast of Drisi Hill (593m) and Sopoti Hill (393m) and less those of sandstone composition 

belongs to the hills in the southern part of the sea. The sediment seems to have been transported 

southward by longshore currents. 

Piece of rocks, submerged near the coastline, must be remnant by the erosion of Sopoti Hill. Their 

disintegration still continues nowadays. 

Water flows from continent, the biggest from which is Borshi Torrent, don’t appear to have any 

important impact in the coast. Moreover its mouth isn’t much visible and is separated by sea from a 

gravel barrier in form of berm. This torrent meanders densely in this valley, which speak for its 

lower energy respect to the sea. The meandering have result more in an erosion caused by the torrent 

in its valley, which after 1990, was followed by the crash of a bridge. 

Ranking of sediments in the southern area, with alternation from coastline towards continent of 

gravel belt with sand belt and then again gravel until the contact with clay-sand deposition, make to 

think that the continental gravel belt and the sand belt belongs to another and older coast line, formed 

by a sea level rise. Its difference with the actual coastline is about 1.5m. 

This idea is reinforced by the observation by founding out to a horizontal sandy layer, 25 cm thick 

in the area where the backshore narrows in Sopoti Hill. This layer is situated in the landward side of 

the street which lies parallel to the coast line. It is covered by clayey-sandy material, inside of which 

are founded plastic products, produced in Albania, by plant which have stop to be active during the 

years 1991-92. Once, this street continues until the village Piqeras, south of Borsh. In the area 

mentioned for the characteristic alternation of sediments in backshore, are encountered tracks of 

roadbed, which was covered by crude pieces of carbonates. In some places, where the relief is higher 

and roadbed pulls over from the coast, full trace of roadbed can observed. 

Because this road isn’t signed in maps, we think that it is an old road of military communication 

infrastructure. Positioning of bunker just on the landward side of the road, shown that until 1980, 

this road wasn’t vulnerable by sea erosion. A water tap discovered by recent works on still functional 

part of the road, had stamped on its wall the phrase “viti 1976” (year 1976), which can be considered 

as the year of road construction. Also we haven’t data of request by Albanian Army to Albanian 

Geological Survey, for intervention on purpose of geological risk avoid during years 1980-90. Must 

be mentioned that during this time, the bunkers line and military road was considered as “object of 

special importance”, and they had a special status of protection. After 1990, the change of the 

geopolitical reports, reformed the military doctrine, and the bunker lines and military roads loose 

the importance and was dismissed by the inventory of armed forces. So remained out of use nobody 

pays attention to the damage of them. Area wasn’t important agricultural point of view, and this area 
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was left apart until the step by step population from people migrated from north Albania (mainly 

from Gojan village) between years 1990-96. Their origin was from a region around 200km distant 

from Borshi, so haven’t any knowledge for the situation of region before year 1990. 

So, summarizing those factors can be say that a sea level rise between years 1990 and 2000 is 

possible. In fact between year 1989 and 1995, was observed   the phenomena of bunkers plunging 

in some parts of Adriatic coastline, but this generally, in the prevailed concept of Albanian geology 

was considered as consequence of sediments supply diminution caused by hydropower dam 

constructed in some rivers. But this explanation can’t justify the bunker plunging in front of Semani 

river in southern part of Adriatic coastline were in all three important rivers (Shkumbin, Seman, 

Vjose) the dams are absent. This explanation also isn’t valid to justify similar phenomena in the 

Ionian coastline where the rivers are absent, and the mountainous torrents are predominant. 

So, the sea level rise between year 1989 and 1995, followed by its fall may be a more acceptable 

hypothesis to explain the above described phenomena. With the actual data can’t be précised the 

amplitude of this sea level fluctuation, but can be supposed that its value wasn’t less than 1.5 meters. 

Must be also underlined that the boulders of the coast line belong to another earlier coastline situated 

seawards in confront with the actual coastline, but the age of its existence can’t be appointed with 

data of moment. 

5. References 

Biçoku, B., et al., 1967. The geology of Albania. Explanatory text of Geological Map of Albania, 

Editing House “Naim Frasheri” (In Albanian). 

Davies, J.L., 1964. A morphogenic approach to world shorelines, Zeitschrift für Geomorphologie, 

8, 27-42. In: Masselink, G. and Short, A.D., eds., (1993), The effect of tidal range on beach 

morphodynamics and morphology: a conceptual beach model, Journal of Coastal Research, 

9(3), 785-800, ISSN 0749-0208. 

Konomi, N., 2015. Geo-engineering map of Albania, Albanian Geological Survey (In Albanian). 

Kearey, P., Klepeis, K.A. and Vine, F.J., 2009. Global tectonics, 3rd ed. John Wiley & Sons Ltd, 

ISBN 978-1-4051-0777-8, Marku, S., 2014. The evolution of the studies on Quaternary in 

Albania, according to the geological maps on 1:200,000 scale. Microthesis, Faculty of 

Geology and Mining, Tirana (In Albanian). 

MMP, 1974. Guide for navigation in Adriatic and Ionian Sea, First Edition, Ministry of Popular 

Defense (In Albanian). 

Proust, J.N., Tessier, B. and Chaumillon, É., 2013. Coastal sedimentation: State-of-the-art and on-

going research, Géoschiences, 17, 26-35 (In French). 

Vranai, A., Shallo, M. and Xhomo, A., 1997. The geology of Albania. Explanatory text of 

Geological Map of Albania of year 1893, Editing House “Libri Universitar” (In Albanian). 

Wright, L.D. and Short, A.D., 1984. Morphodynamic variability of surf zone and beaches: A 

synthesis, Marine Geology, 56, 93-118. 

  

http://en.wikipedia.org/wiki/International_Standard_Serial_Number
http://www.worldcat.org/issn/0749-0208


448 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 448-457 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 448-457 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

HIGH-RESOLUTION GEOMORPHOLOGICAL MAPPING OF 

THE SHALLOW CONTINENTAL SHELF WEST OF THE 

KAVALA BAY, NORTH AEGEAN 

Panagiotopoulos I.P.1, Kapsimalis V.1, Ioakim Chr.2, Karageorgis A.1, 

Rousakis G.1, Morfis I.1, Hatiris G.A.1, Anagnostou C.1, Koukoulis A.2, 

Papatrechas Ch. 2, Koutsovitis P.D.2, Economou G.2, Tsapara E.2 and 

Kyriakidou C.1 

1Hellenic Center for Marine Research, Institute of Oceanography, 46.7 km Athens-Sounio Ave., 

19013 Anavyssos, Greece, jpanagiot@hcmr.gr, kapsim@hcmr.gr, ak@hcmr.gr, 

rousakis@hcmr.gr, gianmor@hcmr.gr, gahatiris@hcmr.gr, chanag@hcmr.gr, hkyriakid@hcmr.gr 

2Institute of Geology and Mineral Exploration, 1st Spirou Louis St., Olympic Village, 13677 

Acharnae, Greece, ioakim@igme.gr, johncats11@igme.gr, papatrechas@windowslive.com, 

petroskoutsovitis@yahoo.com, dop@igme.gr, efi.tsapara@igme.gr 

Abstract 

Prominent geomorphological features of the shallow continental shelf west of the 

Kavala Bay (Loutra Eleftheron-Nea Peramos) were mapped using the data from a 

hydrographic survey (June 2014) of 320 nautical miles during which high-resolution 

multibeam bathymetry and seismic-reflection subbottom profiling were carried out 

simultaneously. A fault zone comprised by a set of two primary sigmoidal gravity 

faults (recorded lengths and measured offsets: 12 km, 5 km and > 40 m, 25 m, 

respectively), with distinct expression on the seabed, and three other secondary 

gravity faults situated southern of the major faults, revealing synsedimentary tectonics, 

was identified. The striking difference between the texture of the footwall block 

sediments of the northern major fault and the texture of the sediments occupying the 

deep hanging wall block of the southern major fault emphasizes the impact of local 

tectonics on the sedimentary evolution of the study area. Concerning the observed 

bedforms, the most interesting were the sand dunes occurring at depths from 25 m to 

65 m at least and occupying the northeast part of the study area. Their large 

dimensions and orientation in relation to the coastline position imply as a mechanism 

for their formation intense bottom-current activity. 

Keywords: gravity faults, submarine dunes, sand deposits. 

Περίληψη 

Σημαντικές γεωμορφολογικές δομές του ρηχού τμήματος της υφαλοκρηπίδας δυτικά του 

Κόλπου της Καβάλας χαρτογραφήθηκαν χρησιμοποιώντας τα δεδομένα από μια 

υδρογραφική αποτύπωση (τον Ιούνιο 2014) 320 ναυτικών μιλίων, η οποία 

περιελάμβανε υψηλής διακριτικότητας πολυδεσμική βαθυμετρική καταγραφή και 

διασκόπηση πυθμένα με σεισμική ανάκλαση. Αναγνωρίστηκε ένα σύστημα ρηγμάτων 

αποτελούμενο από ένα σετ δυο κυρίων κανονικών ρηγμάτων (καταγεγραμμένο μήκος 

και μετρημένο κατακόρυφο άλμα αυτών: 12 χλμ, 5 χλμ και > 40 μ, 25 μ, αντίστοιχα,) 

με έντονη επιφανειακή εκδήλωση στο θαλάσσιο πυθμένα, καθώς και τρία δευτερεύοντα 

mailto:rousakis@hcmr.gr
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ρήγματα νότια των κύριων ρηγμάτων, τα οποία φανερώνουν συνιζηματογενή 

τεκτονισμό. Η εντυπωσιακή διαφορά στις υφές των ιζημάτων που καλύπτουν αφενός το 

υποκείμενο ρηξιτέμαχος του βορειότερου κυρίου ρήγματος και αφετέρου την οροφή του 

νοτιότερου κυρίου ρήγματος δείχνει τη σημαντική επίδραση του τεκτονισμού στις 

ιζηματολογκές διεργασίες της περιοχής μελέτης. Όσον αφορά τις υπάρχουσες 

γεωμορφές, οι περισσότερο ενδιαφέρουσες είναι εκείνες των αμμωδών θινών στο 

βορειοανατολικό τμήμα της περιοχής μελέτης, ευρισκόμενες σε βάθη από 25 μ μέχρι 

τουλάχιστον 65 μ. Οι μεγάλες διαστάσεις τους καθώς και ο προσανατολισμός τους ως 

προς την ακτογραμμή υποδηλώνουν ως μηχανισμό σχηματισμού τους την δράση 

ισχυρών πυθμιαίων ρευμάτων. 

Λέξεις κλειδιά: ρήγματα βαρύτητας, υποθαλάσσιες αμμώδεις θίνες, προσχωματικοί 

άμμοι. 

1. Introduction 

The spatial distribution patterns of grain size fractions, minerals and chemical elements in surface 

sediments as well as the main geomorphological features and the post Last Glacial Maximum (LGM) 

evolution of the North Aegean continental shelf have been studied by Perissoratis et al. (1987), 

Perissoratis and Van Andel (1988), Perissoratis et al. (1988), Perissoratis and Mitropoulos (1989) 

and Perissoratis and Ioakim (2010) through the interpretation of single-beam bathymetry, seismic 

subbottom profiling and sedimentological analyses. However, recent technology developments have 

triggered renewed research into continental shelves. A new generation of high-resolution swath 

mapping sonar systems and Chirp subbottom profilers have enabled geomorphological analysis of 

the seabed and upper layers of bottom substrate in great detail and coverage, far surpassing the 

capabilities of earlier generation instrumentation. Small- and large-sized bedforms, such as ripples, 

ribbons, scars and dunes, high-resolution stratification of the upper seabed substrate and internal 

structure of the continental shelves are now more clearly detectable and, therefore, more reliable 

submarine geomorphological interpretations can be accomplished. 

The principal aim of the present study is the high-resolution mapping of the prominent 

geomorphological characteristics of the shallow continental shelf extending between Loutra 

Eleftheron and Nea Peramos, west of the Kavala Bay (North Aegean). The internal structure of the 

uppermost seabed substrate of the study area is briefly described. Furthermore, a secondary purpose 

that is accomplished is the preliminary analysis of bulk mineralogy and chemistry of the surface 

sediments of the Loutra Eleftheron-Nea Peramos inner continental shelf. 

2 Physiographic setting 

The study area belongs to the lower tectonic unit of the Rhodope Massif (Pangeon Carbonate 

Platform) comprising massive marbles, micaceous gneisses, mica schists, calc-silicate schists and 

amphibolites (Kilias and Mountrakis, 1990). Outcrops of plutonic rocks, usually monzonite, 

granodiorite and gabbro, are also present within the unit. The geotectonic emplacement of the 

plutons is considered to be related with the post-collisional collapse of the Hellenic orogeny (Jones 

et al., 1992; Brun and Sokoutis, 2007). The Kavala-Symvolon pluton is located in the coastal area 

between Loutra Eleftheron and Kavala. It is an amphibole-biotite granodiorite with minor amounts 

of diorite, tonalite, monzogranite and monzodiorite. It has a medium- to coarse-grained texture and 

consists of quartz, plagioclase, K-feldspar, amphibole and biotite, with minor amounts of titanite, 

allanite, apatite, zircon and epidote (Neiva et al., 1996). In the littoral area of Loutra Eleftheron-Nea 

Peramos, the differential sorting of sediments derived by the weathering, fragmentation and 

degradation of this pluton causes the formation of placer deposits ("black sand"), which have high 

economic value (Pergamalis et al., 2001a, b; Eliopoulos et al., 2014; Papadopoulos et al., 2015). 

The Rare Earth Elements (REE) bearing minerals of "black sand" are monazite, allanite, titanite, 

uraninite, zircon and apatite. The granulometric and mineralogical composition of seabed sediments 
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in the adjacent continental shelf has been presented by Conispoliatis and Lykousis (1986), 

Perissoratis et al. (1987), Perissoratis and Van Andel (1988), Perissoratis and Mitropoulos (1989) 

and Perissoratis and Ioakim (2010). 

The outer Kavala Bay was exposed under subaerial conditions at the LGM. Up to 14,000 or perhaps 

16,000 yrs BP, the Strymon River was flowing along and very close to the Loutra Eleftheron littoral 

zone, forming occasionally an ephemeral lake at the outer shelf of the Kavala Bay and, finally, 

discharging into the Aegean Sea. At that period, an extended dune field had developed in the middle 

shelf of the Kavala Bay, between Nea Peramos and West Thassos. At 10,500 yrs BP, the sea 

advanced up to the Nestos channel, forming a tongue-like embayment that protruded into the 

tectonic basin of the Kavala Bay, while till 7,500 yrs BP the bay was flooded with sea water. 

3. Materials and Methods 

The current study is based on the examination of 320 nautical miles of high-resolution multibeam 

bathymetry and seismic profiling (Fig. 1) carried out simultaneously by the R/V Alkyon of the 

Hellenic Centre for Marine Research (HCMR) during June 2014. The survey speed varied from 5 to 

7 knots, whilst a total of about 140 km2 of seafloor area was covered. 

Figure 1 - Location map of the study area illustrating the multibeam bathymetry and 

seismic-reflection profiling tracks as well as the sediment sampling positions. 

The bathymetric survey was performed using a hull-mounted Reson SeaBat 7125 sonar (frequency 

of operation: 200/400 kHz; applied half-swath angle: 60-64°; maximum received beams: 256/512). 

Several sound velocity profiles, obtained from conductivity-temperature vs depth (CTD) casts at 

various stations (30-110 m deep) in the study area, were incorporated into the acquisition software 

of the multibeam echosounder to calibrate the position and accuracy of recorded depth values. The 

estimated error in the measured depths was within a few centimeters. 

Seismic reflection profiles were acquired with a hull-mounted Chirp subbottom profiler of 

Geoacoustics (frequency of operation: 2-7 kHz). An average sound velocity of 1,550 m/s was 

applied for the calculation of the thickness of seabed substrate layers observed in the obtained 

seismic-reflection profiles. 
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An integrated navigation system (Coda Octopus F185+R) was used for the accurate positioning 

(estimated error less than 2 cm) of the recorded acoustic data. 

Finally, surface sediment samples recovered from the Loutra Eleftheron-Nea Peramos inner 

continental shelf (Fig. 1) were analyzed for the determination of their mineralogical composition 

using X-Ray diffraction (XRD). The X-Ray diffractometer was a Panalytical X’pert-Pro with a Cu 

X-ray tube (Kα of Cu, λ = 1.5405 Ǻ), graphite monochromator, an applied voltage 30 kV and a 40 

mA current. The random powder mounts of samples, prepared by back loading, were scanned from 

2º to 70º 2θ. Powder diffraction data were collected at room temperature. Data were evaluated with 

the XPert High-Score (Version 2004) (PANalytical B.V., Almelo, The Netherlands) and the EVA® 

software (DIFFRACplus EVA v12.0, Bruker AXS GmbH) and managed with the PDF-2 database 

(International Centre for Diffraction Data, Newtown Square, PA, USA) with detection limit of 1%. 

Also, samples made into polished thin sections were examined in the SEM laboratory of IGME, 

(SEM system JEOL JSM-5600 coupled with an EDS system of Oxford Instruments), where the 

analysis conditions were 30KeV acceleration voltage, 3nA beam current, spot diameter of 10-30 μm 

and detection limit of 0.1%. 

4. Results and Discussion 

4.1. Sand dunes 

An extended field of sand dunes (divided into a NE and a SW sector) develops in the northeast part 

of the study area and close to the Kavala Bay (Fig. 2, 3 and 4), at water depths ranging from about 

25 m to 65 m at least. The longitudinal axis of these dunes usually exceeds 4 km and is orientated 

to a NW-SE direction. The average height of the dunes fluctuates between 1.5 m and 2.5 m, with 

their maximum height, however, reaching more than 4 m, whilst dune wave length sometimes is 

even larger than 400 m. The further examination of sand dunes geometry shows that stoss slope 

usually occurs to NE with its magnitude being less than 2o, whereas leeward side faces to SW 

displaying slopes higher than 2o. Assuming that the development of these sand dunes is due to coastal 

bottom currents, then, regarding the aforementioned dune geometry, it may be proposed that the 

bottom-current activity responsible for the dune formation is remarkably strong and follows a 

general direction from NE to SW (Fig 4). The large size of the detected sand dunes indicates the 

action of exceptionally high bottom shear stresses during their formation. Such great shear stresses 

could be probably initiated when the sea level was in a lower position compared to the present one, 

for instance during the last marine transgression before the Mid-Holocene (7,500 yrs BP) identified 

by Perissoratis and Van Andel (1988) and Perissoratis and Mitropoulos (1989). However, it should 

be noticed that the aforementioned researchers claim that the neighbouring sand field in the inner 

Kavala Bay is of relict character. This is in contrast with the assumption made for the development 

of present study's sand dunes. 

In general, the mechanisms responsible for the formation, mobility and stability of small- and large-

scale wavy sand forms have been summarized by Albarracín et al. (2014). The main factors that 

generate and evolve such bedforms on continental shelves are: (1) the sea level position before or 

after the post LGM transgression, since it defines the ravinement surface and, consequently, the 

accumulation space; (2) dominant oceanographic processes, such as tidal currents, littoral currents, 

storm surges, or sediment transport due to a combination of storms and coastal currents; and (3) the 

current status of these features, i.e., active, relict or quasi-moribund, implying that wavy sand forms 

correspond either to reworked transgressive deposits or to post-transgressive active sand waves. An 

overview of modern shelf sand ridges can be found in Snedden et al. (2011). 
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Figure 2 - High-resolution bathymetry map of the study area displaying the main 

geomorphological features. The black dashed frame encloses the extended field of sand 

dunes, whereas the red dashed frame encloses rocky outcrops. The northern and southern 

primary faults are marked by the red and yellow lines, respectively, whilst the dotted white 

lines indicate the traces of secondary faults. The cell size of the bathymetric grid is 2 m with 

the coordinate system being UTM35N. The datum of the indicated depths is the local mean 

sea level. 

 

Figure 3 - High-resolution bathymetric image illustrating the shape and arrangement of 

identified sand dunes. The cell size of the bathymetric grid is 2 m. 
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Figure 4 - Seismic-reflection profile displaying the full extent of the sand dune field in the 

northeast part of the study area. For profile location see Figure 1. 

4.2 Fault zone 

The tectonic feature that dominates the study area is an extensive fault system whose main surface 

growth follows a sigmoidal shape and develops along the general direction W-E. This system 

includes a series of normal faults, which demonstrate a contrasting tiered shift and have their hanging 

walls orientated to a SW direction. The geometry of the fault zone indicates that the entire study 

area is subjected to an elongation in the horizontal plane caused by the action of tensile stresses. 

The identified fault zone comprises two major normal (gravity) faults (northern and southern), 

detectable at depths down to 95 m and 110 m, respectively, and three secondary faults located at the 

southwestern part of the study area (Fig. 2 and 5). The lengths of the recorded ruptures associated 

with the northern and southern primary fault are ~12 km and ~5 km, respectively. 

In the northern primary fault, the apparent vertical displacement (offset) and horizontal displacement 

of fault blocks sometimes exceeds 40 m and 60 m, respectively, while fault plane dips up to 10o 

(Fig. 6, see Profile 36-37). The tilting of the hanging wall layers at the contact with the fault plane 

is indicative of the tensile motions in the fracture zone. 

The southern major fault branches off to the east in three divergent segments (see yellow lines in 

Fig. 2), with the most important segment being the northern one. The maximum measured values 

concerning the fault offset, horizontal displacement and fault plane dip are 25 m, 150 m and 12o, 

respectively (Fig. 6, see Profile 36-37). 

The secondary faults (Fig. 6, see Profile 32-33) in the southwestern part of the study area reveal 

synsedimentary tectonics. They are mostly subsurface and do not appear to intersect the upper 

sedimentary layer. The latter observation implies that these particular faults are not recently active 

and they should have been formed prior to the deposition of the uppermost sedimentary layer. 

 

Figure 5 - Seismic-reflection profile demonstrating the fault system in the study area. For 

profile location see Figure 1. 
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Figure 6 - Seismic-reflection profiles focusing on the primary northern and southern fault 

(left profile) as well as the secondary faults (right profile). For profiles location see Figure 1. 

4.3 Litho-seismic configuration 

The sedimentological processes in the study area are greatly affected by local tectonics since the 

sedimentology of the shallower footwall block in the northeastern part of the area is considerably 

different from that of the deep hanging wall block located in the southwestern part of the area. 

The sediments of the shallower northeastern footwall block are coarser than those covering the deep 

southwestern hanging wall block and mainly consist of biogenic sand, which is disposed in oblong 

parallel or sub-parallel ridges (Fig. 3); these sediments constitute the SW and NE sector of the 

submarine sand dune field referred to section 4.1. The stratigraphic resolution of the upper seabed 

substrate due to its coarse texture and increased occurrence of biogenic material in the sediments 

comprising the submarine dunes is not satisfactory. However, in some cases, the recorded subsurface 

reflectors exhibit an arrangement independent of seabed morphology. The sedimentary layers 

beneath the sand dunes display a strong reflective character (Fig. 7), which recommends their coarse 

composition. The accurate mapping of the location and thickness of the upper and underlying 

sediment layers is not feasible due to the restricted penetration of the used subbottom profiler. 

The sediments of the uppermost seabed substrate of the deep hanging wall block in the southwestern 

part of the study area are finer, since seismic profiles demonstrate an acoustically transparent layer 

of a few meters in thickness (up to 10 m) (Fig. 5, 6 and 7). The material comprising this acoustic 

layer, named as Unit A, is probably composed of mud and it has been rather formed by the 

accumulation of distant prodelta deposits. Below Unit A, a Unit B comprising a set of strong 

reflectors with distinct characteristics is identified (Fig. 5, 6 and 7), which implies the existence of 

different sedimentation conditions (e.g., different sediment source, change in the size of available 

depositional area, hydrodynamic regime modification, subaerial erosion) in some locations. This 

clue suggests that prior to the commencement of sedimentation in the uppermost marine unit the 

depositional environment was different. Perissoratis and Mitropoulos (1989) argue that during the 

LGM (19,000-20,000 yrs BP) the study area was land and partly eroded under subaearial conditions 

and only a limited area situated in the southwest part was functioning as a lake. Later, during the 



455 

 

post-glacial period, the sea level rose and gradually inundated the study area. The final pattern of 

the sedimentation processes that dominate the area nowadays was established about 6,000 yrs BP, 

when the rate of sea transgression slowed down and sea-level stand had approached the present one. 

 

Figure 7 - Seismic-reflection profile indicating the acoustic units beneath the sand dune field 

and underneath the seafloor of the deep hanging wall block (extreme left side of the profile). 

For profile location see Figure 1. 

4.4. Bulk mineralogy and chemistry of surface seabed sediments 

The preliminary results of bulk mineralogical analysis show that surface sands (named as "Kavala 

sands") covering the Loutra Eleftheron-Nea Peramos inner continental shelf consist mainly of quartz 

(~15-35%), plagioclase (~10-25%), K-feldspar (~5-20%) and calcite (~5-20%), whereas amphibole, 

biotite, pyroxenes and epidote occur in smaller quantities. Ti-magnetite, rutile, titanite, ilmenite, 

zircon, barite, apatite, pyrite and clay minerals appear as accessory mineral phases (~5% in total). 

Allanite and less often monazite and xenotime are the REE-bearing mineral phases, which are 

distributed throughout the surface sediments. They are found as fine-grained sand crystals, either in 

the form of single crystals or within granitic fragments, along with quartz and feldspars. Allanites 

have noticeable thorium contents (up to 3.3%), whereas monazites include relatively high amounts 

of REE and thorium contents (ΣREE+Th=44.43-62.65%). The total amounts of ΣREE+Th+Y from 

the whole-rock chemistry analyses are in accordance with the modal composition of the REE-

bearing minerals and can be distinguished into four groups depending on their REE composition 

(Fig. 8). Based upon petrographic observations, mineral chemistry analyses, as well as whole-rock 

chemistry compositions, the estimated amounts of REE-bearing minerals within the "Kavala sands" 

range between 0.1 wt.% and 0.9 wt.%. 

5. Conclusions 

The shallow continental shelf west of the Kavala Bay (Loutra Eleptheron-Nea Peramos) is 

characterized by (i) a fault system that shows contrasting tiered displacements and (ii) an extended 

field of sand dunes arranged in oblong parallel or sub-parallel ridges. 

The fault system comprises a set of two primary sigmoidal gravity faults, including a northern and 

a southern member (recorded lengths of 12 km and 5 km, respectively), with distinct expression on 

the seabed, and three other secondary gravity faults situated southern of the major faults, revealing 

synsedimentary tectonics. The maximum values of the offset, horizontal displacement and rupture 

plane dip of the primary faults were estimated at > 40 m, > 60 m and 10o, respectively, for the 

northern member and 25 m, 150 m and 12o, respectively, for the southern member. The observation 

that the sediments of the shallow footwall block of the northern major fault differ greatly from the 

sediments covering the deep hanging wall block of the southern major fault emphasizes the impact 

of local tectonics on the sedimentary evolution of the study area. 



456 

 

 

Figure 8 - Primitive mantle-normalized ΣREE, Th and Y patterns (normalization factors 

from McDonough and Sun, 1995) of the "Kavala sands". 

The identified sand dunes, occurring at depths from 25 m to 65 m at least and located on the footwall 

block of the northern major fault, usually have their longitudinal axis greater than 4 km and are 

orientated to a NW-SE direction. The large dimensions of the sand dunes (average height: 1.5-2.5 

m; maximum height: > 4 m; maximum wave length: > 400 m) as well as their orientation in relation 

to the coastline implies as a mechanism for their formation the intense bottom-current activity 

towards the NE-SW direction. 
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Abstract 

Beachrocks represents a coastal deposition in the intertidal area, and studying their 

properties may lead to create a model which identifies the conditions of their 

formation (paleo-environment). This paper focuses most intently on the cement 

material which is able to recover the paleo-environment conditions during diagenesis 

of such coastal sediment. We used optical microscopy, secondary electron microscopy 

and Raman Spectroscopy to characterize the cement texture, mineralogy and 

chemistry in the beachrocks. The existence of pure calcite primarily controlled by the 

meteorite water, while Mg-calcite appears between the lower meteoric and the upper 

marine phreatic zone. Finally, the presence of aragonite associated with the marine 

phreatic to lower marine vadose environment. 

Keywords: beachrock, cement, aragonite, Mg-calcite, mineral chemistry. 

Περίληψη 

Οι ακτόλιθοι αποτελούν έναν παράκτιο σχηματισμό της ενδοπαλιρροιακής ζώνης. 

Μελετώντας τις ιδιότητές του, προσδοκούμε στην δημιουργία ενός μοντέλου που θα 

καθορίζει τις συνθήκες σχηματισμού του (παλαιο-περιβάλλον). Η παρούσα μελέτη 

επικεντρώνεται κυρίως στο συνδετικό υλικό, το οποίο είναι σε θέση να αναδείξει της 

συνθήκες παλαιο-περιβάλλοντος κατά την διάρκεια της διαγένεσης των παράκτιων 

ιζημάτων. Χρησιμοποιήθηκε οπτική μικροσκοπία, ηλεκτρονική μικροσκοπία (SEM) και 

φασματοσκοπία RAMAN για τον χαρακτηρισμό της δομής του συγκολλητικού υλικού, 

την ορυκτολογία και την γεωχημεία των ακτόλιθων. Η παρουσία καθαρού ασβεστίτη 

ελέγχεται κατά κύριο λόγο από την παρουσία μετεωρικού νερού, καθώς ο Mg-

ασβεστίτης εμφανίζεται μεταξύ της κατώτερης μετεωρικής ζώνης και της ανώτερης 

θαλάσσιας φρεατικής ζώνης. Τέλος, η παρουσία αραγονίτη συνδέεται μεταξύ της 

θαλάσσιας φρεατικής ζώνης και του κατώτερου θαλάσσιου περιβάλλοντος vadose. 

Λέξεις κλειδιά: ακτόλιθος, συγκολλητικό υλικό, ανθρακικά, αραγονίτης. 
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1. Introduction 

Beachrocks provide critical information on the quaternary history including both sea-level changes, 

neotectonic deformation and processes like erosion in various coastal environments (Fouache et al. 

2005; Kelletat, 2006; Desruelles et al., 2009; Thomas, 2009; Mourtzas, 2012; Mourtzas and Kolaiti, 

2013; Stattegger et al., 2013; Mourtzas et al., 2014; Psomiadis et al,. 2014; Mauz et al., 2015). In 

principle, the beachrocks form in an intertidal environment, where an active mixing zone between 

meteoric and marine water leads to pCO2 decrease and carbonate saturation (Moore, 1973; Plummer, 

1975; Meyers, 1987). Such rocks, represent coastal deposits suitable for identification of sea-level 

changes. Important information are gathered from the cement that surrounds the constituent mineral 

and lithic clasts of beachrock. 

The major factor for the beachrock cement formation is the diagenesis process. The cement is the 

material that keeps in stable contact the different lithic clasts (Hanor, 1978). It depends mainly on 

water table elevation, temperature and pressure. Diagenesis involves processes such as dissolution, 

reprecipitation and recrystallization which ultimately lead to chemical stability. The process follows 

the relative thermodynamic stability of magnesian calcite and aragonite and the chemistry of the 

pore fluid (Morse and Mackenzie, 1990). Further, the criteria to identify the environment of 

beachrock formation are based on texture, mineral and chemistry of cement, along with the 

sedimentary structure (cf., Kelletat, 2006). The carbonate crystals of the cement are precipitate and 

grow within the pore space of the lithic clasts. According to Moore (1973), cementation process is 

mainly related with the pore fluid, which originates from the adjacent environments (e.g., 

hypersaline waters from sabkhas; meteoric water from ground water). In particular, a certain mineral 

like calcite, will formed when the solution is supersaturated with respect to this mineral and occurs 

during pCO2 decrease after degassing (Plummer, 1975; Meyers, 1987). 

In this study we report the results of detailed micro-scale chemical and mineralogical analyses on 

the cement in two samples from the broad area of Chania bay (Crete, Southern Greece). Samples 

ACH VII(a) and A-CH 3 are rich in carbonate cement and contain rock fragments originating from 

the broad area. We used a range of complementary techniques optical microscope, secondary 

electron microscopy (SEM) and Raman Spectroscopy to characterize the minerals and cement in our 

samples. This paper focuses most intently at the forming conditions of the cement and the 

environmental conditions prevailing during the period of formation (etc. marine-phreatic zone, 

marine-vadose environment). We examine whether the crystals which growing at the pore space are 

pure of Ca-carbonate or they contain some percentage of Mg, event that is attested inland feeders. 

Finally, we propose a model which going to illustrating the coastal zones associated with the cement 

fabrics and the preferred carbonate geochemistry. 

2. Sampling areas - Description 

2.1. Geological Setting 

For the purpose of the current study we used selected beachrocks from the broad area of Chania bay 

in Crete (Fig. 1). The Chania bay is situated on the north-western part of Crete and is presenting a 

variety of coastal landforms, which assist in the study of the factors involved in the formation and 

evolution of the coastline. The study area is bounded by Keritis basin at East and Tavronitis basin 

at West, which provides the coastline with appropriate materials for the formation of depositional 

coasts. Crete presents a complex geological area which is the result of geotectonic evolution as part 

of the active arc of the Aegean. It was estimated that 2-4 Ma ago, the area had an uplifted rate in the 

range 0.1-0.5 mm/yr; after that, it was speculated that the uplifted rate is 1-1.2 mm/yr indicating 

acceleration in central and western Crete (Roberts et al., 2013). 



460 

 

2.2. Beachrocks 

The studied beachrocks are formed between the shoreface and beach (tidal zone), the chemically 

most active zone (mixing zone), in parallel-stratified beds, dipping to the sea with a gradient of 3-50 

and are composed mostly of sandstone alternating with conglomerate (Fig. 2). The beachrocks from 

Chania bay formed during the Holocene period. We collected 15 samples (limestones, 

conglomerates), including 5 beachrocks. The major criteria for the representativeness of the studied 

beachrocks (A-CH VII(a) and A-CH 3) were the freshness, the observed –even in hand specimen– 

cement surrounding the clasts and carbonate-rich material. 

 

Figure 1 - Sketch map showing the location of Chania bay. Inset: Sample locations used in 

the present study. 

 

Figure 2 - Beachrocks displaying at Platanias port. Red thin line corresponds to the observed 

boundaries of the beachrock. 
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3. Analytical Methods 

3.1. Secondary Electron Microscopy 

Characterization of the textural relationships, identification of the different mineral phases and semi-

quantitative major element determination of the cement were carried out in platinum-coated polished 

thin sections using a JEOL JSM 5600 Scanning Electron Microscopy (SEM) equipped with energy-

dispersive spectrometer (EDS) at the Institute of Geology and Mineral Exploration (IGME) Athens 

(Greece). Operating conditions were: accelerating voltage 15 kV, beam current 20 nA and 1-2 μm 

beam diameter. For minerals, a 20 nA beam current and 20 s counting time on peak position were 

used. Representative mineral compositions are given in Table 1. 

Table 1 - Representative cement compositions from the studied rocks 

Sample A-CH VII(a) 

Oxide (in wt.%) 1i* 1ii 2 3 4 

CaO 53.6 56.2 56.3 56.0 56.0 

MgO 2.43 - - - - 

Total 56.0 56.2 56.3 56.0 56.0 

# of Ions      

Ca 0.94 1.00 1.00 1.00 1.00 

Mg 0.06 0.00 0.00 0.00 0.00 

Sample A-CH 3 
Oxide (in wt.%) 1 2 3 4 5 6 7 

CaO 48.3 48.6 49.1 50.3 50.5 51.3 51.8 

MgO 7.25 6.94 6.38 5.2 4.96 4.24 3.7 

Total 55.5 55.5 55.5 55.5 55.5 55.5 55.5 

# of Ions        

Ca 0.83  0.83 0.85 0.83 0.88 0.9 0.91 

Mg 0.17  1.7 0.15 0.17 0.12 0.1 0.09 

* Number indicators analyzed positions 

3.2. Raman Spectroscopy 

The Raman Spectroscopy (RS) was performed on the two samples in order to distinguish the 

carbonate mineral. RS spectra were collected at the National Hellenic Research Foundation, Institute 

of Theoretical and Physical Chemistry (Athens, Greece). The RS is equipped with a green excitation 

source of 514.5 nm and acquired at the 100-1500cm-1 (Fig. 3). 

 

Figure 3 - Raman spectra of Mg-calcite and Aragonite from the studied samples. 
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The RS of calcite has 3 main peaks at 282, 712 and 1086 cm-1, but in our case the presence of Mg 

shifts the observed peaks toward higher wavenumbers (Fig. 3). For the aragonite, those peaks are at 

the 155, 207, 706, 1084, with our sample matching those values (Fig. 3). 

4. Petrography 

4.1. Matrix 

The matrix of the samples are rich in carbonate and it develops at the pore space between the lithic 

clasts. At the sample A-CH VII(a) the classification of grain size described as well-sorted (low 

variance). The fine sandstone consists of carbonate grains (limestone), quartz grains and quartz-

feldspar grains (gneiss); we noticed the presence of fossils as well (Fig. 4). At the sample A-CH 3 

the classification of grain size described as moderately-sorted (moderately variance), and is 

composed of quartz-feldspar grains and quarts grains. Under the optical microscope, the cement was 

clearly displayed at the exterior part of grains (Fig. 4). 

.                             

Figure 4 - (Left) Part of Mosaic from the sample A-CH VII(a); the analysed points indicated 

by numbers are also given at Table 1. (Right) Part of Mosaic from the sample A-CH 3. 
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4.2. Cement areas 

In sample A-CH VII(a) the cement material formed at the exterior part of the grain, exhibiting a 

variable thickness (Fig. 5). Additionally to that, the cement corresponds to carbonate, showing two 

distinct zones; the inner one is fine-grained and close to the grain, while the outer zone is coarser and 

away from the grain. In sample A-CH 3 the cement shows similar characteristics with the A-CH VII(a), 

with the exception of the presence of a single zone at the exterior part of the grains (Fig. 5). 

 

Figure 5 - (A-B), Fine sandstone consist of rock fragments, quartz (Qz) grains and fossils. 

The carbonate-rich cement corresponds to a thin layer around the grains. In (B) the grain 

size characterized as well-sorted. (C-D) Fine sandstone consist mainly of rock fragments and 

quartz. Also, carbonate cement with variable thickness surrounds all the grains. (A-B) 

Sample A-CH VII(a) and (C-D) Sample A-CH 3. RF: rock fragments, Qz: quartz. 

5. Results and Discussion 

Our analytical data on cement material (Figs. 6-8) are able to identify the spatial relationship 

between coastline and beachrock formation zone. 

Although having similar petrographic composition the samples are totally different at the amount of 

CaCO3 at the cement; the sample A-CH VII(a) has a high content in the range of 94.1-100 %, while 

the sample A-CH 3 is enriched in magnesium with CaCO3 in the range of 82.7-91.0 %. The increased 

magnesium at the sample A-CH 3 is probably related with marine vadoze zone and/or marine 

phreatic zone (presence of aragonite). In contrast, the low-Mg sample A-CH VII(a) suggests either 

formation at the meteoric vadose zone and/or upper marine vadose zone. 

The heterogeneous development of the cement surrounding the clasts and the presence of two 

cement zones in most clasts (with the inner zone being magnesium-rich compared to the outer) lead 

us to determine as the most possible forming environment the region between the upper phreatic 

marine zone and the lower meteoric vadose zone (Figs. 6-8). 

It is important to notice the presence of aragonite at the sample A-CH 3; this is primarily formed at 

the phreatic – low marine vadose environment. Also, aragonite formation is related with the 

temperature of the solution; for example the higher the solution temperature, the faster aragonite 

precipitates relative to calcite (Burton and Walter, 1987) and the crystal form the cement takes is 

mostly fibrous. After that, we infer that the interplay between the different carbonate phases occur 
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in the cement, and in particular, the content of calcite, aragonite or Mg-calcite, depends from the 

change in water-table elevation, the temperature or the pressure, with the view to chemical stability. 

One of the most effective ways to create polymorph of calcite and dolomite is the infiltration of 

meteoric water rich in dissolved CO2, depleting the cement in Mg, Sr and Na and enriching it with 

other elements (e.g., Fe2+). 

In case that the altitude of the sea level reduced, then the crystals of aragonite lead to dissolution 

and recrystallization in calcite and also high Mg-calcite in low Mg-calcite. Crystal arrangement and 

fabric is controlled by environment and gravitation. High Mg-calcite and aragonite form circum 

granular rim in meniscus fabric in the vadose environment or symmetrical crusts in the meteoric 

environment (Fig. 7). 

 

Figure 6 - Sample A-CH VII(a): (Α) Heterogeneous formation of cement, composed by an 

outer - pure in CaCO3- region (Spot 1), whereas toward the grain Mg is incorporated in the 

carbonate mineral (Spot 2), (2 zones of cement growth). (B - D) The constituent mineral of 

the cement is composed by pure CaCO3 (Spot 3-5). 

  

Figure 7 - The dashed lines represents (A) the granular rim in meniscus fabric in the vadose 

environment, and (B) the symmetrical crusts in the meteoric environment. 
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Figure 8 - Sample A-CH 3: The cement material is observed CaCO3 and MgCO3 with the 

only difference that from the outer zone to the inner we enrich in Mg (Spot 1 - 7). 

Taking into account our data, we are able to create a case about the evolution of the beachrocks and 

their position in space. As such, the sample A-CH VII(a) formation occurs at the upper marine 

vadose environment indicated by high-Mg calcite (1st –inner- cement zone). Then the rock exposed 

at the meteoric vadoze environment, during of which the cement was made of pure to low-Mg calcite 

(2nd –outer- cement zone). In contrast, the sample A-CH 3, probably shows a deeper environment as 

indicated by the coexistence of Mg-calcite and aragonite testifying a marine vadose environment. 

Further, toward the rim of the cement, the high-Mg calcite becomes progressively less rich in 

magnesium which is attributed to sitting at the meteoric vadose zone. 

 

Figure 9 - Schematic illustration of coast zones, cement fabrics and mineralogy - Formation 

environments of the beachrocks from Platanias area is also included (M.H.W. Mean High 

Water Level, M.T.L. Mean Tidal Water Level, M.L.W. Mean Low Water Level) (Mauz et 

al., 2015). 

The particular alternation of the composition environments, lead us to the conclusion that in the 

specific area is likely that have taken part two possible scenarios for the cement deposition. In the 

first scenario, considering that the beachrocks were formed in an uplifted area due to active tectonics, 

the area had changed diagenetic environment between the marine phreatic to meteoric vadose zone. 
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An alternative scenario incorporates high flow rate of fresh water which in turn raise the water table 

level, switching the cement composition from deep to shallow environment. We tentatively suggest 

a combination of the two scenarios, however, we need to combine more structural, petrographical 

and geochemical data, to provide a robust model for the diagenetic evolution of the studied area. 

Finally, a likely reason for the uncovering of the beachrocks is the coastal erosion which initiated 

from the moment a fishing port was constructed at the area. 

6. Conclusions 

Several beachrocks were collected from the Platanias beach in Chania, Crete. We discuss the 

cementation history of beachrocks on the Platanias beach. The cement material is primarily 

composed by carbonate occurring in the form of pure calcite, Mg-calcite and aragonite. These 

minerals resulted from two processes: 1) mixing of marine and underground waters and 2) vadose 

infiltration. Furthermore, Platanias beachrocks indicate two different zones relative to the coast, as 

inferred from the chemistry of the carbonate in cement. In particular, the presence of pure calcite 

related with the meteoric zone, while, the Mg-calcite and aragonite related with marine environment; 

further, the Mg-calcite indicates more oxidizing conditions at the vadose zones, whereas aragonite 

prefers the phreatic zone. In conclusion, the studied materials verify that the beachrocks are being 

cemented by complex processes which primarily formed at a water mixing zone, of meteoric- and 

marine-origin. 
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Abstract 

Tidal notches are a generally accepted sea level indicator that, when different from 

mean sea level, witness tectonic activity at or near coastlines. However, how to infer 

related information is controversial since tectonic uplift from a single seismic event 

is not likely to exceed several decimetres. High resolution laser scanning offers the 

availability of close-up views on exposures and to detect evidence for multiple sea 

level indicators in between major emergence. Statistically representative profiles 

along exposure were analysed in order to prove for already described tidal notches 

and to highlight similar shapes in consistent geometries along coastal cliffs of 

Perachora Peninsula. 

Keywords: notch formation, t-LiDAR, tectonic uplift, palaeoshoreline. 

Περίληψη 

Οι εγκοπές (notches) που δημιουργούνται από την παλίρροια σε βραχώδεις ακτές 

αποτελούν ένα βασικό και ευρύτατα διαδεδομένο δείκτη για την θαλάσσια στάθμη, οι 

οποίες όταν αποκλίνουν από την μέση στάθμη της θάλασσας, υποδηλώνουν τεκτονικές 

κινήσεις στην ευρύτερη περιοχή των ακτογραμμών. Εντούτοις τα συμπεράσματα που 

προκύπτουν από τη μελέτη αυτών των δεδομένων είναι συχνά αμφιλεγόμενα ιδιαίτερα 

σε εφελκυστικά τεκτονικά περιβάλλοντα, όπου η αναμενόμενη τεκτονική ανύψωση δεν 

αναμένεται να ξεπεράσει τα λίγες δεκάδες εκατοστά σε ένα σεισμικό γεγονός. Μέσω 

σάρωσης υψηλής ανάλυσης με Λέιζερ μας προσφέρεται η δυνατότητα λεπτομερούς 

μελέτης των γεωμορφών με σκοπό την ανίχνευση πολλαπλών εγκοπών που 

αντιπροσωπεύουν γραμμές παλαιοακτών κατά τη διάρκεια διαδοχικών τεκτονικών 

ανυψώσεων. Ένας αντιπροσωπευτικός αριθμός από προφίλ εγκοπών αναλύθηκαν με 

σκοπό τον εντοπισμό ήδη περιγραφέντων εγκοπών από την βιβλιογραφία καθώς και την 

ανάδειξη νέων παρόμοιων εγκοπών με σαφή γεωμετρία κατά μήκος της παράκτιας 

βραχώδους ζώνης στην χερσόνησο της Περαχώρας. Συνολικά μέσω της εξαγωγής ενός 

πυκνού τρισδιάστατου δικτύου από σημεία και της ανάλυσης των γεωμορφών 
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παρατηρήθηκε μια αλληλουχία οκτώ εγκοπών οι οποίες διαχωρίζονται μεταξύ τους σε 

αποστάσεις περίπου 0.3±0.2 m. 

Keywords: σχηματισμός εγκοπών, t-LiDAR, τεκτονική ανύψωση, γραμμή παλαιοακτής. 

1. Introduction 

Indentations along steep rocky calcareous coastlines have been investigated for many years, in order 

to derive information about Holocene relative land movements and coastal tectonic activity. 

Constant conditions of physical, chemical and biological erosion result in the development of 

distinct ecological and morphological topographies ranging from a few centimetres up to several 

meters deep at sea level. When the present-day sea level differs from equivalent older features above 

or below the tidal range, coastal uplift or subsidence, respectively, can be inferred. Owing to the 

high seismic activity the Mediterranean, carbonatic coastlines can reveal many examples of raised 

tidal notches that have been measured and described in the past four decades (Pirazzoli et al., 1982, 

1989, 1991; Pirazzoli, 1986; Firth et al., 1996; Laborel et al., 1999; Rust and Kershaw, 2000; Stiros 

et al., 2000; Kershaw and Guo, 2001; Shaw et al., 2008; Evelpidou et al., 2012a, 2014; Boulton and 

Stewart, 2015 Antonioli et al., 2015). 

To facilitate the identification and comparison of former relative sea level stands represented 

through a variety of markers, such as tidal notches, Pirazzoli (1986) established a descriptive 

classification based on objectively determinable characteristics. Resultant from this classification 

tidal notches indicate the location of the midlittoral zone, which is vertically limited by the tidal 

range of maximum 0.3 m in the Mediterranean (Evelpidou et al., 2012b). Therefore, a vertical and 

sheltered exposure (Pirazzoli, 1986) of homogeneous bedrock (Pirazzoli and Evelpidou, 2013) is 

capable of forming a symmetrical V-shaped or U-shaped profile with its retreat point (hereafter: 

inflection point) at mean sea level. 

 

Figure 1 - Landsat 8 panchromatic image of Perachora Peninsula. Normal faults are derived 

from IGME geological maps (Black). Red faults were produced or reactivated during the 

1981 earthquake sequence and are part of the South Alkyoides Fault System (SAFS). 
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The database of Boulton and Stewart (2015) demonstrated that the formation of tidal notches is not 

linked to periods of stable or unstable climates in the past. Furthermore, the authors state that is 

likely that tectonic activity and earthquake clustering control the spatial and temporal distribution 

of tidal notches. This means that since the mid-Holocene rates of sea-level rise must match with 

rates of isostatic regional uplift to create a permanent, non-creeping erosional base. Only if a rapid 

offsetting event occurs, local midlittoral zone affects until then non-notched parts of rocky coastlines. 

However, the misconception that multiple and stacked notches are evidence for a metre-scale 

coseismic uplift produced by normal faulting event still persists. 

In extensional tectonic settings commonly an uplift/subsidence-ratio of ½ to ¼ for coseismic 

displacements is assumed (e.g. Stewart and Vita-Finzi, 1996; Armijo et al., 1996; McNeill et al., 

2005; Papanikolaou et al., 2010). Pirazzoli et al. (1994) identified a series of four tidal notches of 

Holocene age at Heraion (Figure 1), each displaced by repeated uplifts of about 0.8 ± 0.3 m. 

Assuming a ratio of ¼ net slip per event, this would equate to 4 m total offset in an area where 

Jackson et al. (1982) reported just a minor coseismic uplift of 0.2 m during the Alkyonides 

earthquake sequence (M = 6.4-6.7) in spring 1981. This paradox raises questions on how to interpret 

tectonically controlled tidal notches in reference to palaeoseismic activities. 

The investigation of palaeoshorelines at Perachora Peninsula has been the research objective of 

many studies. Influenced by vertical tectonic movements along active normal faults, such as the E–

W trending South Alkyonides Fault System (SAFS) (Collier et al., 1992; Armijo et al., 1996; 

Morewood and Roberts, 1999), the eastern Corinthian Gulf (Central Greece) exhibits evidence of 

multiple raised shorelines (Pirazzoli et al., 1994; Kershaw and Guo, 2001; Cooper et al., 2007; 

Roberts et al., 2009). Along the majority of Perachora Peninsula’s shore Triassic and lower Jurassic 

Limestones of thick-bedded to massive biomicrites dominate (IGME, 1984); this is also the case at 

Heraion, at the western tip of the Peninsula. 

In order to improve tidal notch identification and comparison on local to regional scales here the 

potential of high resolution t-LiDAR scans is introduced. Furthermore, selected notch profiles are 

interpreted utilizing geometrical shapes to extract Holocene coastal uplift history at Perachora 

Peninsula in the eastern Gulf of Corinth. 

2. Tidal notch formation 

The term tidal notch refers to a horizontal erosion feature at sea level (Kelletat, 2005) due to the 

coeval action (Antonioli et al., 2015) of chemical, physical, and biological factors (Pirazzoli, 1986). 

However, the predominant agent is commonly assumed to be bioerosion (Evelpidou et al., 2012). 

Thereby, sheltered and vertical exposures in microtidal environments are promising locations to 

preserve sea level markers of symmetrical shape. The occurrence of a spray zone in more exposed 

sites introduces a physicochemical component in terms of salt weathering. Subsequent deposition 

of salt crystals and hydration will modify the notch shape. 

2.1. Chemical component 

Dissolution of carbonates is not a common effect of seawater exposure, which is (over-) saturated 

with CaCO3 (Kelletat, 2005). However, Furlani and Cucchi (2013) have investigated downwearing 

rates of a limestone slab in the Adriatic Sea and presented comparable erosion rates to natural 

limestone surfaces. Furthermore, very localized, coastal sections next to springs may show evidence 

of solution by effluent groundwater (Evelpidou et al., 2012). 

2.2. Physical component 

Abrasion notches are characterized by a well-rounded profile and a smooth surface. Abrasion can 

only happen when there is a nearby source of sand and pebbles that can be transported in suspension 

(Pirazzoli, 1986). As a consequence, almost no organisms survive in these grinding environments 

(Kelletat, 2005). 
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The vulnerability to different types of physical erosion on coastal cliffs is defined by the resistance 

of the rock to wave attack. The resistance is a function of lithology and structural discontinuities, 

such as cracks, fissures, joints, bedding planes, and faults. The rock is even more affected when 

turbulent water contains air that gets compressed when smashed against the rock and causes 

cavitation pitting (Antonioli et al., 2015). 

2.3. Biological component 

Bioerosion is restricted to carbonate rocks including calcarenites and dolomites (Kelletat, 2005). 

Surfaces appear with well-defined vegetational belts. The sublittoral zone of continuous immersion 

forms the habitat of grazing organisms like sea urchins that erode the underlying rock by abrading 

the surface with their hard teeth and radulas. Endolithic bivalves, such as the famous Lithophaga 

lithophaga but also limpets and chitons live in galleries at mean sea level. The supralittoral zone is 

only affected at high tide. Here, bioerosion is mainly caused by epilithic algae and cyanobacteria. 

These processes enable predominantly the development of a tidal notch with a maximum erosion 

rate at mean sea level (Evelpidou et al., 2012; Antonioli et al., 2015). 

 

Figure 2 - Model tidal notch profile. Floor (F), Roof (R). Periodic erosion leads to a gradual 

incision into the vertical carbonatic coastal cliff. Maximum indentation is indicated by the 

reflection point (IP) near mean sea level. Ripple notches appear as witness of multiple 

emergence events and are not fully preserved due to overprint by younger notch 

developments. Notch elevation has to be measured at its inflection point. 

3. Geometrical shape of Holocene tidal notches 

The ratio between erosional components has not been discovered so far and most likely never will 

be because of the multiplicity of compounding factors. Pirazzoli (1986) depicts a model tidal notch 

profile that has been confirmed in many subsequent publications, such as by Laborel et al. (1999), 

Cooper et al. (2007), Evelpidou et al. (2012), Pirazzoli and Evelpidou (2013), Taboroši and Kázmér 

(2013) Boulton and Stewart (2015), or Trenhaile (2015) just to name a few. It consists of three main 

sections: I) A floor or base which extends to the limit of permanent immersion at tidal low stand; II) 

a retreat zone of maximum concavity exhibiting the inflection point near mean sea level, and III) a 

roof near high tide level (Figure 2). Incision into depth is described as gradually and successive 

towards the inflection point from both, floor and roof. The resulting most common profile follows a 

U-shape or V-shape with the line of symmetry at mean sea level. Erosion appears to be most active 

where the environmental processes (discussed previously) interact frequently. The periodic 

parameter is given by the tide. Thus, mean sea level and deepest indentation have to meet at the 

centre of a symmetrical structure for the first order. Therefore, time controls the deep of a tidal notch 

if lithological, biological and climatic conditions are uniform. Generally observed for the 
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Mediterranean are much lower values of 0.2 to 1.0 mm/a (Pirazzoli and Evelpidou, 2013) but also 

down to 0.09 mm/a (Furlani et al., 2011). 

Shape modification of a stationary model tidal notch is given by exposure, and/or organic accretions 

(Pirazzoli, 1986; Antonioli et al., 2015). Increasing exposure yields an upwards shifted roof while 

the base remains at low tide level. Thus, the height of a notch is controlled by exposure to wave 

action (Evelpidou et al., 2012). Biological accretions are located at the base of a notch. If present 

the lower part of the notch is no longer a mirrored copy of the upper part but reduced in size.  

Pirazzoli (1986) also introduced different scenarios for resulting notch profiles according to relative 

sea level changes. When considering tidal notches of Holocene age, relative land movements are 

suggested to be a better frame of reference. Since sea level rise and regional uplift are of the same 

rate and produce a relative direction vector of almost zero, except for when coastal tectonic activity 

overprints this trajectory (Boutlon and Stewart, 2015). Thus, sudden emergence exceeding the tidal 

range will enable a new entire tidal notch to be formed at the newly created erosional base within 

the tidal zone. If abrupt emergence does not exceed the tidal range an overlapping of the former and 

new erosional zones occurs. This causes an overprinting of the earlier notch and on raised notches 

the floor gets attacked and degraded. Pirazzoli (1986) labels features of this origin ‘ripple notches’. 

However, dependent on time and vertical displacement, the resulting shape is tantamount to a 

widened single notch; for instance, because of tidal range variation. Only at close range will minor 

variations be detectable on the surface curvature of the roof. 

4. Methodology 

In general, the identification of a palaeoshoreline is, among other things (bioerosional leftovers, 

consolidated beach deposits), based on the recognition of distinct erosional marks of the former mid-

littoral zone (Pirazzoli et al., 1994). Typically, the notch position is mapped on a 1:5000-scale map 

(Cooper et al., 2007) and measurements to create morphometric profile will be made, these include 

the average vertical extent of a notch and the maximum indentation (e.g. Antonioli et al., 2015). 

Traditionally, these profiles are collected by tape measure (e.g. Kershaw and Guo, 2001). However, 

vertical sheltered coasts preferred for the precise measurement of tidal notches (Pirazzoli, 1986), yet 

often these cliffs are inaccessible. Therefore, Kázmér and Taboroši (2012) show how to perform 

rapid profiling of marine notches from a distance using a handheld laser distance meter. 

Terrestrial laser scanning (TLS) has been applied already for monitoring coastal geomorphological 

aspects (e.g. Hoffmeister et al., 2012; Rosser et al., 2013). In addition to horizontal (x) and vertical 

(z) distance measurements (Kázmér and Taboroši, 2012) TLS provides a third spatial dimension (y) 

and, dependent on the system, information about the backscattered signal (i). The technology is non-

selective and non-invasive to surfaces and the resulting point cloud data is of high accuracy and 

precision (Smith, 2015) representing x,y,z (i) attributes. 

For this study, two sites at Heraion were scanned using a Faro Focus 3D X330 scanner at low tide. 

Benefits of this system is its flexibility and weight, since the ideal scanning position is almost 

perpendicular to the exposure (e.g. Höfle and Pfeifer, 2007) and oftentimes hard to access on steep 

rocky cliffs. The raw point cloud data was cleaned from noise and outliers. Internal sensors of the 

scanner recorded the inclination. If multiple scans were necessary, the iterative closest point (ICP) 

algorithm was applied to enhance the registration (Besl and McKay, 1992). Sequential vertical 

profiles were then extracted from the point cloud data. A visual inspection of these profiles using 

predefined symmetrical shapes was then used to identify erosional marks at different elevations 

(Figure 3). 

5. Results 

Erosional marks at the Heraion Lighthouse site have been investigated by Pirazzoli et al. (1994) 

(Figure 3a). Results from TLS analysis show distinct and continuous multilevel horizontal texturing 
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of the exposure without misleading illumination and shadowing. The two-dimensional profile 

analysis detects not only the four already published tidal notches (here: + 0.9 m, +1.5 m, +2.5 m, 

and + 2.9 m) but also points on additional four evidence of sea level erosion  

(+ 0.4 m, + 1.9 m, + 2.1 m, and + 2.3 m ± 0.2 m) (Figure 3c). Significant knickpoints and their 

horizontal continuity over the exposures’ extent depict first indications of historical relative sea 

levels (Figure 2). Parabolic shapes of similar shortening or stretching were then matched to the 

profile to recalculate associated inflection points. For all above mentioned particular marks these 

vary along a horizontal level for about 0.1 m. 

 

Figure 3 - a) scanning position and scan window at the Heraion Lighthouse site (38° 

1'40.75"N, 22°51'4.05"E). b) High-resolution dense point cloud data already indicates 

horizontal texture. c) Results of overall 2D point profile analyses. Shown are 10 random 

profiles extracted from scan. Gray parabola point on erosional marks already mentioned by 

Pirazolli et al. (1994) (P). Red parabolae denote profile sections of similar shapes. 

A second cliff was scanned at the beach site of Heraion. While the above mentioned south-facing 

cliff is sheltered, this second exposure is almost open to the Gulf of Corinth (see also Kershaw and 

Guo, 2001) (Figure 4). Hence, erosional forces have greater impact on the cliff and result in 
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modification from the idealised tidal notch model. Obvious changes are carved and broken sections 

of cliff along shore (Figure 4a+b). As a consequence, the excellent preservation of continuous 

horizontal erosional marks at the lighthouse site is no longer present. However, both, three-

dimensional point cloud data as well as sequential 2D-profiles highlight evidence for raised 

shorelines (Figure 4b+c). 

Five extracted levels of consistent inflection points match up and complement the local notch 

sequence. Marks at the beach site have been raised to + 0.8 m, + 1.6 m, and + 3.0 m correlating to 

those features at + 0.9 m, + 1.5 m, and + 2.9 m seen ~300 m to the west. Another match between 

both sites is located at + 1.9 m. Furthermore, at least three more indentations (+ 0.4 m, 

+ 0.8 m, and + 2.1 m) are reasonable complements to the local palaeoshoreline sequence. 

 

Figure 4 - a) Tidal Notch exposure at the Heraion Beach site. Scanning position: 38° 

1'39.51"N, 22°51'8.34"E. b) High-resolution point cloud emphasising erosional texture. c) 

Randomly selected 2D-profiles that represent extracted the former erosional bases. 



475 

 

6. Discussion and concluding marks 

Tidal notches form at sea level with a vertical extension almost equal to the tidal range (e.g. Pirazzoli, 

1986). When emerged, these erosional marks indicate tectonic uplift within the past 6,000 years 

(Boulton and Steward, 2015). A model tidal notch is gradually influenced by time and exposure (e.g. 

Pirazzoli, 1986; Evelpidou et al., 2012; Pirazzoli and Evelpidou, 2013; Taboroši and Kázmér, 2013; 

Trenhaile, 2015) that leads to a symmetrical shape with mean sea level as centre line. Following this 

assumption predefined symmetrical shapes, such as parabola, could be applied to detect erosional 

indentations and project to associated inflection points. Since tectonic uplift is a minor amount of 

coseismic displacements, vertical differences on a metre-scale between two notches are not 

reasonable for single and successive normal faulting earthquake events. More common are uplifting 

values in the order of a few decimetres (Papanikolaou et al., 2010). Hence, a mesoscale downward 

widening of pre-existing tidal notches is likely. The former notch floor as well as biological markers, 

such as Lithophaga agents, could be overprinted by the newer tidal notch generation. Thus, minor 

but horizontally consistent changes in the surfaces’ curvature might be evidence for sea level 

indicators that were eroded along their lower extent over time, or did not have enough time to 

develop because of short recurrence intervals between uplift events. Thereby, the local tidal 

amplitude (± 0.2 m) forms the resolution limit. Dependent on stretching or shortening of the 

symmetrical shape, the inflection point varies vertically. Thus, it is absolutely necessary to measure 

the elevation of inflection points rather than the vertical difference between two roofs (Figure 2). 

Based on the shape and geometrical appearance of the existing raised shoreline sequence, the four 

shorelines recognised by Pirazzoli et al. (1994) could be complemented by four additional levels (+ 

0.4 m, + 0.9 m, + 1.5 m, + 1.9 m, + 2.1 m, + 2.3 m, + 2.5 m, and + 2.9 m, each ± 0.2 m) on the 

western tip of Perachora Peninsula. Each level was extracted by a mean of recalculated inflection 

points of parabolic shapes horizontally traceable along the exposure. Therefore, high-resolution TLS 

surveys were applied to coastal cliffs at enabling close-up views all over exposures’ extensions. 

Slicing the digital cliff into multiple sequential profiles of equal dimensions enhances the 

representative value of notch profiling. Along the coastline on local scale notch profile heterogeneity 

can be observed. Cliff collapse, fractional sections, and bedrock heterogeneity lead to significant 

deviations of notch profiling results (Kershaw and Guo, 2001) (e.g. Figure 4 Profiles 4 and 10). 

Hence, site selection and a representative number of profiles are essential for rigorous analysis. In 

conclusion, utilising TLS measurements in notch studies presents the opportunity to collect high 

resolution spatial data from exposures in a rectified manner, which is not possible using conventional 

tape measuring and photomosaic methods. 
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Abstract 

The joint application of benthic foraminifera, pollen and non-pollen palynomorphs 

(NPPs), molluscs and magnetic susceptibility analyses in Piraeus coastal plain 

deposits resulted in the detailed study of palaeoenvironmental evolution of the area 

during almost the last 9000 years and the distinction of five lithostratigraphical-

paleoenvironmental units and subunits. Combined results of our analyses features the 

occurrence of an inner lagoon (unit Aa) followed by an open lagoon (Unit Ab) 

depositional environment that was transformed to a shallow marine 

paleoenvironment with lagoonal features (Unit B) after 7800 BP. Since about 4800 

BP a closed oligohaline lagoon (Unit C) used for grazing, occurred in the area, while 

after 2800 BP a marshy oligohaline depositional environment (Unit D) and signs of 

intensive agricultural activities are evidenced. The very good correlation of benthic 

foraminiferal, palynological, molluscan and magnetic susceptibility data and resulted 

indices is indicative of the potential of the applied methodologies as a 

paleoenvironmental tool box. 

Keywords: benthic foraminifera, pollen, NPPs, molluscs, magnetic susceptibility, 

Holocene. 

Περίληψη 

Η μελέτη της λεπτομερούς παλαιοπεριβαλλοντικής εξέλιξης για τα τελευταία περίπου 

9000 χρόνια βασίστηκε σε ανάλυση των βενθονικών τρηματοφόρων, των γυρεόκοκκων 

και «άλλων» παλυνόμορφων, των μαλακίων και της μαγνητικής επιδεκτικότητας των 

αποθέσεων της παράκτιας πεδιάδας του Πειραιά. Διακρίθηκαν πέντε 

λιθοστρωματογραφικές-παλαιοπεριβαλλοντικές ενότητες και υποενότητες, στις οποίες 
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καταγράφετε η εξέλιξη της περιοχής από μία αρχικά κλειστή ολιγόαλη λιμνοθάλασσα 

(UnitAa) αρχικά σε μια ανοικτή (UnitAb) και στη συνέχεια, περίπου 7800 έτη πριν από 

σήμερα σε ένα ρηχό θαλάσσιο περιβάλλον (Unit B). Περίπου πριν από 4800 έτη πριν 

από σήμερα στην περιοχή υπήρχε μία ολιγόαλη λιμνοθάλασσα (Unit C), την οποία οι 

κάτοικοι της περιοχής χρησιμοποιούσαν ως βοσκότοπο, ενώ μετά το 2800 έτη πριν από 

σήμερα τα στοιχεία μας δηλώνουν την ύπαρξη ενός ολιγόαλου έλους (Unit D), αλλά και 

σημαντικές αγροτικές δραστηριότητες στην περιοχή. Η εξαιρετική συσχέτιση των 

αποτελεσμάτων των επιμέρους μεθόδων ανασύστασης του παλαιοπεριβάλλοντος που 

χρησιμοποιήθηκαν είναι ενδεικτική των δυνατοτήτων εφαρμογής τους ως μια 

συντονισμένη παλαιοπεριβαλλοντική εργαλειοθήκη. 

Λέξεις κλειδιά: βενθονικά τρηματοφόρα, γυρεόκοκκοι, άλλα παλυνόμορφα, μαλάκια, 

μαγνητική επιδεκτικότητα, Ολόκαινο. 

1. Introduction 

The sedimentary sequences deposited between the hill of Piraeus and the plain of Kephissos (Αttiki 

peninsula, Greece), comprise the Piraeus coastal plain (Figure 1). The main factors that feature in 

the evolution of the Piraeus coastal landscape have been described as the relative sea level rise in 

the Holocene due to the reaction to glacio-hydro-isostatic changes, the tectonic stability of the area 

documented by the relative absence of earthquakes during the last few thousand years, the low tidal 

range (±0.25-0.30m) and the progradation of the deltaic fan of the Kephissos river (Goiran et al., 

2011). The palaeoenvironmental interpretation suggested by Goiran et al. (2011), implies that 

between 6800 and 5400 yr cal. BP, Piraeus was an island in the centre of a shallow marine bay. Until 

~3500 yr cal. BP, a wide oligohaline lagoon separated the island of Piraeus from the mainland. This 

lagoon was filled in periodically by the deltaic fans of the Kephissos and Korydallos rivers. Piraeus 

became connected to the mainland after 3000 yr cal. BP and before the sixth century BC. 

 

Figure 1 - Location map of borehole P4 in Piraeus coastal plain, Attica (Goiran et al., 2011). 

In coastal marine and lagoonal environments where environmental stress is inherently high, benthic 

foraminifera are the most abundant shelled microorganisms representing one of the most sensitive 

environmental indicators (Murray, 2007). Changes in benthic faunal abundance, species 

composition provide evidence of fluctuation in several environmental factors and can therefore be 

used as an efficient method of determining the ecosystems conditions (e.g., Frontalini and Coccioni, 

2008; Koukousioura et al., 2011, 2012). In addition, changes in fossil benthic foraminifera, recorded 

by the study of coastal zone deposits, are a successful palaeontological tool for recording past sea-
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level changes and reconstructing detailed paleoclimatic and palaeoenvironmental conditions (e.g., 

Scott and Medioli, 1980; Carboni et al., 2010; Pavlopoulos et al., 2007, 2010; Triantaphyllou et al., 

2010; Koukousioura et al., 2012). 

Pollen analysis of coastal sediments considers the pollen input deriving from the vegetation of the 

entire river catchment, mixed together with the ‘‘local’’ component coming from the littoral 

vegetation (Bellini et al., 2009; Sadori et al., 2010), therefore the palaeovegetational reconstruction, 

not only relates to the local environment of the site but also to the entire south-eastern Attica basin 

(e.g., Kouli, 2012). The location of Piraeus coastal plain close to the City of Athens makes it an 

excellent opportunity of tracing human shaping of the plant landscape during Prehistory and in the 

Antiquity. 

In environmental magnetism, rock and mineral magnetic techniques are used to investigate the 

formation, transportation, deposition, and post depositional alterations of magnetic minerals under 

the influences of a wide range of environmental processes. All iron-bearing minerals are sensitive 

to a range of environmental processes, which makes magnetic measurements extremely useful for 

detecting signals associated with environmental processes (Liu et al., 2012). In particular, magnetic 

susceptibility measurements can be used as a rapid, simple and non-destructive proxy to indicate 

magnetic changes in the sediments corresponding to different depositional environments (Oldfield 

and Yu, 1994; Verosub and Roberts 1995; Dearing, 2000; Ghilardi et al., 2008; Yang et al., 2008; 

Wang et al., 2009). 

The present study aims to provide further interpretations concerning the paleoenvironmental 

evolution of the area of Piraeus coastal plain since about 9000 BP, with the combined use of 

micropaleontological studies of benthic foraminiferal assemblages, palynological and molluscan 

investigations and magnetic susceptibility of the underlying Late Holocene coastal deposits. 

2. Material and Methods 

Core P4 has been selected among ten rotational boreholes (10 cm in diameter) that were drilled in 

the Piraeus coastal plain; for core description, samplings and radiocarbon dating framework see 

Goiran et al. (2011). Core P4 samples (111 in total) were analysed for benthic foraminiferal content. 

Each sample (10 g dry weight) was treated with H2O2 to remove the organic matter, and subsequently 

washed through a 125 μm sieve, and dried at 70oC. A subset containing at least 200 benthic 

foraminifera for each sample was obtained using an Otto microsplitter. The microfauna have been 

identified under Leica APO S8 stereoscope. A scanning electron microscope analysis (SEM Jeol 

JSM 6360) has been used for taxonomical purposes. The number of specimens/gr of dry sediment 

and the relative abundances of benthic foraminiferal assemblages were calculated. Shannon-Wiener 

diversity index (Η΄) was calculated using the Past.exe 1.23 software package (Hammer et al., 2001). 

The use of the ratio between large (L) and small (S) Ammonia tests (A-index), A = 100 x L/S + L, 

is applied as a measure of size for Ammonia specimens that can support paleosalinity conditions 

(Koukousioura et al., 2012). 

Pollen analysis was performed on 52 samples from core P4, even though only in 28 of them the 

pollen concentration was sufficient to be included in the present study. All samples were spiked with 

known quantity of Lycopodium spores, chemically treated with HCl (37%), HF (40%), acetolysed 

and finally sieved over a 10 μm sieve, while residues were mounted in silicon oil. Pollen 

identifications were based on Beug’s (2004) key and Reille’s (1992-1998) atlas, while for the non-

pollen palynomorphs (NPPs) identification van Geel et al. (1989, 2003) were used. Pollen 

preservation was good while total pollen concentration ranges from 2700 to 32 grains/ gram of dry 

sediment. The samples with concentrations below 150 grains/ gram were considerate barren and 

excluded from this study. Percentage pollen diagram was constructed based on a pollen sum of 

regional pollen grains, excluding aquatic and hygrophilous pollen and spores. Riverine input has 

been calculated based on the sum of the erosion indicating NPPs type 207 and Pseudoschizaea. 
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Molluscan analysis was realized on 113 selected samples, washed into 125 μm sieve and oven dried 

at 70oC. The residue was elaborated under a Leica APO S8 stereoscope. All molluscs and fragments 

were identified and counted in a semi-quantitative approach. 

A total of 128 samples from core P4 have been used for magnetic susceptibility analysis. All samples 

were sieved in order to remove all the impurities and packed in cylindrical plastic boxes (2x2x2 cm). 

The laboratory measurements of the volume-specific magnetic susceptibility (κ, SI units) have been 

performed using the Bartington MS2B sensor at low frequency (0.465 kHz). Our samples were 

weighed before the measurements therefore all the results are expressed as mass-specific magnetic 

susceptibility (χ, 10-8 m3/kg). Every sample was measured at least 3 times and the average value 

considered as the final one for the sample. Two air measurements before and after the sample’s 

measurement have been performed in all samples. 

3. Results and Discussion 

The results of the present study enable us to analyze in detail the paleoenvironmental units described 

by Goiran et al. (2011), in the Piraeus coastal plain. Our combined multiproxy analysis resulted to 

the subdivision of Unit A (lagoonal environment with mesohaline-oligohaline conditions; ~8700-

7800 cal BP) of Goiran et al. (2011), into two subunits (Unit Aa and Unit Ab; Figs. 2-4). In particular, 

in between 17-12 m core depth (Unit Aa), benthic foraminiferal analysis revealed the dominance of 

Ammonia tepida (>50%, sometimes up to almost 100% of the assemblage; Figure 2), together with 

increased presence of Haynesina germanica (reaching occasionally 60%; Figure 2). A. tepida is 

reflecting a wide range of salinity and temperature in near-shore environments; shallow marine, 

lagoonal and deltaic zones (Jorissen, 1988; Almoghi-Labin et al., 1992; Melis and Violanti, 2006; 

Frontalini et al., 2009). H. germanica is a species tolerant to restricted conditions (Alve and Murray, 

1994; Debenay and Guillou, 2002). This assemblage is featuring mesohaline to oligohaline biofacies 

in modern closed lagoons of the Aegean area (e.g., Koukousioura et al., 2012; Dimiza et al., 2015). 

Molluscan assemblages consist mainly of Cerastoderma glaucum (small sized and juvenile forms), 

Abra spp. and few Hydrobiidae, revealing a typical lagoonal environment (Nicolaidou et al., 1988; 

Kevrekidis et al., 1996).Similar assemblages feature meso-ologohaline conditions in several Aegean 

coastal plains (e.g., Triantaphyllou et al., 2003; Evelpidou et al., 2010; Goiran et al., 2011; Syrides, 

2008) and define inner lagoon environment (e.g., Carboni et al., 2010; Koukousioura et al., 2012). 

The interval from 12 to 11 m core depth (Unit Ab) is featured by the high abundance of A. tepida 

(generally higher than 70%), accompanied by the presence of Elphidium gunteri and Aubignyna 

perlucida (up to 20%), a typical species of estuarine and shallow marine environments (e.g., Carboni 

et al., 2010; Evelpidou et al., 2010). Overall similar foraminiferal assemblages have been 

characterized as open lagoon environments (e.g., Carboni et al., 2010; Koukousioura et al., 2012). 

In agreement, mollusc fauna presents similar species with Unit Aa, but considerably richer in 

abundance, representing a lagoonal environment possibly due to a better communication with the 

sea. Within Unit A, the occurrence of diverse dinoflagellate cysts and foraminifera linnings (Figure 

3) is the palynological evidence of the marine influence on the deposits (Kouli et al., 2009). In 

addition, Pseudoschizaea and type 207 are indicators of soil erosion and increased riverine runoff 

(Figure 3), which together with the high values of magnetic susceptibility (mean ~40 x10-8 m3/kg) 

between 12 m depth and the bottom of the core, imply increased fresh water input in the depositional 

environment, thus supporting the closed lagoon paleoenvironmental conditions (Ghilardi et al., 2008; 

Liu et al., 2012). The lower values of magnetic susceptibility within Unit Ab (12-9.5 m core depth) 

in respect to Unit Aa, point to higher marine influence associated with open lagoon 

paleoenvironmental conditions. Despite the generally low pollen concentrations of the deposits, 

which resulted in a fragmented record, spectra of P4 denote the occurrence of an open mosaic plant 

landscape with a big diversity of herb taxa (Figure 3).  
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Figure 2 - Foraminiferal relative abundances of borehole P4. 
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Figure 3 - Selected pollen types and NPPs percentage diagram of borehole P4. 
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Figure 4 - Magnetic susceptibility, benthic foraminiferal indices and palynomorph-based riverine input estimations of borehole P4. 
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Abies shows a profound short-lived peak that coincides with an increase in Artemisia abundances 

during Unit Aa in-between 15 and 14 m depth that may be related to a climatic deterioration event 

during the lower Holocene. Arboreal vegetation (AP), being in general ~30% of the pollen content, 

with Pinus being the most common tree taxa, followed by deciduous Quercus, exhibits significantly 

increased abundances during the middle part of Unit A, in-between 14 and 13 m. Throughout Unit 

A that corresponds to the Prokeramic to Early Neolithic period, there are no clear indications about 

human impact on vegetation. Nevertheless the increase of Cerealia-type towards the upper part of 

the Unit may be the signal of first farming communities in the area. 

Benthic foraminiferal assemblages of Unit B (9.5-6.5 m core depth) consist mainly of marine 

foraminiferal species (e.g., Rosalina bradyi, Bolivina dilatata, Peneroplis pertusus, Elphidium 

complanatum; Figure 2), increased foraminiferal diversity and high values of A-index (Figure 4). In 

addition, miliolids (Quinqueloculina berthelotiana, Q. seminula) featuring the infralittoral and upper 

circalittoral zones (e.g., Sgarrella and Moncharmont Zei, 1993), consist an important fraction of the 

assemblage together with specimens of planktonic foraminiferal species (Figure 2). However, the 

presence of euryhaline species such as H. depressula, A. tepida suggests a shallow marine 

palaeoenvironment which also exhibits lagoonal features. Mollusc fauna, represented mainly of 

Cerithiidae, Bittium sp., Alvania/Rissoa spp. and Tricolia sp. indicates a shallow marine 

environment (Syrides, 2008), but the intense presence of C. glaucum suggests lagoonal features, 

confirming the foraminiferal findings. In this period Piraeus was an island in the center of a wide 

shallow marine bay (Goiran et al., 2011). Magnetic susceptibility values within Unit B are low; 

especially in the layer from 5.5 to 8.5m the lower values of the core (~1 x10-8 m3/kg) are observed, 

indicating the presence of marine deposits, in accordance with the foraminiferal proxies. 

The microfaunal content of Unit C (6.5-4 m core depth) reveals the relative increase of A. tepida 

and H. depressula, along with Q. seminula (Figure 2), while molluscan fauna consists of C. glaucum, 

Abra spp. and numerous Hydrobiidae, suggesting closed lagoon paleoenvironmental conditions, 

which are supported by the relatively increased magnetic susceptibility values (Figure 4). According 

to Goiran et al., (2011), a wide lagoon became established in this period that was separated from the 

sea by beach barriers. This oligohaline closed lagoon, featured in pollen diagrams by expansion of 

the Chenopodiaceae halophytes (Figure 3), was used for grazing, as indicated by the coprophilous 

fungal remains of Sordaria and parasites. Asteraceae, Poaceae and Chenopodiaceae are the most 

common non arboreal taxa, with the latter being the dominant feature of Unit C. The human presence 

is inevitably detected since Unit C (Early Bronze Age) by the increase of cultivars like Cerealia-

type and Olea. 

Within Unit D (the upper 4m of the core P4; younger than 2800 yr cal BP, Goiran et al., 2011), the 

microfauna is characterized by the slight presence of Ammonia and Haynesina and molluscs are 

totally absent, indicating a marshy oligohaline palaeoenvironment. Magnetic susceptibility shows 

the higher values of the whole core reaching the maximum of 100 x10-8 m3/kg, thus implying the 

intense impact of fresh water input (Ghilardi et al., 2008). This is also supported by the maximum 

values of the palynomorph based riverine input estimation (Figure 4). Furthermore the occurrence 

of numerous fresh water algae of Pediastrum and Mougeotia (Figure 3) is indicative of the fresh 

water depositional environment within Unit D. Both cultivation and pastoral activities appear 

intensified during Unit D (Geometric-Classical times). Especially Olea seems to have become a 

significant cultivar in the area during the Antiquity. 

4. Conclusions 

Our multiproxy interpretation of Piraeus coastal plain paleoenvironmental evolution during the last 

8700 cal BP, suggests a very good correlation of benthic foraminiferal results with the palynological 

and mollusc analysis and magnetic susceptibility data. Thus, the combination of all three methods 

and resulted indices has the potential to get established as a very promising paleoenvironmental tool 

box. 
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Abstract 

On November 17, 2015 a strong, shallow earthquake, Mw 6.5, occurred on the island 

of Lefkada along a strike-slip fault with right-lateral sense of slip. The event triggered 

widespread environmental effects that were mainly reported at the south and western 

part of the island while moving towards the eastern part, the intensity and severity of 

these earthquake-induced deformations were decreased. Relocation of seismicity and 

inversion of geodetic data suggests that the seismic fault runs parallel to the west 

coast of Lefkada, along the Aegean - Apulia plate boundary. The earthquake 

measured Mw=6.5 using the PGD relation of Melgar et al (2015, GRL). The fault 

plane strikes N20±5°E and dips to east with an angle of about 70±5 degrees. 

Coseismic deformation was measured in the order of tens of centimeters of horizontal 

motion by continuous GPS stations of NOANET (the NOA GPS network) and by 

InSAR (Sentinel 1A image pairs). Released interferograms from various groups show 

a large decorrelation area that extends almost along all the western coast of Lefkada, 

observation which provides strong support of landsliding. A coseismic slip model was 

produced from inversion of the ascending InSAR. We have not observed significant 

vertical motion of the shoreline and this is consistent with the predictions of the model. 

Keywords: Greece, Satellite, GPS, Lefkada. 

1. Tectonic setting 

Lefkada (Ionian Sea, Greece) is considered as among the most active tectonic areas in Europe and 

one of the most active zones in the eastern Mediterranean region. Lefkada has been repeatedly 

subjected to strong ground shaking due to the proximity of the island to 140-km long CTF 

(Cephalonia Transform Fault; Fig. 1, Louvari et al., 1999; Sachpazi et al., 2000). The most recent 

strong earthquake, with magnitude of Mw 6.2, occurred on August 14, 2003 offshore the western 

coast of Lefkada Island, causing severe damages around the whole island (Papadopoulos et al., 2003; 

Karakostas et al. 2004; Papathanassiou et al., 2005). Pavlides et al. (2004) assumed a division of 

mailto:aganas@noa.gr
mailto:briole@ens.fr
mailto:dmelgar@berkeley.edu
mailto:georgebozionelos@gmail.com
mailto:valkaniotis@yahoo.com
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40-km long Lefkada segment of CTF into two smaller segments separated by Sesoula Islet - 

westward of Lefkada, striking at NNE-SSW to NE-SW and behaving rather independently in terms 

of seismic reactivation. The northern limit of Lefkada segment of CTF is constrained by a thrust 

solution of the November 4, 1973 earthquake with M = 5.8 (Baker et al., 1997), offshore the 

northwest coast of Lefkada island. 

In terms of surface geology, Lefkada is built with sedimentary rocks (mainly carbonates) that belong 

to the so-called external Hellenides (Jacobshagen, 1979). In particular, the boundary between the 

two different geological zones - Ionian and Paxos, runs through this region and outcrops onshore 

Lefkada Island, forming the noteworthy Ionian Thrust. The main part of the island is consisted of a 

carbonate sequence of the Ionian zone, while the SW part of the island consists of limestone of Paxos 

geological zone (Bornovas, 1964). Detailed field observations on South Lefkada (Cushing M, 1985; 

Lekkas et al., 2001; Rondoyanni et al., 2012), showed several active and neotectonic faults striking 

N-S and NE-SW, of which the most important can be considered the Athani fault. This is a NNE-

SSW-striking fault, very well expressed in the region’s morphology and marked on satellite images 

and aerial photos. 

2. The 17 November 2015 earthquake 

On November 17, 2015, 07:10 GMT (09:10 local time) central Ionian Sea was struck by a strong, 

shallow earthquake (NOA magnitudes ML6.0-Mw 6.4 respectively; depth 11 km). Based on 

published Moment Tensor solutions this earthquake occurred on a near-vertical strike-slip fault 

running along Lefkada’s western coast, with dextral sense of motion in response to ENE-WSW 

horizontal strain in central Ionian Sea (Ganas et al., 2013). The earthquake ruptured a coastal fault, 

in contrast to the 2014 events that occurred on dextral strike-slip faults on shore Cephalonia 

(Valkaniotis et al., 2014; Boncori et al., 2015). 1038 revised NOA aftershock solutions from the 

period November. 17-December 17, 2015 are plotted in Figure 2. It is evident a general N-S 

arrangement of aftershocks with two main clusters: one in central Lefkada (Northern cluster) with 

shallower hypocentres and one in offshore area between Lefkada - Cephalonia (southern cluster). 

The clusters are possibly formed by Coulomb stress changes on either end of the rupture. Following 

the earthquake released interferograms from various groups show a large decorrelation area that 

extends almost along all the western coast of Lefkada, which is known for the existence of numerous 

landslides (Papathanassiou et al., 2013). This InSAR observation provides strong evidence of 

landsliding, rock falls etc. We also found extensive landslides during field work and no surface 

ruptures. 

3. Satellite Geodesy Data 

The National Observatory of Athens during the last 10 years has established several permanent GPS 

stations in central and western Greece in order to monitor the tectonic motion (Ganas et al., 2008, 

2011). In western Greece there are six stations that operate since early 2006 - mid 2007 (VLSM, 

RLSO, PONT, SPAN, KASI, KIPO; see www.gein.noa.gr/gps.html for network map and site logs). 

Ganas et al. (2013) presented results showing N-S crustal shortening onshore Lefkada Island of the 

order of 2-3 mm/yr, which the authors evaluated as “is probably related to increased locking on the 

offshore Lefkada fault” implying pre-seismic deformation. This paper presents results from data 

provided by two (2) permanent GPS stations onshore Lefkada (SPAN and PONT) and one station 

in Cephalonia (VLSM). Our results include: time series of 1-s positions for stations SPAN, PONT 

(Figure 2) and static offset estimates (Table 1) due to seismic motion of Nov. 17. 2015 event.  

http://www.gein.noa.gr/gps.html
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Figure 1 - The 17th November 2015 Lefkada earthquake (yellow star) and aftershock 

epicentres recorded by National Observatory of Athens (NOA) until Dec. 17, 2015. Dextral 

faults along the Cephalonia-Lefkada Transform boundary are shown as black lines. The 

seismic fault is shown by the yellow rectangle (surface projection). 

Table 1 - List of NOANET stations with measured co-seismic offsets due to seismic motion. 

Station info can be seen at www.gein.noa.gr/gps.html. 

Station dE (mm) dN (mm) dUP (mm) 

PONT -201 -365 -65 

SPAN -59 -45 -3 

VLSM -4 -12 -4 

http://www.gein.noa.gr/gps.html
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Figure 2 - Graph showing static offsets of NOA station PONT (South Lefkada). Each time 

series shows the time window in which the average position (and the relative standard 

deviation) before and after the event have been computed. X-axis is time (s), Y-axis is 

displacement (cm). 

The PGD magnitude of this event (as defined in Melgar et al., 2015; Figure 3) equals to Mw=6.5 a

nd it works exceedingly well in this case thanks to the proximity of the permanent GPS stations to 

the epicentre. First estimate is at only 5s after origin time. The measurement stabilizes after 20-s. N

eglecting data from the vertical components provides a more stable solution, however both solution

s are quite good. 

A preliminary modellling of the co-seismic displacements at the NOA stations VLSM (Cephalonia), 

PONT and SPAN (Lefkada) together with LOS displacements from SAR interferometry (Sentinel 

1A image pair) gives the following parameters for the fault, listed in Table 2. The main 

differences/improvements (constrained by InSAR) are: a) azimuth N18°E instead of N25°E, and 

thus more consistent with the Aug. 14, 2003 M=6.2 event b) this was very shallow event, this is a 

consequence of the high value of the GPS offset at PONT (further confirmed by the large number 

of fringes). 

The seismic moment from this geodetic model is 9.07 × 1018 Nm (intermediate between CMT and 

GEOSCOPE) but double that of NOA (4.4 × 1018 Nm). The Sentinel-1A fringe pattern provided by 

ESA (Michael Foumelis), HUA (I. Parcharidis) and BEYOND (H. Kontoes; http://beyond-

eocenter.eu/) teams is, at the first order, compatible with this fault model. The fault is very close to 

the west shore of Lefkada. 

http://beyond-eocenter.eu/
http://beyond-eocenter.eu/
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Figure 3 - Plot showing the estimated moment magnitude (Mw=6.5) from the high-rate GPS 

as a function of time with uncertainties. 

Table 2 - Parameters of the seismic fault determined from inversion of geodetic data. 

Seismic Fault Parameter Value 

Fault length (km) 21 

Fault width (km) 10 

Fault Dip angle (degrees) 73 

Azimuth (clockwise from North – degrees) 18 

Fault Slip (m) 1.44 

Centre of upper edge of the fault (UTM East, North) 458000, 4271600 

Top of the fault (m) 150 

A coseismic slip model was produced from the ascending InSAR (Sentinel 1A image pair; Figure 

4), which it’s cleaner than the GPS only and both data sets have ~90% variance reduction. A hostin

g fault plane of N20°E and dip-angle of 65° was used. The inversion shows that highest slip occurr

ed to the south of the epicentre and near the surface (depths 0-5 km; Figure 4). The highest amount

 of slip reached 2.0 m about 15 km south of the epicentre. The relocated aftershocks are distributed

 around the high-slip areas. 
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Figure 4 - Along strike view of co-seismic slip distribution (preliminary model). Black dots 

are relocated aftershocks. 

According to the model obtained with the GPS vectors, the maximum land subsidence is 60 mm in

 the Vassiliki harbor. Along the west coast of Lefkada the expected vertical displacement ranges be

tween -30 and +16 mm, and the northern coast of Cephalonia, near the southern end of the fault mi

ght have been uplifted by 10 cm according to the model (constrained by the InSAR fringes observe

d in Cephalonia). 

4.  Discussion – Conclusions 

The main conclusions are: 

a) On 17th November 2015 a shallow Mw=6.5 event occurred along a strike-slip fault with 

right-lateral sense of slip. Relocation of seismicity and inversion of geodetic data suggests 

that the seismic fault runs parallel to the west coast of Lefkada, along the Aegean - Apulia 

plate boundary. 

b) The inversion of geodetic data suggests that the upper part of the fault is offshore very close 

to the coast, and at very shallow depth (0.5±0.5 km), as constrained by the azimuth and 

amplitude of the ground motion at NOA GPS stations and InSAR Sentinel 1A observations 

(ascending orbit). The fault plane strikes N20±5°E and dips to east with an angle of about 

70±5 degrees. 

c)  Environmental effects include liquefaction, extensive rock falls and landslides. No surface 

ruptures were found in the field. Road cracks are interpreted as secondary phenomena of 

gravitational nature induced by ground shaking. 

d) We have not observed significant vertical motion of the shoreline and this is consistent with 

the predictions of the model. 
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Abstract 

On Tuesday, November 17, 2015 at 07:10:07 (UTC) a strong earthquake struck 

Lefkas Island (Ionian Sea, Western Greece) with magnitude Mw 6.4, depth of about 7 

km and epicenter located 20 km southwest of Lefkas town. The seismic activity in the 

region was essentially expected after the 2003 Lefkas earthquake and the 2014 

Cephalonia earthquakes. Between these earthquake affected areas, the tectonic 

stresses were not released after the 1948 Lefkas earthquakes. Instead, they were 

intensifying and accumulating until the generation of the 2015 event. It was felt in 

Lefkas and the surrounding region and caused the death of 2 people, the injury of 8 

others, earthquake environmental effects (EEE) and damage to buildings and 

infrastructure. Secondary EEE were observed in western Lefkas and included ground 

cracks, slope movements and liquefaction. Primary effects were not detected in the 

field. Buildings damage were mainly observed in villages of Dragano-Athani graben 

in southwestern Lefkas. Among structures constructed with no seismic provisions, the 

stone masonry buildings and monumental structures suffered most damage, while the 

traditional buildings with dual structural system performed relatively well. 

Reinforced-concrete buildings were affected not so much by the earthquake itself but 

by the generation of secondary effects. 

Keywords: Ionian Islands, strike-slip earthquake, active tectonics, earthquake 

environmental effects, earthquake-induced building damage. 

Περίληψη 

Την Τρίτη 17 Νοεμβρίου 2015 στις 09:10:07 (τοπική ώρα) εκδηλώθηκε σφοδρή 

σεισμική δόνηση μεγέθους Mw 6.4, βάθους περί τα 7χλμ και με επίκεντρο σε απόσταση 

20 χλμ νοτιοδυτικά της πόλης της Λευκάδας. Η σεισμική δραστηριότητα στην περιοχή 

ήταν ουσιαστικά αναμενόμενη σε μεσοπρόθεσμη κλίμακα μετά τον σεισμό της Λευκάδας 

το 2003 και τους σεισμούς της Κεφαλονιάς το 2014. Στον ενδιάμεσο χώρο οι 

γεωτεκτονικές δυνάμεις δεν είχαν εκτονωθεί μετά τους σεισμούς του 1948 με 

αποτέλεσμα την εκδήλωση του πρόσφατου σεισμού, που έγινε αισθητός σε όλη τη 

Λευκάδα και την ευρύτερη περιοχή προκαλώντας το θάνατο 2 και τον τραυματισμό 8 

κατοίκων, εκτεταμένες δευτερογενείς επιπτώσεις στο περιβάλλον και βλάβες στα κτίρια 

και τις υποδομές του νησιού. Οι δευτερογενείς επιπτώσεις στη δυτική Λευκάδα 

διακρίθηκαν σε εδαφικές ρωγμές, αστοχίες πρανών και ρευστοποίηση. Πρωτογενείς 

επιπτώσεις δεν παρατηρήθηκαν. Κτιριακές βλάβες σημειώθηκαν κυρίως σε οικισμούς 

mailto:elekkas@uoa.gr
mailto:smavroulis@geol.uoa.gr
mailto:valexoudi@geol.uoa.gr
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στο βύθισμα Δράγανου-Αθάνιου στη νοτιοδυτική Λευκάδα. Από τα κτίρια, που έχουν 

κατασκευαστεί χωρίς αντισεισμικό σχεδιασµό, τα πετρόκτιστα κτίρια και οι ιστορικές 

και μνημειακές κατασκευές υπέστησαν τις σοβαρότερες βλάβες, ενώ τα παραδοσιακά 

κτίρια με διπλό δομικό σύστημα ανάληψης φορτίων συμπεριφέρθηκαν ικανοποιητικά. 

Τα κτίρια με οπλισμένο σκυρόδεμα επηρεάστηκαν όχι τόσο από το σεισμό αλλά από τις 

δευτερογενείς επιπτώσεις του στο περιβάλλον. 

Λέξεις κλειδιά: Ιόνια νησιά, σεισμός οριζόντιας ολίσθησης, ενεργός τεκτονική, 

σεισμικές περιβαλλοντικές επιπτώσεις, σεισμικές βλάβες κτιρίων. 

1. Introduction 

In the morning of November 17, 2015 (07:10:14.6 UTC; 09:10 local time), an earthquake occurred 

in Lefkas Island (Ionian Sea, western Greece) (Fig. 1). It was assessed as Mw 6.4 (NOA, GFZ, 

UPSL, INGV) or Mw 6.5 (USGS, GCMT). It was felt predominantly on the western part of Lefkas 

and throughout the Ionian Islands, the western continental Greece and Peloponnese. It caused the 

death of 2 people and the injury of 8 others. Based on preliminary data provided by GCMT, INGV, 

USGS, IPGP and NOAGI, the epicenter is located in the western offshore area of Lefkas, while 

according to UPSL, AUTH and GFZ the epicenter is located in the western onshore part of Lefkas. 

Based on preliminary data provided by national and international seismological institutes (GCMT, 

USGS, INGV, UPSL, AUTH, GFZ, NOAGI, IPGP) the main shock is consistently located at depths 

of 7-15 km and the fault plane solutions demonstrate a NNE-SSW striking dextral strike-slip seismic 

fault with a reverse component that dips east at a high angle (Fig. 1). The main shock has been 

followed by a magnitude 5.1 earthquake at 08:33:40.8 UTC (10:33 local time) with its focus located 

at 38.65°N, 20.56°E at depth of 9 km (NOAGI). Western Lefkas suffered the most damage induced 

by the earthquake in the natural environment, the building stock and infrastructure. The earthquake 

environmental effects and building damage were mapped during our field reconnaissance in Lefkas 

Island immediately after the earthquake and are presented here. 

2. Geodynamic setting 

The island of Lefkas is located in the central part of the Ionian Sea (western Greece) (Fig. 1a) which 

is one of the most seismically active parts in the Mediterranean region (Makropoulos and Burton, 

1984) with high seismicity rate and earthquake magnitudes up to 7.4 (Papazachos, 1990; Louvari et 

al., 1999). Thus, Lefkas belongs to the third zone (zone III) in the Seismic Hazard Map of Greece 

(EPPO, 2003) with a design ground acceleration of 0.36 g, which is the highest for Greece. The 

primary tectonic structure affecting the area is the Cephalonia Transform Fault Zone (CTFZ in Fig. 

1). Seismological data indicate dextral strike-slip focal mechanisms (Scordilis et al., 1985; Anderson 

and Jackson, 1987; Jackson and McKenzie, 1988; Papadimitriou, 1993; Papazachos and Kiratzi, 

1996), which is in agreement with geodetic GPS data revealing dextral strike-slip motion of 3 

cm/year (Cocard et al., 1999; Jenny et al., 2004). The CTFZ is composed of two segments; the 

Lefkas segment (LS in Fig. 1b) to the north located west of Lefkas Island and the Cephalonia 

segment (CS in Fig. 1b) to the south located west of Cephalonia Island (Scordilis et al., 1985; Kiratzi 

and Langston, 1991; Louvari et al., 1999). The LS extends with a length of about 40 km from the 

northwestern offshore part of Lefkas to the northern offshore part of Cephalonia Island (Fig. 1b). It 

strikes in a NE-SW direction (Fig. 1b), dips to the ESE and is characterized by a dextral strike-slip 

motion combined with a small thrust component involved in the movement. The CS occurs with a 

length of about 90 km close to the western offshore part of Cephalonia. The CTFZ plays a key role 

in the region’s geodynamic complexity (Sorel, 1976; Mercier et al., 1987; Taymaz et al., 1991; Le 

Pichon et al., 1995; Papazachos and Kiratzi, 1996; Louvari et al., 1999) The CTFZ connects the 

subduction boundary to the south to the continental collision between the Apulian microplate and 

the Hellenic foreland to the north. It also separates the slowly northward and northwestward moving 

(5 mm/year with respect to Eurasia) northern Ionian Islands from the rapidly southwestward moving 
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(6-30 mm/year) central Ionian Islands (Anzidei et al., 1996; Hollenstein et al. 2006, 2008) and, 

therefore, represents a major boundary of the kinematic field in Greece. 

 

Figure 1 - (a) Structural sketch of the Hellenic Arc showing the location of Lefkas Island at 

the northwesternmost part of the Hellenic Arc [after Mariolakos and Papanikolaou (1981, 

1987), modified], (b) The epicenter of the 2015 Lefkas earthquake, its fault plane solution 

and its aftershocks sequence from November 17 to December 1 2015 based on earthquake 

catalogues provided by AUTH (2015). Two distinct clusters are clearly defined by the 

aftershocks distribution: the northern cluster located in a distance of about 5 km from the 

epicenter of the main shock and the southern located in a distance of about 15 km southwest 

of the epicenter of the main shock. 

Lefkas comprises (a) alpine formations that belong to Ionian and Paxoi (Pre-Apulian) geotectonic 

units, (b) molassic formations and (c) recent deposits that lie unconformably on the previous 

formations (Renz, 1955; Bornovas, 1964; BP, 1971; Lekkas et al., 1999, 2001; Rondoyanni 1997; 

Triantafyllou, 2010; Rondoyanni et al., 2012) (Fig. 2a). The largest part of Lefkas belongs to the 

Ionian unit, while only the southwestern part of the island and more specifically Lefkata peninsula 

comprises Paxoi formations (Fig. 2a). Ionian unit is composed of the Triassic evaporites, the Upper 

Triassic - Upper Cretaceous carbonate sequence and the Oligocene - Lower Miocene flysch 

sediments (Bornovas, 1964; IGRS-IFP, 1966). The Ionian unit is considered to be the para-

autochthonous unit of Lefkas. Its western boundary is the west-directed Ionian overthrust onto Paxoi 

unit (Aubouin, 1959; Jacobshagen, 1986) (Fig. 2a). Paxoi unit is the most external unit of the 

Hellenides originated from the western external part of the huge External Carbonate Platform of the 

Hellenides (Papanikolaou et al., 2004). From the stratigraphic point of view, Paxoi unit constitutes 

a neritic carbonate platform from Jurassic to Miocene (Bornovas, 1964; BP, 1971; Rondoyanni, 

1997; Lekkas et al., 1999, 2001). Marly formations and turbiditic limestones were formed during 

Early Miocene (Aquitanian). Moreover, clays and marls were deposited in Burdigalian and in 

Middle Miocene and it is therefore generally accepted that Paxoi unit lacks the typical flysch 

sedimentation of the other geotectonic units of the H1 terrane. Paxoi formations are observed in the 

central- and south-western part of Lefkas and extends eastwards under the Ionian formations (BP 

Co, 1971) (Fig. 2a). The molassic formations of Lefkas comprise mostly marine Aquitanian-

Tortonian (Bornovas, 1964; Lekkas et al., 2001) marls, bioclastic limestones, conglomerates and 

sandstones that are unconformably overlying the deformed Ionian formations and few outcrops of 

Ionian flysch turbidites (Cushing, 1985; Rondoyanni, 1997; Triantafyllou, 2010). Molassic 
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formations can be seen in northeastern Lefkas, especially in the areas of Karya, Lazarata and 

Katouna villages, in the area north of Nydri and in southern Lefkas in a narrow elongated zone 

between Vassiliki and Nydri villages (Fig. 2a). Smaller outcrops are observed in the central part of 

Lefkas (Fig. 2a). The transgressive formations of this sequence observed northeast of Vassiliki 

village have been affected by the tangential (horizontal) tectonic movements that took place on the 

island. This fact allows the consideration of the above sequence as molasse. The recent formations 

of Lefkas are Quaternary deposits uncomformably overlying its alpine and molassic formations. 

They comprise lagoonal deposits, alluvial deposits, scree, talus cones, terra rossa and coastal 

deposits. Extensive occurrences of recent formations are the alluvial deposits in the areas of Lefkas 

town, Nydri and Vassiliki villages and the lagoonal deposits in the area around Lefkas Lagoon and 

Vlicho Bay (Fig. 2a). 

The current geodynamic setting has been established on Lefkas Island after the completion of 

tangential movements and prevails throughout Pliocene - Quaternary times. It is expressed by a 

dense net of faults crossing not only the alpine formations of the Ionian and Paxoi geotectonic units 

but also the unconformably overlying formations. This net of faults created a complex system of 

independent fault blocks which are the following: 

(a) The neotectonic unit of Lefkas town (unit 1 in Fig. 2b) is a graben located in the northeastern part of 

the island where Lefkas town is situated. It is a wide almost flat area comprising Quaternary formations 

and especially alluvial deposits unconformably covering the underlying marine and lagoonal formations. 

It is bounded to the south by the Frini-Apolpaena fault zone (FAFZ in Fig. 2a, 2b). 

(b) Tsoukalades-Katouna neotectonic unit (unit 2 in Fig. 2b) is a horst located south of the previous 

neotectonic unit of Lefkas town. It is composed of Ionian carbonates in its western part and molassic 

formations and recent deposits in its eastern part. It is bounded to the north by the Frini-Apolpaena 

fault zone, to the south by the Pigadisanoi-Fraxi fault zone (PFFZ in Fig. 2a, 2b) and to the west by 

the Tsoukalades-Agios Nikitas fault zone (TANFZ in Fig. 2a, 2b) along the western coastal margin 

of the unit. The Pigadisanoi-Fraxi fault zone comprises NW-SE striking faults that also suggest 

significant horizontal component in the movement, while the Tsoukalades-Agios Nikitas fault zone 

comprises N-S and NE-SW striking faults. The uplift movements of this neotectonic unit have 

resulted in remarkable incision in gorges of Tsoukalades area occurred in the westen part of the horst. 

Marine and coastal breccia and conglomerates of Upper Miocene (Bornovas, 1964) or Early 

Pliocene (IFP-IGEY, 1966) age occurred in the eastern part of this unit, few meters above sea level 

and they are indicative of these uplift movements (Lekkas et al., 1999, 2001). 

(c) Agios Nikitas neotectonic unit (unit 3 in Fig. 2b) is a small horst located in the northwestern part 

of the island. It comprises Ionian carbonates and it is bounded to the east by the Agios Nikitas fault 

zone and to the west by an almost N-S striking fault zone parallel to the coast. 

(d) Drymonas neotectonic unit (unit 4 in Fig. 2b) located east of Agios Nikitas neotectonic unit is 

composed of Ionian carbonates, cherts and schists as wells as recent deposits and especially scree 

along its eastern margin. It is bounded to the west by the Agios Nikitas fault zone, to the east by the 

N-S striking Drymonas fault zone (DFZ in Fig. 2a, 2b) and to south by the NW-SE striking 

Kalamitsi-Exantheia fault zone (KEFZ in Fig. 2a, 2b). 

(e) Mega Oros - Skaroi neotectonic unit (unit 5 in Fig. 2b) located east of Drymonas neotectonic 

unit consists of Ionian formations including the carbonate sequence, cherts and schists and the flysch 

sequence as well as recent deposits including alluvial deposits and terra rossa. It is bounded to the 

north by the NW-SE striking Pigadisanoi-Fraxi fault zone and to the south by the NE-SW striking 

Sivros-Nidri fault zone (SNFZ in Fig. 2a, 2b). This neotectonic unit constitutes a structurally 

complex macrostructure due to the fact that it is crossed by numerous mainly N-S and NE-SW 

striking faults resulting in smaller blocks characterized by different relative movements. 

(f) Vlicho - Poros neotectonic unit (unit 6 in Fig. 2b) located in the southeastern part of the island 

includes Ionian carbonates and flysch, molassic formations and recent deposits including alluvial 
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deposits and scree. It is bounded to the northwest by the NE-SW striking Sivros - Nidri fault zone 

and to the southeast by the NW-SE striking Syvota - Sivros fault zone (SSFZ in Fig. 2a, 2b). This 

unit can be also divided into smaller fault blocks with different relative movements, namely the 

Lainaki mountain and the Vlicho and Poros peninsulas (LMT, VP and PP in Fig. 2b respectively). 

(g) Vassiliki neotectonic unit (unit 7 in Fig. 2b) located in the southern-central part of the island is 

composed of Ionian carbonates and flysch, molasse and alluvial deposits. It is bounded to the 

northwest by the NE-SW striking Vassiliki fault zone (VAFZ in Fig. 2a, 2b) which is the 

southwestern prolongation of the Sivros-Nidri fault zone and to the northeast by the NW-SE striking 

Syvota-Sivros fault zone. This unit is also divided into smaller units like the Maradochori-Achrada 

unit, Sikero unit and Lipsopyrgos peninsula (MAU, SU, LP in Fig. 2a, 2b respectively).  

(h) Lefkata neotectonic unit (unit 8 in Fig. 2b) located in the southwestern part of the island comprises 

Jurassic-Miocene limestones and Miocene marls of Paxoi unit as well as scree. It is bounded to the 

north by the NW-SE striking Kalamitsi-Exantheia fault zone and the Ionian overthrust onto Paxoi unit, 

to the east by the NE-SW striking Vassiliki fault zone and to the west by the dextral strike-slip Athani 

fault zone (AFZ in Fig. 2a, 2b). It also comprises smaller units such as the Dragano-Athani graben 

which is bounded to the west and east by NNE-SSW striking faults (Fig. 2a, 2b). 

3. Earthquake environmental effects 

3.1. Ground cracks 

The ground cracks induced by the 2015 Lefkas earthquake are classified as secondary earthquake 

environmental effects induced by the ground shaking. They were mostly observed on paved asphalt 

roads constructed in areas comprising mainly Upper Cretaceous limestones of Paxoi unit and 

secondarily Miocene marls of Paxoi unit, molassic formations and Upper Triassic - Lower Jurassic 

limestones of Ionian unit. In general, their length ranged from 5 to 10 m and their width was up to 1 

cm and they were observed close to active faults, geotechnically unstable zones and the Ionian 

overthrust onto Paxoi unit. They accompanied by extensive damage to road network and limited 

damage to adjacent structures such as retaining walls and house perimeter stone or concrete walls. 

They were observed at various strikes: N15°E striking ground cracks in the western part of 

Tsoukalades-Katouna unit, N35°-60°E, N90°-110°E (Fig. 3a), N130°-145°E striking ground cracks 

in Dragano-Athani graben, N45°E in an area located northeast of Porto Katsiki beach, N10°-70°E 

and N105°-140°E striking ground cracks in the southern onshore tip of Athani fault, N160°-180°E 

striking ground cracks in an area located 2 km east of Dragano village, N30°-44°E and N155°E 

striking ground cracks in Vassiliki port (Fig. 2a). 

3.2. Slope movements 

The 2015 Lefkas earthquake triggered numerous slope movements in the western part of the island 

and more specifically in the western part of the Tsoukalades-Katouna neotectonic unit and in the 

neotectonic units of Agios Nikitas, Drymonas and Lefkata peninsula (Fig. 2a). On the contrary, such 

phenomena did not occur in the other neotectonic units that form the northern, central and eastern 

part of the island (Fig. 2a). These phenomena can be classified into rockfalls and landslides. Most 

of them remained active for a long time after the main earthquake mainly due to the recently 

established instability conditions and the ongoing aftershock sequence including earthquakes with 

magnitude equal to or larger than 4.0 and epicenters determined close to the western part of the 

island (AUTH, 2015). 

Slope movements mainly induced in the western part of Lefkas were mainly observed along the 

western coastal part of the island (Fig. 2a) which presents N-S to NNE-SSW trending linear 

development. This part comprises alpine formations and recent deposits (Fig. 2a). The alpine 

formations comprise the carbonate rocks and the atypical flysch of Paxoi unit and the carbonate 

rocks of Ionian unit. The recent deposits include recent coastal formations composed of sand along 
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narrow beaches and scree along faults running along the coastal area extended from Tsoukalades 

area located northwards to Porto Katsiki located southwards (Fig. 2a, 2b). 

 

Figure 2 - (a) Neotectonic map of Lefkas Island based on Lekkas et al. (1999, 2001) and 

Rondoyanni et al. (2012). FAFZ: Frini-Apolpeana fault zone, TANFZ: Tsoukalades-Agios 

Nikitas fault zone, ANFZ: Agios Nikitas fault zone, DFZ: Drymonas fault zone, PFFZ: 

Pigadisanoi-Fraxi fault zone, KEFZ: Kalamitsi-Exantheia fault zone, AFZ: Athani fault 

zone, SNFZ: Sivros-Nydri fault zone, VAFZ: Vassiliki fault zone, SSFZ: Syvota-Sivros fault 

zone, (b) The neotectonic units of Lefkas. Neotectonic faults dissected the island. They are 

mainly normal or strike-slip faults with a sinistral or dextral sense of shear and they are 

classified into active, probably active and inactive structures (Lekkas et al., 1999, 2001). 

These neotectonic units are composed of smaller units. 

The tectonic structure of the western coastal part of Lefkas is characterized by the presence of active 

faults (Cushing, 1985; Lekkas et al., 1999, 2001; Rondoyanni et al., 2012) (Fig. 2a, 2b) that play 

decisive role in the formation and the evolution of Lefkas. Additionally, they form a geotechnically 

unstable region characterized by high and steep slopes and scarps, fractured and brecciated rock 

mass and suitable geometry of beds and discontinuities. It is clearly evident that the tectonic activity 



505 

 

in this area increased the inclination of the coastal slopes varying in height from 100 to 600 m. The 

combination of (a) the endogenic processes including tectonic deformation of the crust and resulting 

in the lithological heterogeneity and the mechanical anisotropy of the alpine and recent formations 

with (b) the exogenic processes comprising repeated cycles of mechanical, chemical and organic 

weathering and fluvial, marine and aeolian erosion contribute to the decreased cohesion and 

formations loosening along the steep coastal slopes. Thus, Porto Katsiki (Fig. 3b, 3c), Ergemni, 

Kalamitsi, Kathisma, Agios Nikitas and Pefkoulia areas are highly susceptible to the generation of 

slope movements. Because of the large volume of unstable sediments created by slope movements 

or the probable poor dimensioning (energy, height and position) of protection barriers, anchoring 

and foundations, the rockfall protection works were in some places partially destroyed, while in 

others totally destroyed (Fig. 3d, 3e, 3f) resulting in destruction of the asphalt pavement and 

temporary or permanent traffic disruption. 

3.2.1. Eastern part of the neotectonic unit of Lefkata peninsula 

The eastern part of Lefkata peninsula is characterized by a fault characterized as probably active by 

Lekkas et al. (1999, 2001) (Fig. 2b). It juxtaposes Upper Cretaceous limestones of Paxoi unit against 

Miocene marls of the atypical flysch of the same unit forming extensive scree. It constitutes the main 

reason for the NNE-SSW trending linear development of the eastern coastline of Lefkata peninsula 

(Fig. 2b) and for fracturing and fragmentation of the alpine formations of Paxoi unit in this area. 

Slope movements were also generated in the eastern part of neotectonic unit of Lefkata peninsula 

along the aforementioned probably active fault (Fig. 2a). They were classified into rockfalls and 

landslides. They caused partial damage to the road network including cracks and craters in the 

pavement and deformation of road protection barriers as boulders bounced along the street as well 

as traffic disruption. Unfortunately, rockfalls generated in Ponti village caused the loss of an adult 

woman when loose limestone blocks were detached from the adjacent steep limestone slopes and 

went through the infill walls of her home. 

3.2.2. Central-western part of Lefkas 

The central-western part of Lefkas is dominated by the presence of the Ionian overthrust onto Paxoi 

unit (Fig. 3g). This tectonic structure creates rugged morphology with steep slopes, a dense net of 

discontinuities and sectors of decreased cohesion and formations loosening immediately in front of the 

overthrust (Fig. 3g). All these aggravating factors made the area along the front of the Ionian overthrust 

onto Paxoi unit highly susceptible to the generation of slope movements. Thus, slope movements 

including rockfalls and landslides were triggered by the 2015 Lefkas earthquake (Fig. 2a). 

3.2.3. Dragano-Athani neotectonic graben 

Dragano-Athani graben is a relatively small neotectonic unit inside the major neotectonic unit of 

Lefkata peninsula. It is bounded to the west and east by NNE-SSW striking faults cutting Upper 

Cretaceous limestones of Paxoi unit. More specifically, the Dragano-Athani graben is located east 

of the dextral strike-slip Athani fault, which has impressive similarity of geometric and kinematic 

characteristics with those of the Lefkas segment of the CTFZ (Rondoyanni et al. 2012). The Upper 

Cretaceous limestones of Paxoi unit are highly tectonized by the abovementioned active structures 

resulting in their disintegration into small fragments or their decomposition into powder. Under these 

geological and geotechnical conditions and the resulting high susceptibility to slope movements, 

landslides occurred in the area north of Athani village during the 2015 Lefkas earthquake (Fig. 2a). 

3.3. Near-surface liquefaction phenomena 

Large damage was induced by the earthquake in Vassiliki port located in the southwestern part of 

the island (Fig. 2a) and comprised displacements and rotations of the quay seawalls, extensive 

longitudinal cracking of pavements and sidewalks behind seawalls and subsidence near the 

waterfront (Fig. 3h, 3i 3j). These phenomena are considered as evidence of near-surface liquefaction 

in the area of Vassiliki port. However, common manifestation of liquefaction induced by previous 
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earthquakes in Vassiliki port, such as sand boils and ground fissures with ejection of muddy water 

(Margaris et al., 2003; Papathanassiou et al., 2005), were not observed. 

 

Figure 3 - Secondary effects induced by the 2015 Lefkas earthquake: (a) N110°E striking 

ground cracks in Athani village causing damage to a perimeter stone retaining wall. Slope 

movements (b, c) in Porto Katsiki coastal area, (d, e, f) along the road from Tsoukalades to 

Agios Nikitas and (g) along the Ionian overthrust onto Paxoi unit. (h, i) Extensive 

longitudinal cracking of pavements and sidewalks behind seawalls and (j) subsidence near 

the waterfront in Vassiliki port. 

4. Damage in building stock 

The building types in Lefkas are the following: (a) one- or two-storey stone masonry buildings, (b) 

one - to three-storey traditional wood buildings, (c) traditional buildings with dual structural system, 

(d) one- to five-storey modern reinforced concrete (R/C) buildings and (e) Middle Age and later-era 

buildings (Karakostas et al., 2005; Makarios and Demosthenous, 2006, 2015; Vintzileou, 2011; 

Vintzileou et al., 2007; Kouris and Kappos, 2015). 

The 2015 Lefkas earthquake was localized in the neotectonic structure of Lefkata peninsula in the 

southwestern part of Lefkas Island in general and villages located in Dragano-Athani neotectonic 

unit in particular. Athani, Dragano and Komili villages suffered most damage to their building stock 

and road, power and water supply infrastructures. Less damage was observed in the other villages 

of Lefkata peninsula (e.g. Agios Petros, Nikolis). 

All buildings constructed after the issue and the implementation of the first Greek seismic code of 

1959 showed good performance during the 2015 Lefkas earthquake since none of them collapsed. 

R/C buildings were affected not so much by the earthquake itself but by the generation of secondary 

effects. In Ponti village located west of Vassiliki bay, a boulder detached from the adjacent steep 

limestone slopes rolled down toward village and went through the infill walls of an R/C building 

(Fig. 4a). In Agios Nikitas village located in the northwestern coastal part of Lefkas, an R/C building 

was found on the edge of a slope and at risk of collapse (Fig. 4b). 

On the contrary, severe damage was observed generally in buildings constructed without any seismic 

provisions before 1959 and especially in stone masonry buildings. These buildings suffered damage 

ranging from large and extensive cracking in most load-bearing walls, detachment of roof tiles and 
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plasters from the stone masonry walls (Fig. 4c), serious failure of walls and partial structural failure 

of roofs and floors to total collapse of the building (Fig. 4d). Total collapses were observed in Athani 

and Dragano villages located in Dragano-Athani neotectonic graben. 

 

Figure 4 - (a, b) R/C buildings were affected not so much by the earthquake itself but by the 

generation of secondary effects. Stone masonry buildings with damage ranging from (c) 

cracking in the load-bearing wall to (d) total collapse of the structure. (e, f)Traditional 

building with dual structural system suffered partial collapse of masonry walls of the 

primary structural system of the ground floor, while the wooden frame of the secondary 

structural system successfully sustained vertical loads of the upper floor. (g) Total collapse of 

a church in Athani village. 

It is significant to note that the traditional buildings with dual structural system performed well during 

this earthquake too. Some structures that are still in use in the earthquake affected area and in particular 

in Athani and Dragano villages suffered partial collapse of the stone masonry walls of the primary 

load-carrying system of the ground floor, while the wooden frame of the secondary load-carrying 

system successfully sustained vertical loads of the upper floor and thus the structures did not collapse 

(Fig. 4e, 4f). As far as the monumental buildings are concerned, churches suffered severe damage like 

extensive cracking of masonry load-bearing walls and partial or total collapse (Fig. 4g). 

5. Conclusions 

The seismic activity in the region was essentially expected in medium-term time scale after the 2003 

earthquake in the northwestern part of Lefkas Island and the early 2014 earthquakes in the western 

part of Cephalonia Island. Between these earthquake affected areas, the tectonic stresses were not 

released for a long time after the 1948 Lefkas earthquake sequence. Instead, they were intensifying 

and accumulating each day until the generation of the 2015 Lefkas earthquake sequence. 

The 2015 Lefkas earthquake produced earthquake environmental effects in western Lefkas. These 

effects were classified as ground cracks, slope movements (rockfalls and landslides) and liquefaction 

phenomena. The observed ground cracks were of secondary origin and provoked by the ground 

shaking. The slope movements induced by the 2015 Lefkas earthquake were generated in 

geotechnically unstable zones (a) along the steep coastal slopes of the western part of the island, (b) 

along the steep slopes of the eastern part of Lefkata peninsula and (c) along the Ionian overthrust onto 

Paxoi formations. These geotechnically unstable zones are defined by the presence of active and 

inactive tectonic structures resulting in highly tectonized, disintegrated and almost powdered 

geological formations with suitable geometry of beds and discontinuities and steep slopes intensifying 

substantially the instability conditions of the area and increasing the susceptibility to slope movements. 

Liquefaction phenomena in the strict use of the term comprising the most common and typical 

manifestation (sand boils and ejection of sand/water mixture) were not induced by the 2015 Lefkas 
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earthquake. However, ground cracking and subsidence observed in coastal areas and port facilities of 

the southern part of Lefkas are attributed to near-surface liquefaction phenomena. 

From the buildings damage distribution induced by the 2015 Lefkas earthquake, it is clearly shown 

that damage was limited to buildings of Athani, Dragano and Komili villages located in the neotectonic 

unit of Lefkata peninsula. Among structures designed and constructed with no seismic provisions, the 

stone masonry buildings and monumental structures suffered most damage, while the traditional 

buildings with dual structural system performed relatively well and suffered minor damage. 

It is once again concluded that the western Lefkas is among the most susceptible areas to secondary 

earthquake-induced effects on the natural environment and damage to building stock. Similar 

distribution of secondary effects were also reported and recorded after previous historical and recent 

earthquakes in Lefkas area. More specifically, the western part of Lefkas including Agios Nikitas, 

Dragano and Athani areas has also suffered secondary EEE comprising subsidence during 1704, 

1914, 1948 and 2003 events, slope movements mainly landslides and rockfalls during 1783, 1885, 

1914, 1948 and 2003 events, ground cracking small in size and of secondary origin during 1704, 

1914, 1948 and 2003 and small-scale tsunamis during 1914 and 1948 events (Margaris et al., 2003; 

Lekkas et al., 2004; Papathanassiou et al., 2007; Rondoyanni et al., 2012). 
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Abstract 

The study examines a semi-quantitative indicator based method to assess the spatial 

susceptibility of archaeological sites to the secondary Earthquake Environmental 

Effects (EEEs) of ground liquefaction, landslides and tsunami. The method was 

applied at 16 archaeological sites allowing the identification of the EEEs each site is 

susceptible to and their prioritization at a national and regional level through the 

Spatial Susceptibility index (SSi). Results indicate that the majority of the sites are 

susceptible to at least one Earthquake Environmental Effect. This highlights their 

contribution to the vulnerability of archaeological sites to earthquake hazard and the 

necessity for the integration of spatial susceptibility parameters in vulnerability 

assessment studies for cultural heritage protection. 

Keywords: spatial susceptibility index, ground liquefaction, landslides, tsunami, 

cultural heritage. 

Περίληψη 

Η εργασία εξετάζει μια ημι-ποσοτική μέθοδο για την εκτίμηση της χωρικής 

επιδεκτικότητας αρχαιολογικών θέσεων στις δευτερογενείς Περιβαλλοντικές 

Επιπτώσεις Σεισμών (EEEs) της ρευστοποίησης εδάφους, των κατολισθήσεων και των 

τσουνάμι. Η μέθοδος εφαρμόσθηκε σε 16 αρχαιολογικές θέσεις και επέτρεψε την 

αναγνώριση της επιδεκτικότητας τους σε ΕΕΕs και την ιεράρχηση τους σε εθνικό και 

περιφερειακό επίπεδο μέσω του δείκτη Χωρικής Επιδεκτικότητας (SSi). Τα 

αποτελέσματα είναι ενδεικτικά της επιδεκτικότητας της πλειοψηφίας των θέσεων σε 

τουλάχιστον μία Περιβαλλοντική Επίπτωση Σεισμών αναδεικνύοντας την συμβολή των 

EEEs στην σεισμική τρωτότητα των αρχαιολογικών θέσεων και την αναγκαιότητα της 

ένταξης παραμέτρων χωρικής επιδεκτικότητας στις μελέτες εκτίμησης σεισμικής 

τρωτότητας για την προστασία της πολιτιστικής κληρονομίας. 

Λέξεις κλειδιά: δείκτης χωρικής επιδεκτικότητας, ρευστοποίηση εδάφους, 

κατολισθήσεις, τσουνάμι, πολιτιστική κληρονομιά. 
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1. Introduction 

Cultural heritage due to its intrinsic properties, its physical, social, economic and institutional 

characteristics is considered as highly vulnerable to natural hazards. The vulnerability of cultural 

heritage is regarded as the susceptibility or exposure of heritage property to hazards (UNESCO 

2010). It expresses the inherent weakness of the heritage property due to its location and 

consequently its exposure to primary or secondary hazards (Jigyasu, 2005). 

Earthquake Environmental Effects (EEEs) are co-seismic geological phenomena that either relate 

directly to the surface expression of the seismogenic source (known as primary effects) or they are 

induced by ground shaking (and are known as secondary effects) (Michetti et al., 2007, 2015). The 

susceptibility of an archaeological site to these effects represents a crucial vulnerability parameter 

to earthquake hazard since the sensitivity of a site to the occurrence of EEEs during a seismic event, 

relates directly to landscape evolution and potential damage effects on the monuments of the site. 

This study aims to develop a low cost semi-quantitative method to screen and assess the spatial 

susceptibility of archaeological sites to the secondary EEEs of ground liquefaction, landslides and 

tsunamis induced by ground shaking and controlled by the local geological - geomorphological 

setting (Serva et al., 2015; Minos-Minopoulos, 2015). The method will allow the identification of 

susceptible sites to secondary EEEs and their prioritization at a regional and national level through 

a Spatial Susceptibility index for further studies and appropriate vulnerability reduction measures. 

2. Methods 

The archaeological sites selected for this study are located in the regions of Corinth, Samos, Kos 

and Santorini islands (Tab. 1). The selection of these regions and sites aimed to capture a variety of 

geotectonic regimes, geomorphological settings, land use, archaeological periods and typologies. 

Table 1 - The archaeological sites under study. 

Corinth Samos Kos Santorini 

Ancient Agora 

Theatre 

Odeion 

Kenchreai Harbour 

Lechaion Harbour 

Roman Baths 

Eupalinos Tunnel 

Logothetis Castle 

Heraion 

Neratzia Fortress  

Ancient Agora 

Altar of Dionysus 

West Archaeological Site 

Asklepieion  

Ancient Thera 

Akrotiri 

The archaeological sites were examined in terms of their geological and geomorphological 

properties through spatial susceptibility indicators for the secondary EEEs of ground liquefaction, 

landslides and tsunami. Each EEE indicator is composed of a selection of geological and 

geomorphological factors based on previous studies. A number of parameters such as i) historical 

records and previous studies in the field of each environmental effect, ii) Earthquake Archaeological 

Effects (EAEs) related to ground deformation (Rodríguez-Pascua et al., 2011) and iii) interventions 

performed either during antiquity or during modern times indicative of active geological and 

geomorphological processes, were also included in the assessment of each EEE indicator through 

the Archaeological Site Factor. 

The factors were assigned with weights according to their relative importance for the aims of this 

study. Their relative importance is based, where available, on expert qualitative judgments of 

previous studies. Each factor’s classes were standardized with linear scaled values from 0 to 1 

following the Analytic Hierarchy Process (Saaty, 1987) with the assistance of the M-MACBETH 

software (Bana e Costa et al., 2005) in order to address concerns on subjective transformation of 

qualitative judgments to numerical scores. The sum of the selected factors through the weighted 

linear combination method composes the susceptibility indicator for each effect. The susceptibility 

indicators are rated on a scale from 0 (not susceptible) to 1 (very high susceptibility). 
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Data collection from each archaeological site was based primarily on field survey forms. Additional 

data were obtained from 1:5000 scale base maps, 1:50000 scale geological maps, historical records 

and available geological and geotechnical studies carried out in the immediate surroundings of each 

archaeological site. 

2.1. Liquefaction Susceptibility indicator (LqSi) 

The susceptibility of archaeological sites to the EEE of ground liquefaction is assessed through the 

factors of i) depositional environment (D.E.), ii) water table depth (W.T), iii) geological age of the 

deposits (A) and iv) archaeological site indications (S.F.) (Tab. 2). The factors were assigned with 

weights (w) according to their relative importance for the aims of this study and their linear weighted 

sum through Equation 1 represents the Liquefaction Susceptibility indicator (LqSi). 

Equation 1 - Liquefaction Susceptibility indicator formula 

LqSi = w1D.E. + w2W.T. + w3A.+ w4S.F. 

Table 2 - The spatial susceptibility factors for the Liquefaction Susceptibility indicator 

(LqSi) with weights, classes and scores. 

LqSi Factor Weight Classes Score 

G
ro

u
n

d
 L

iq
u

ef
a

ct
io

n
 

Depositional 

Environment 

(D.E.) 

0.4 

Continental: river channel, flood plain delta 

and fan-delta, lacustrine and playa,colluvium, 

dunes, loess, tephra, sebka 

Coastal zone: delta, estuarine, lagoonal, low 

wave energy beach deposits, fore shore 

deposits poorly compacted artificial sand fills 

1 

Continental: alluvial-fan and plain deposits 

Coastal: high wave energy deposits 

0.6 

Continental: talus, glacial till, tuff, residual 

soils, marine terraces and plains, clay-rich 

sediments, compacted artificial fill, bedrock 

0 

Ground water 

table depth (m) 

(W.T.) 

0.3 

< 3 1 

3 – 6 0.85 

6 – 10 0.6 

10 – 15 0.3 

> 15  0 

Age 

(A) 
0.2 

Holocene 1 

Pleistocene 0.4 

Pre-Pleistocene 0 

Archaeological 

Site Factor 

(S.F.) 

0.1 

Relevant studies  1 

Past ground deformation indications  0.6 

Slope stabilization works  0.3 

None 0 

The depositional environment factor (D.E.) determines the composition, sorting and degree of 

compaction of the deposits. Deposits with greater sorting and looser compaction are considered as 

highly susceptible in contrast to clay-rich deposits with a fine content of > 15% that are generally 

considered to have low susceptibility (Youd and Hoose, 1977; Obermeier, 2009). The detailed 

susceptibility classification of depositional environments (Youd and Hoose, 1977; Youd and 

Perkins, 1978; Youd, 1998) with the necessary adjustments have been grouped into three classes as 

presented in Table 2 and the classes were ranked with the assistance of the M-MACBETH software. 
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The water table depth factor (W.T.) is considered as an important parameter for liquefaction 

susceptibility since liquefaction-susceptible soils must be saturated (Youd, 1998). The susceptibility 

decreases with increasing water table depth (Obermeier et al., 1990; Youd and Hoose, 1977; Youd, 

1998) since liquefaction resistance increases with overburden pressure and age of sediment, both of 

which generally increase with depth. The classes and qualitative judgments by Youd (1998) are used 

in this study ranked with the assistance of the M-MACBETH software. 

The geological age (A) of the deposits is another factor considered in the assessment of site 

susceptibility to ground liquefaction. According to Youd and Hoose (1977), the susceptibility of 

deposits decreases with age since they become more consolidated and therefore less prone to the 

manifestation of liquefaction. In this study, the susceptibility of sedimentary deposits in relation to 

their geological age is examined according to the qualitative classification made by Youd and 

Perkins (1978) ranked with the assistance of the M-MACBETH software. 

Direct and/or indirect effects preserved in archaeological sites that could potentially relate to past 

ground liquefaction events provide useful information for their susceptibility assessment although 

further field investigations are considered necessary. These parameters are summarised as i) 

previous studies and records for archaeological sites on past earthquake induced liquefaction events 

and deformation, ii) indirect structural indications from potential Earthquake Archaeological Effects 

(EAEs) attributed to ground deformation (Rodríguez-Pascua et al., 2011) that could relate to the 

surface expression of ground liquefaction and iii) presence of slope stabilization works such as 

retaining or buttress walls that can also be considered as indirect indications of mitigation works 

against ground instabilities related to ground liquefaction. The classes are scored according to their 

degree of relevance to the effect of liquefaction. 

2.2. Landslide Susceptibility indicator (LsSi) 

The study focuses on identifying locations within the archaeological sites that are more prone to 

slope instabilities through selected factors summarised as i) slope angle (S.A.), ii) archaeological 

site indications (S.F.), iii) erosion (E), iv) lithology (L) and v) distance from tectonic lineaments 

(D.T.L.) (Tab. 3). The linear weighted sum of the factors through Equation 2 represents the 

Landslide Susceptibility indicator (LsSi). 

Equation 2 - Landslide Susceptibility indicator formula 

LsSi = w1S.A. + w2S.F. + w3E+w4L+w5T.L.P. 

Taking into consideration the landslide susceptibility studies in Greece, their scale (1:50.000 and 

national scale), landslide types under study, limitations and the international literature on earthquake 

induced landslides, the slope angle factor (S.A.) was classified into four classes with the highest 

class being of >30° (Tab. 3). For the aims of this study the highest class includes slopes and 

escarpments susceptible to both landslides and rock falls. Class scores are based on the 

standardization of the Landslide Relative Frequency proposed by Sabatakakis et al. (2013). 

The archaeological Site Factor (S.F.) represents an inventory of the site through direct and indirect 

parameters relating to slope instability. The factor is expressed through i) direct indications of slope 

instability through observations, records and previous studies, ii) indirect indications of slope 

instability expressed through Earthquake Archaeological Effects (EAEs) indicative of permanent 

ground deformation (Rodríguez-Pascua et al., 2011), iii) slope stabilization works through retaining 

and buttress walls indicative of landscape modification, levelling of slopes and works that aim to 

the stabilization of unstable slopes. The classes are scored according to their degree of relevance to 

the effect of landslides. 

The erosion factor (E) in this study represents an indirect indication of slope instability that relates to 

erosion processes and act as triggering parameters for instabilities in coastal slopes and continental 

slopes near streams. In this study, a combination of the Distance to Coast Factor by Alves et al. (2011) 
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for a 1:10.000 scale and the distance from streams factor by Kouli et al. (2014) is applied at each site, 

with quantitative ranking and standardization with the assistance of the M-MACBETH software. 

Table 3 - The spatial susceptibility factors for the Landslide Susceptibility indicator (LsSi) 

with weights, classes and scores. 

LsSi Factor Weight Classes Score 

L
a

n
d

sl
id

es
 

Slope Angle 

(S.A.) 
0.3 

>30°  1 

15° - 30° 0.7 

5° - 15°  0.2 

<5° 0 

Archaeological 

Site Factor 

(S.F.) 

0.3 

Slope Instability - Relevant Studies  1 

Archaeological indications of slope instability  0.6 

Slope stabilization works  0.3 

None 0 

Erosion Factor  

(E) 
0.2 

0 - 20 m 1 

20 -50 m 0.8 

50 - 200 m 0.5 

200 - 1000 m 0.2 

> 1000 m 0 

Lithology 

(L) 
0.1 

Flysch 1 

Neogene sediments 0.9 

Recent deposits 0.75 

Metamorphic rocks 0.35 

Carbonate rocks 0.2 

Igneous volcanic rocks, Schists -cherts 

formations 
0.1 

Distance to 

Tectonic 

Lineaments 

(D.T.L.) 

0.1 

< 150 m 1 

150 -300 m 0.5 

>300 m 0 

The lithology factor (L) is based on the susceptibility of lithological groups as classified by IGME 

and applied in the landslide susceptibility map of Greece, (Sabatakakis et al., 2013 and references 

therein). These groups are merged into six classes ranked and standardized according to the 

Landslide Relative Frequency. 

Finally, the distance to tectonic lineaments factor (D.T.L.) reflects the effects of active tectonics on 

the stability of slopes that correlate with extensive fractured zones and steep relief morphology. The 

definition and classification of buffer zones relating to the distance from tectonic lineaments is a 

common practice in landslide susceptibility assessment studies characterised by a variety of classes 

and linear ratings. For the aims of this study the classification and scores by Ladas et al. (2007) are 

considered as most suitable since the classes are distributed in a way that express satisfactorily the 

mean tectonic shear attenuation with distance. 

2.3. Tsunami factors 

The susceptibility of an archaeological site to the effects of a tsunami is assessed through the factors 

of i) inundation depth (I.D.), ii) archaeological site factor (S.F.) and iii) geomorphology (G) (Tab. 4). 

The linear weighted sum of the factors reflects the potential of an archaeological site to suffer damage 

from an earthquake induced tsunami expressed through the Tsunami Susceptibility indicator (Eq. 3). 
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Equation 3 - Tsunami Susceptibility indicator formula 

TsSi = w1I.D. + w2S.F.+ w3G 

The inundation depth factor (I.D.) represents a combination of international emergency planning 

practices with studies performed at a local level, based on historical records of tsunamis in Greece. 

The 10 m contour is considered as the mean maximum altitude of potential tsunami inundation depth 

(Samant et al., 2008, Lekkas et al., 2010) with the first 5 m contours as the most susceptible zone 

for tsunami inundation, (Papathoma and Dominey-Howes, 2003), (Tab. 4). The classification 

includes six classes from 0-2 m to >10 m with scores and standardization assessed with the assistance 

of the M-MACBETH software.  

Table 4 - The spatial susceptibility factors for the Tsunami Susceptibility indicator (TsSi) 

with weights, classes and scores. 

TsSi Factor Weight Classes Score 

T
su

n
a

m
i 

 

Inundation depth 

(I.D.) 
0.7 

0-2 m 1 

2-3 m 0.8 

3-4 m 0.6 

4-5 m 0.4 

5-10 m 0.3 

>10 m 0 

Archaeological 

site factor 

(S.F.) 

0.2 

Historical Records and studies 1 

Historical Records  0.6 

High Energy event studies 0.3 

None 0 

Geomorphology 

(G) 
0.1 

Estuarine 1 

Shallow coast 0.6 

Elevated coast 0.5 

Not coastal site 0 

Regarding the archaeological site factor (S.F.) for this effect, the catalogues of historical seismicity 

and tsunamis provide information on whether an archaeological site has suffered damage in the past 

during a tsunami. However, the Greek catalogues of historical tsunami events include gross errors 

and inaccuracies that may lead to incorrect assumptions on the return periods and magnitudes of 

tsunami events (Dominey-Howes, 2002; Papadopoulos and Fokaefs, 2005). Studies that combine 

systematic investigations of the available documentary and geological records, combined with 

bathymetric data and modelling of tsunami propagation, run-up and inundation represent the most 

reliable sources for historical tsunami events (Dominey-Howes, 2002). Consequently, three classes 

are attributed to this factor, i) historical records and relevant studies that support the validity of the 

historical record, ii) historical record without relevant studies and iii) high energy event studies that 

although they correlate with historical seismic events, they do not correlate with historical tsunami 

records. The classes are scored according to their degree of relevance to the tsunami effect. 

Recent post-tsunami studies indicate a direct relationship between run-up, inundation, degree of 

sediment deposition and erosion with coastal geomorphology (Chandrasekar et al., 2012; Tanaka et 

al., 2012). Tsunami impacts are controlled mainly by the coastal configuration and local geographic 

setting with maximum run up and inundation extent along estuarine coasts and minimum run up and 

inundation along elevated coasts suggesting that a steep topographic coastal setting is less affected in 

relation to estuarine coastal topography that is highly affected. In this study the quantitative statistical 

data provided by the study of Chandrasekar et al. (2012) for the relationship between inundation and 

coastal geomorphology were standardized for each class of the geomorphology factor (G). 
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2.4. Spatial Susceptibility index (SSi) 

The susceptibility of the archaeological sites to the Earthquake Environmental Effects (EEEs) of 

liquefaction, landslides and tsunamis, is expressed through the Spatial Susceptibility index (SSi). 

The index is composed by the equally weighted sum of the susceptibility indicators expressed 

through Equation 4, standardized in a scale from 0 (not susceptible) to 1 (very high susceptibility) 

and expressed qualitatively through five susceptibility classes (Tab. 5). 

Equation 4 - Spatial Susceptibility index formula 

SSi =
𝐿𝑞𝑆𝑖+𝐿𝑠𝑆𝑖+𝑇𝑠𝑆𝑖

3
 

The index expresses the susceptibility of each archaeological site to the EEEs of ground liquefaction, 

landslides and tsunamis and allows their relative prioritization at a national and regional level. 

Table 5 – Qualitative classification of the Spatial Susceptibility index. 

Spatial Susceptibility index 

Description Not Susceptible Low Moderate  High Very High 

Value 0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 0.8-1 

3. Results 

The application of the method to the archaeological sites under study (Tab. 6, Fig. 1) allowed the 

identification of the most susceptible sites to the secondary EEEs, the nature of the effects and their 

relative contribution to the site’s susceptibility. The results highlight the archaeological sites of Lechaion 

harbour (0.76) and Kenchreai harbour (0.684) in Corinth, the Neratzia Fortress in Kos (0.617) and 

Heraion in Samos (0.610) as the most susceptible sites to EEEs. Their high susceptibility is mainly 

attributed to their coastal setting and depositional environments that in combination with poor 

geotechnical properties mainly favour the induction of ground liquefaction and on shore tsunami impacts. 

Moderate index scores are attributed to sites with very high susceptibility to at least one effect or a 

combination of susceptibilities to more than one effect. For example, the index score for the 

archaeological site of Logothetis Castle (0.412) is attributed to its very high susceptibility to 

landslides and to its low susceptibility to tsunami, while the Ancient Agora in Kos index (0.489) is 

attributed to high susceptibility to liquefaction and tsunami and low susceptibility to landslides. Low 

index scores relate to susceptibility to only one effect- that of landslides, attributed mainly to the 

location of the sites at higher altitudes, e.g. Ancient Thera (0.253) to the geological properties of the 

substratum, e.g. Ancient Agora in Corinth (0.251) and archaeological indications of ground 

instabilities e.g. Asklepieion (0.256). Finally, the archaeological site of Odeion in Ancient Corinth 

is the site with the lowest index value (0.071) and is considered as not susceptible to EEEs. 

Although the indicators highlighted archaeological sites with very high susceptibility, the Spatial 

Susceptibility index (SSi) indicates that no site is characterised by very high susceptibility. This is 

attributed to the fact that in order for a site to have very high susceptibility, it must present high or very 

high susceptibility to all three effects of ground liquefaction, landslides and tsunami, a condition that 

can be considered as exceptional and was not encountered during the field surveys on the sites. 

The spatial distribution of susceptibility is a useful tool for various end-users since it allows the relative 

susceptibility assessment at a regional level (Fig. 1). The region of Corinth has archaeological sites 

ranging from not susceptible (Odeion) to highly susceptible (Lechaion, harbour, Kenchreai harbour). 

Samos and Kos archaeological sites range from low to high susceptibility, while both of the Santorini 

sites are assessed with low susceptibility. The assessment at a regional level allows the direct 

identification and prioritization of the regions and their sites that need to be addressed with further 

studies and measures according to the EEEs proposed by the Spatial Susceptibility index. 
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Table 6 - Regional distribution of the Spatial Susceptibility index for the archaeological sites 

under study. Sites under very high susceptibility to EEEs in bold. 

Archaeological S

ites 

Liquefaction indi

cator (LqSi) 

Landslide indicat

or (LsSi) 

Tsunami indicat

or (TsSi) 
SSi 

Ancient Corinth  

Agora  0.08 0.675 0 0.251 

Theatre 0.66 0.55 0 0.403 

Odeion 0.08 0.135 0 0.071 

Lechaion 1 0.425 0.86 0.76 

Kenchreai 0.96 0.335 0.76 0.684 

Kos  

Neratzia Fortress 0.74 0.235 0.88 0.617 

Ancient Agora 0.695 0.175 0.6 0.489 

West Arch. Site 0.68 0.175 0.4 0.417 

Altar of Dionysus 0.62 0.115 0.4 0.377 

Asklepieion 0.03 0.74 0 0.256 

Samos  

Heraion 0.80 0.275 0.76 0.610 

Roman Baths 0.9 0.175 0.62 0.564 

Eupalinos Tunnel 0 0.73 0 0.243 

Logothetis Castle 0.09 0.89 0.26 0.412 

Santorini sites 

Akrotiri 0.26 0.505 0 0.248 

Ancient Thera 0 0.76 0 0.253 

4. Conclusions 

The results indicate that the majority of the archaeological sites under study are susceptible to at 

least one Earthquake Environmental Effect. Overall, four archaeological sites (Lechaion and 

Kenchreai habours in Corinth, Neratzia Fortress in Kos and Heraion in Samos) present high 

susceptibility to EEEs. Moderate susceptibility is attributed to five sites while six sites are 

characterized by low susceptibility and only one site (Odeion) is considered as not susceptible. 

 

Figure 1 - The Spatial Susceptibility index with indicators contribution for the 

archaeological sites under study.  
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Therefore, the results of this study suggest that the vulnerability assessment of archaeological sites 

to earthquake hazard should not only be limited to the physical vulnerability of the monuments to 

ground shaking commonly assessed through vulnerability curves but also include potential damages 

and degradation effects as a result of ground deformation processes induced by EEEs. The proposed 

method allows the identification of the EEEs that archaeological sites are susceptible to and 

prioritization of the sites at a national and regional level through the Spatial Susceptibility index 

(SSi) for further site specific vulnerability assessment studies and appropriate measures for effective 

cultural heritage protection against the earthquake hazard. 
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Abstract 

The 17th November Mw=6.4 shallow event occurred along a N20±5°E strike-slip 

fault with right-lateral sense of slip. The earthquake caused a lot of structural damage 

to the villages of Agios Petros, Athani, Dragano and Komilio, all located in south 

Lefkada island. Environmental effects include liquefaction, extensive rock falls and 

landslides. No surface ruptures were found in the field. Road cracks are interpreted 

as secondary phenomena of gravitational nature induced by ground shaking. The 

value of the macroseismic intensity ESI-07 was assessed as VIII-IX. The 

documentation of the earthquake-induced environmental effects was realized using 

the Earthquake Geo Survey App. (for Android OS). 

Keywords: earthquake, rock falls, liquefaction, Lefkada, 2015. 

Περίληψη 

Στις 17 Νοεμβρίου 2015, ένας ισχυρός σεισμός μεγέθους Μ 6.4 σημειώθηκε στην 

περιοχή της Λευκάδας προκαλώντας το θάνατο 2 ανθρώπων. Αναφορικά με τις 

γεωλογικές - περιβαλλοντικές αστοχίες που προκλήθηκαν από τη σεισμική δόνηση, 

αυτές επικεντρώθηκαν κυρίως στο δυτικό τμήμα του νησιού. Ο κυρίαρχος τύπος 

αστοχιών αφορούσε αστοχίες πρανών όπως καταπτώσεις βράχων και κατολισθήσεις. 

Μικρότερης έντασης και έκτασης φαινόμενα αποτυπώθηκαν στο κεντρικό τμήμα του 

νησιού ενώ προς τα ανατολικά ελάχιστες τοπικές αστοχίες σε πρανή δρόμων 

εντοπίστηκαν. Φαινόμενα ρευστοποίησης καταγράφηκαν στην περιοχή της Βασιλικής 

όπου είχαμε και μεγάλες σε έκταση ζημιές στις λιμενικές εγκαταστάσεις. 

1. Introduction 

In the morning of November 17, 2015 (09:10 local time) a strong Mw 6.4 shallow earthquake occurred 

on the island of Lefkada (Ganas et al., 2015). The epicentre determined by the National Observatory 

of Athens (NOA) was near the village Agios Petros in south Lefkada, with geographic coordinates: 

N38.666°, E20.597° and the depth at 11km (Figure 1). The event caused two fatalities while many 

houses suffered minor damages, mainly situated at villages within the epicentral area. This event 

occurred 12 years after the last strong 2003 earthquake, near the coast of north Lefkada (Papadopoulos 

et al., 2003; Karakostas et al., 2004; Papathanassiou et al., 2005; Papadimitriou et al., 2006) and it is 

the fifth earthquake within one century that triggered severe geoenvironmental effects. 
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The goal of this article is to provide information regarding the spatial distribution, and characteristics 

(incl. dimensions where it was feasible), of the earthquake-induced geological effects. In order to 

achieve this, this study was based on the outcome of a field survey that took place immediately after 

the occurrence of the earthquake (Nov 19-22, 2015) and thus, we were able to timely report the 

triggered geo-environmental effects (slope failures, liquefaction etc.). In the following pages, a 

detailed map and brief description of the earthquake-induced failures is presented while more 

information will be published after data processing. 

 

Figure 1 - 17th November 2015 Lefkada main earthquake and aftershock revised epicentres 

recorded by National Observatory of Athens (NOA). Dextral faults along the Kefalonia-

Lefkada TF are shown as black lines. 

2. The 17 November 2015 earthquake: location and intensity 

On November 17, 2015, 07:10 GMT (09:10 local time) central Ionian Sea was struck by a strong, 

shallow earthquake (NOA magnitudes ML 6.0-Mw 6.4 respectively; depth 11 km). Based on 

published Moment Tensor solutions the 2015 earthquake occurred on a near-vertical strike-slip fault 

running along Lefkada’s western coast, with dextral sense of motion in response to ENE-WSW 

horizontal strain in central Ionian Sea (Ganas et al., 2013). The shallow earthquake ruptured a coastal 
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fault, in contrast to the 2014 events that occurred on dextral strike-slip faults onshore Cephalonia 

(Valkaniotis et al., 2014; Boncori et al., 2015; see Figure 1 for fault surface projection). 1038 revised 

(NOA) aftershock solutions from the period November 17-December 17, 2015 are plotted in Figures 

1 (red dots) and 2 (classified for magnitude and depth). It is evident that a general N-S arrangement 

of aftershocks exists with two main clusters: one in central Lefkada (Northern cluster) with 

shallower hypocentres and one in the offshore (mainly) area between Lefkada – Cephalonia 

(southern cluster). The clusters are possibly formed by Coulomb stress changes on either end of the 

rupture. According to EPPO-ITSAK the value of PGA recorded at the Vassiliki sensor was equal to 

a=0.36g (http://www.itsak.gr/uploads/news/earthquake_reports/Lefkas_M6.0_17-11-2015.pdf/) 

Taking into account the field observations as they were reported during the post-earthquake 

reconnaissance survey, the macroseismic intensity was assessed based on the definition of the ESI-

07 scale. The advantages of the ESI-07 scale is that the assessment of the intensity is solely based 

on geoenvironmental effects, maintaining the consistency with the historical seismicity and the 

relevant provided information, and accordingly the man made environment e.g. seismic codes 

cannot influence the final assessment of the macroseismic intensity (Papathanassiou and Pavlides, 

2007). As a preliminary outcome, it is concluded that the highest intensity was observed within the 

area delineated by the villages of Dragano - Athani - Porto Katsiki and Egremnoi beach. 

3. Historical seismicity 

The Ionian Islands have suffered from many destructive earthquakes. There is reliable, semi-detailed 

information for at least twenty four (24) events, since 1612 which induced ground failures at the 

island of Lefkada (Kouskouna et al., 1993; Papathanassiou et al., 2005). Regarding the similarity of 

earthquake-induced failures among these events, it can be concluded that four, 1783, 1885, 1914 

and April 1948 events triggered similar failures with the ones generated by the 2015 event. 

 

Figure 2 - Seismicity map of the Lefkada sequence from NOA analysis (revised) data. Map 

contains 1038 shallow events until December 17th, 2015. 

 



524 

 

4.  Geoenvironmental effects 

The majority of earthquake-related phenomena were rock falls, landslides, road-fill failures and 

small-scale size liquefaction (Figure 3). The area that was widely affected by these phenomena is 

the one delineated by the villages of Komilio, Dragano and Athani on the east and to the west by the 

coastal zone from Porto Katsiki to Ag. Nikitas (Figure 3). This zone is characterized as very likely 

to slope failures due to the combination of geomorphological parameters (high elevation and steep 

slope) with the highly fracture rock mass due to tectonic activity (Papathanassiou et al., 2005).  

Regarding the eastern part of the island, the earthquake triggered only sparse and small size rock 

falls on very prone to slope failures sites e.g. road cuts while at the northern part of the island, where 

the city of Lefkada is located, no geoenvironmental effects have been reported. 

The documentation of the earthquake-induced environmental effects was realized using the 

Earthquake Geo Survey App. (for Android OS). 

4.1 Slope failures 

The dominant geoenvironmental effects triggered by the 2015 Lefkada earthquake were related to 

slope failures. Rock falls and landslides were widespread on the western part of the island and at the 

central area, on both natural and cut slopes. The most densely concentration of these type of 

earthquake-induced ground deformations was reported on the coastal zone from Porto Katsiki to 

Egremnoi beach and along the 6 km long road of Tsoukalades- Ag. Nikitas, and are accompanied 

by small and large-size rock falls, rock mass slides and shallow landslides. It should be pointed out 

that this zone has been classified as very susceptible to slope failures by Papathanassiou et al. (2013). 

Furthermore, cracks on paved roads were observed along the road network at the central and western 

part of the island, mainly within the zone that has been previously mentioned. One of the most 

representative cases of this type of failure has been observed at the entrance of village Athani, 

resulted to the closure of this road. 

4.2  Liquefaction phenomena 

Although the fact that event is characterized as one of the strongest shocks that occurred in the island 

of Lefkada, generation of liquefaction-induced ground failures were mainly concentrated along the 

coastal zone between the villages of Vassiliki and Ponti. In particular, spots of small-scale 

liquefaction features e.g. sand craters and a ground crack through which grey fine-grained material 

was ejected were reported. In addition, the 2015 earthquake induced severe damages to the 

waterfront area of Vassiliki and particularly to the recently constructed pier and quay. It should be 

pointed out that no evidence of liquefaction, like ejecta through the cracks, was observed. 

5. Environmental Seismic Intensity scale ESI-07 

One of the goals of the post-earthquake field survey was to quantitatively report the earthquake-

induced ground failures in order to proceed to the assessment of the macroseismic intensity. In order 

to achieve this, we applied the Environmental Seismic Intensity scale ESI-07 (Michetti et al., 2007). 

As a preliminary outcome, it can be concluded that the highest intensity was observed within the 

area delineated by the villages of Dragano - Athani - Porto Katsiki and Egremnoi beach. The value 

of the macroseismic intensity ESI-07 within this zone was assessed as VIII-IX. 
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Figure 3 - Spatial distribution of earthquake-induced failures triggered by the Lefkada 2015 

event. See text for discussion. 
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Abstract 

Intensity scales are used in order to measure the effects of an earthquake using the 

impact of the ground shaking on humans, man made environment and environment. 

The ESI-2007 is a new scale based solely on the earthquake-induced ground 

deformations, proposed by the INQUA Subcommission on Paleoseismicity. This scale 

has been translated in seven languages for a more systematic application. In this 

review article the new Intensity Scale is presented, as well as a brief of the earthquake 

case studies, occurred in Greece recently, in which the ESI-2007 was applied, is taken 

place. In addition, the definitions of intensity degrees are provided in Greek at the end 

of this article as appendix. 

Keywords: Earthquake Intensity, ground deformation effects, seismicity of Greece. 

Περίληψη 

Οι μακροσκοπικές κλίμακες έντασης ενός σεισμού έχουν χρησιμοποιηθεί για την 

εκτίμηση των επιπτώσεων του, βασιζόμενες στην καταγραφή της επίδρασης την 

εδαφικής κίνησης στην συμπεριφορά του ανθρώπου και τις μεταβολές που 

προκαλούνται στο φυσικό και τεχνητό περιβάλλον. Η προτεινόμενη κλίμακα ESI-2007, 

από την επιτροπή της Παλαιοσεισμολογίας, κλίμακα INQUA λαμβάνει υπόψη της, κατά 

την εκτίμηση της σεισμικής έντασης, μονάχα τις εδαφικές παραμορφώσεις και 

μεταβολές τις οποίες προκάλεσε η σεισμική δόνηση. Η συγκεκριμένη μακροσεισμική 

κλίμακα έχει μεταφραστει σε εφτά γλώσσες για την όσο το δυνατόν καλύτερη χρήση της 

παγκοσμίως. Στο τέλος του άρθρου, παρουσιάζονται με τη μορφή υπομνήματος οι 

ορισμοί των εντάσεων στην ελληνική γλώσσα. 

Λέξεις κλειδιά: Σεισμός, μακροσεισμική ένταση, εδαφικές παραμορφώσει σεισμού. 

1. Introduction 

Seismic intensity is used to estimate the level of the ground shaking based on descriptions of the 

effects that were triggered by the earthquake. In countries with well documented reports concerning 

historical seismicity e.g. Greece, the distribution of the intensity can help scientists to estimate the 

locations and sizes of earthquakes that occurred before the instrumental period, and thus assess the 

seismic hazard of the area. 

For the evaluation of intensity, the three parameters of reported ground failures, structural damage, 

and peoples’ reactions should be taken into account at the same weight. However, the EMS 

(European Macroseismic Scale) scale seems to underestimate the earthquake-induced ground 

effects. The evaluated intensities based on EMS scale mainly depend on the vulnerability of 
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buildings. However, building performance depends on the seismic code provisions of each country. 

For example, Greece has updated the code several times since 1959. Obviously, the vulnerability of 

the buildings that were constructed based on the guidelines of the upgraded versions is reduced 

relative to the buildings constructed before 1959. This situation could lead to a different estimate of 

the size of an earthquake that occurred in two regions where the building stock is comprised of old 

and modern structures, respectively. Furthermore, there is a possibility of error when comparing the 

intensities of recent and past events, creating an error in the assessment of the seismic hazard analysis 

of the region. 

In order to avoid this inaccuracy, a scale based solely on earthquake environmental effects that can be 

used in combination with other scales was developed by the INQUA (Intenational Quaternary 

Association), Subcommission on Paleoseismicity. The recently Environmental Seismic Intensity 

scale (ESI 2007) described by Michetti et al. (2007), is the result of the revisions of previous versions. 

In addition, in order to facilitate the worldwide use of the ESI 2007 scale, it has been translated in ten 

lan. Moreover, an application for Android systems was developed by Papathanassiou and Kopsachilis 

in 2013 based on the Earthquake Environmental Effects form, proposed by the INQUA TERPRO 

Focus Area on Paleoseismology and Active Tectonics, for reporting earthquake-induced deformations 

and processing the collected data at the end of a post-earthquake reconnaissance field survey. This 

application, named Earthquake Geo Survey, can be installed both in tablets and smart phones. 

More information about the INQUA scale and the definitions of intensity degrees can be found on 

the website http://www.isprambiente.gov.it/en/publications/technical-periodicals/descriptive-

memories-of-the-geological-map-of/earthquake-environmental-effect-for-seismic-hazard-

assessment-the-esi-intensity-scale-and-the-eee-catalogue. 

 

Figure 1 - Chart of the ESI-2007 scale (Michetti et al., 2007). 

2. Applying the ESI-2007 in Greece 

The ESI-2007 scale has been applied in several earthquake case studies in Greece e.g. Lefkada 2003, 

Athens 1999, Kythira 2006 in order to evaluate the macroseismic intensity values. A brief summary 

of the studies performed for these events is provided below. In particular: 

The Lefkada 2003 earthquake (Papathanassiou and Pavlides, 2007) 

From the comparison among the evaluated intensities of the Lefkada 2003 earthquake based on the 

ESI-2007 scale and the EMS scale (Papadopoulos et al., 2003), it was concluded that in most of the 
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sites the values are about the same. However, significant differences are concentrated in villages that 

have been constructed after the revision of the first Greek seismic code (1992), where the 

strengthening of the buildings resulting in better performance under ground shaking. At these sites 

the evaluated intensities based on EMS scale are lower than the ‘‘INQUA intensity’’ degrees, due 

to the fact that the evaluation of the EMS intensity is mainly based on building performance. At 

these locations, differences are also observed among the intensity degrees of two past events (1914 

Ms 6.3 and 1948 Ms 6.5) and the values of the last one based on the EMS scale, although the ground 

failures are similar. At these sites the evaluated INQUA degrees are more similar to the intensities 

of the previous events, than are the EMS ones, helping comparison of the historical seismicity with 

recent seismic activity. 

Sofades 1954 (Papathanassiou et al., 2007) 

The Sofades 1954 earthquake (Ms 6.8) induced severe structural damages and remarkable 

environmental effects in an extended area of Central Greece. The maximum intensity, based on ESI-

2007 scale, was evaluated as IX-X at the site of Ekkara, where surface faulting was reported. At the 

other locations, the degrees of intensities range from VI to VIII. From the comparison of the “ESI-

2007” values of intensities with the “MM” ones, as they were assessed by Papazachos and Papazachou 

(1989), is concluded that at sites where the event induced severe secondary effects the evaluated 

intensities are about the same. However, at the site of Sofades the degree of intensity based on MM 

scale was evaluated as IX-X due to structural damages, although no ground deformations were 

reported. 

Alkyonides 1981 (Papanikolaou et al., 2009) 

In the 1981 Alkyonides example, the ESI 2007 intensity scale provides not only a slightly higher 

maximum epicentral intensity (X), but also a different spatial distribution of the isoseismals, 

compared to the traditional scales. This implies that current traditional scales possibly underestimate 

the ‘strength’ of this kind of earthquake sequence. This occurs partly because the epicentral area, 

where significant EEE were recorded, was relatively sparsely populated. 

Elia 1988 (Fokaefs and Papadopoulos, 2007) 

The evaluated intensities based on ESI scale are as high as those resulting from the Modified 

Mercalli scale. This is because the Elia 1988 earthquake triggered widespread environmental effects 

including cracks, rock falls and liquefaction and accordingly both the MM and ESI scale intensities 

were based on similar effects. 

Pyrgos 1993 (Papanikolaou et al., 2009) 

The EMS 1992 and the ESI 2007 scales seem to comply well regarding not only the maximum recorded 

epicentral intensity, but also with the overall isoseismal pattern. Nevertheless, it should be mentioned 

that no villages were founded near the landslide or the liquefaction-prone areas, otherwise it is possible 

that the traditional intensities would have recorded a higher epicentral intensity value. 

Athens 1999 (Fokaefs and Papadopoulos, 2007) 

Regarding the evaluated intensities for this event, Fokaefs and Papadopoulos (2007) concluded that 

the ESI-based ones failed to approach the MM intensities due to the fact that there were only few 

ground failures. Because of this ESI-based intensities are much lower than those assessed using the 

MM intensity scale. 

Kythira 2006 (Lekkas et al., 2008) 

Regarding the 2006 Kythira event, the ESI 2007 and the traditional macroseismic scales correlate 

well, suggesting a maximum VII-VIII intensity. 

3. Conclusion - Discussion 

Taking into account the fact that the ESI-2007 scale has been applied in a wide variety of earthquakes 

regarding the magnitude and the generation of geological failures, we believed that a summary 
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dealing with the reliability and accuracy of the evaluated intensities could be provided. This 

outcome, summarized by the previously mentioned studies, is briefly presented below: 

- In case of earthquakes-induced ground deformations, the application of the new macroseismic 

intensity scale (ESI-2007) results to similar degrees of intensity as the MM scale. However, in an 

absence or low severity ground damage, ESI-scale intensities may underestimate the overall effects 

of an earthquake. 

- On the contrary in urban areas constructed according to modern code provisions, the evaluation of 

the intensity based on EMS scale may underestimate the ground shaking 

- There is inconsistency between ESI 2007 and traditional scales for the high intensity values (IX, 

X). In particular, the “saturation” of the traditional scales at these values indicates the meaningful 

of the ESI-2007. 

- When the ESI 2007 and the traditional intensity scales disagree, the intensity has to coincide with 

the highest value between these two independent estimates (Papanikolaou et al., 2009) 

- Earthquake environmental effects provide higher objectivity in the process of assigning intensity 

values, so that the ESI 2007 scale is the best tool to compare recent, historic and pre-historic 

earthquakes as well as earthquakes from different tectonic settings (Papanikolaou et al., 2009) 
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Appendix 

Η ESI-2007 Κλίμακα Μακροσεισμικών Εντάσεων που στηρίζεται αποκλειστικά σε περιβαλλοντικές 

επιπτώσεις των σεισμών, δηλαδή σε επιφανειακές εδαφικές παραμορφώσεις (διαρρήξεις, καταπτώσεις 

βράχων, κατολισθήσεις, ρευστοποιήσεις κ.α.), ανωμαλίες υπογείων και επιφανειακών υδάτων (αλλαγή 

χημισμού και θερμοκρασίας, παροχή, θολότητα κ.α.), καθώς και σε θαλάσσια σεισμικά κύματα 

(tsunami), είναι διαθέσιμη στο διαδίκτυο σε (η ηλεκτρονική διεύθυνση δίνεται παραπάνω) σε δέκα (10) 

γλώσσες και παρουσιάζεται στην ελληνική γλώσσα στον επιστημονικό κόσμο της Ελλάδος, στον τόμο: 

Earthquake Environmental Effects for seismic hazard Assessment: the ESI intensity scale and the EEE 

Catalogue, Memorie, Carta Geologica D’Italia, ISPRA, Servizio Geologico D’Italia, XCVII, 181 pp. 

Περιγραφή της κλίμακας ESI 2007 

Η κλίμακα ESI 2007 είναι δομημένη σε δώδεκα βαθμούς. Στον τίτλο κάθε βαθμού έντασης 

εκφράζεται η δριμύτητα του σεισμού και το μέγεθος των περιβαλλοντικών επιπτώσεων. Κατά την 

περιγραφή, τα χαρακτηριστικά και το μέγεθος των πρωτογενών επιπτώσεων αναφέρονται στην 

αρχή κάθε βαθμού. Έπειτα, οι δευτερογενείς επιπτώσεις περιγράφονται σε σχέση με τη συνολική 

περιοχή εμφάνισης τους για την εκτίμηση της επικεντρικής έντασης, η οποία ομαδοποιείται σε 

διάφορες κατηγορίες, όπως ορίζεται από τον αρχικό βαθμό του γεγονότος. Το μορφοποιημένο με 

πλάγια γραφή κείμενο χρησιμοποιείται για να δώσει έμφαση σε περιγραφές οι οποίες μπορούν να 

χρησιμοποιηθούν ως αποκλειστικοί διαγνωστικοί παράγοντες για ένα συγκεκριμένο βαθμό 

έντασης. 

Οι πρωτογενείς επιπτώσεις είναι σε άμεση συνάρτηση με την ενέργεια του σεισμού και προπάντων με 

την επιφανειακή εκδήλωση της σεισμογόνου πηγής. Το μέγεθος των πρωτογενών επιπτώσεων τυπικά 

εκφράζεται με δύο παραμέτρους: i) το συνολικό μήκος του επιφανειακό ίχνους του ρήγματος (SRL, 

Total Surface Rupture Length) και ii) τη μέγιστη μετατόπιση (MD, Maximum Displacement). Η 

εμφάνισή τους συνήθως συνδέεται με μια ελάχιστη τιμή της έντασης (VIII), εκτός των περιπτώσεων 

επιφανειακών σεισμών σε ηφαιστειακές περιοχές. Τα ποσοτικά χαρακτηριστικά της τεκτονικής 

επιφανειακής παραμόρφωσης (ανύψωση, ταπείνωση; uplift, subsidence) λαμβάνονται επίσης υπόψη. 

Ως δευτερογενείς επιπτώσεις χαρακτηρίζονται εκείνα τα φαινόμενα που προκαλούνται από την 

εδαφική κίνηση και ταξινομούνται σε οκτώ κύριες κατηγορίες:  

α) Υδρογεωλογικές ανωμαλίες: στην κατηγορία αυτή περιγράφονται μεταβολές στην παροχή των 

πηγών και ποταμών καθώς επίσης και μεταβολές στις φυσικο-χημικές ιδιότητες των επιφανειακών και 

υπόγειων υδάτων (π.χ. θερμοκρασία, θολότητα). Αυτές οι επιπτώσεις παρατηρούνται σε εντάσεις από 

IV έως X. 

β) Ανωμαλίες στον κυματισμό/ Tsunamis: στην κατηγορία αυτή περιλαμβάνονται φαινόμενα όπως 

κυματισμός σε κλειστές λεκάνες, υπερχείλιση νερού σε πισίνες και λεκάνες καθώς επίσης και 

tsunamis. Στην τελευταία περίπτωση, τα tsunamis, ως διαγνωστικοί παράγοντες θεωρούνται κυρίως 

οι επιπτώσεις του κύματος στις ακτές (βάθος εισχώρησης στην ενδοχώρα, διάβρωση παραλίας, 

αλλαγές στην παράκτια μορφολογία) χωρίς βεβαίως να αγνοούνται η επίδραση στον άνθρωπο και στις 

κατασκευές. 

γ) Εδαφικές διαρρήξεις: οι εδαφικές διαρρήξεις περιγράφονται με βάση το μήκος τους (από cm μέχρι 

εκατοντάδες μέτρα), πλάτος (από mm έως m) και πυκνότητα στο χώρο. Οι εδαφικές διαρρήξεις 

παρατηρούνται σε εντάσεις από IV και διατηρούνται σταθερές σε μέγεθος (κορεσμός) σε ένταση βαθμού Χ. 

δ) Αστοχίες πρανών: στην κατηγορία αυτή περιλαμβάνονται όλοι οι τύποι των κατολισθήσεων 

συμπεριλαμβανομένων των καταπτώσεων, ολισθήσεων και εδαφικών ροών. Όταν το λιθολογικό και 

μορφολογικό πλαίσιο είναι παρόμοιο τότε ο όγκος και το εμβαδό της περιοχής αποτελούν τις 

διαγνωστικές παραμέτρους. Αυτές οι επιπτώσεις παρατηρούνται σε ένταση από IV και διατηρούν το 

μέγεθος τους σταθερό σε ένταση βαθμού X. 



532 

 

ε) Ταλάντωση δέντρων: αυτές οι επιπτώσεις παρατηρούνται σε εντάσεις από IV έως X. Η περιγραφή 

των βαθμών της έντασης ουσιαστικά ακολουθεί τους δημοσιευμένους βαθμούς έντασης των Dengler 

και McPherson (1993). 

ζ) Φαινόμενα ρευστοποίησης: σε αυτήν την κατηγορία περιλαμβάνονται φαινόμενα κώνων και 

ηφαιστείων άμμου, ανάδυση νερού και αμμώδους υλικού και ορισμένοι τύποι πλευρικής εξάπλωσης, 

συνίζησης και καθίζησης. Χαρακτηρίζουν εντάσεις βαθμού V έως X. 

η) Σύννεφα σκόνης: παρατηρούνται σε περιοχές με ξηρό κλίμα σε βαθμό έντασης μεγαλύτερο από VIII. 

θ) Αναπήδηση βράχων: το μέγιστο μέγεθος των βράχων αποτελεί διαγνωστικό παράγοντα για την 

εκτίμηση της έντασης και παρατηρούνται σε εντάσεις από IX μέχρι XII. Τέτοια φαινόμενα 

παρατηρούνται σε θέσεις όπου οι εδαφικές επιταχύνσεις είναι μεγαλύτερες της βαρύτητας. 

Οι περιβαλλοντικές επιπτώσεις παρατηρούνται και χαρακτηρίζουν εντάσεις βαθμού μεγαλύτερου του 

ΙV. Μερικοί κατηγορίες περιβαλλοντικών επιπτώσεων (υδρολογικές ανωμαλίες) είναι δυνατό να 

παρατηρηθούν ακόμα και σε χαμηλότερους βαθμούς έντασης αλλά δεν μπορούν να χαρακτηριστούν ως 

διαγνωστικά στοιχεία. Η ακρίβεια στην αξιολόγηση της έντασης αυξάνει στους μεγαλύτερους βαθμούς, 

και συγκεκριμένα σε θέσεις παρατήρησης πρωτογενών επιπτώσεων (συνήθως σε εντάσεις μεγαλύτερες 

του VIII), έως και ένταση XII. Σε ένταση μεγαλύτερη του X, οι επιπτώσεις στο ανθρωπογενές δομημένο 

περιβάλλον και στους ανθρώπους δεν μπορούν να χρησιμοποιηθούν καθώς οι κατασκευές έχουν 

συνήθως ολοκληρωτικά καταστραφεί (κορεσμός) και για αυτό το λόγο δεν είναι δυνατή η διάκριση 

μεταξύ διαφορετικών βαθμών έντασης. Σε αυτήν την περίπτωση, οι περιβαλλοντικές επιπτώσεις 

κυριαρχούν και για αυτό αποτελούν το πιο αποτελεσματικό εργαλείο για την αξιολόγηση της έντασης. 

Πώς να χρησιμοποιήσετε την κλίμακα ESI 2007 

Η χρησιμοποίηση της μακροσεισμικής κλίμακας ESI ως ένα ανεξάρτητο εργαλείο για την εκτίμηση της 

έντασης προτείνεται στις περιπτώσεις εκείνες όπου μονάχα οι περιβαλλοντικές επιπτώσεις μπορούν να 

χρησιμοποιηθούν διαγνωστικά καθώς οι επιπτώσεις στον άνθρωπο και στο ανθρωπογενές δομημένο 

περιβάλλον είναι είτε ανεπαρκείς είτε κορεσμένες. Στην περίπτωση που οι τελευταίες επιπτώσεις 

μπορούν να ληφθούν υπόψη και να αξιολογηθούν, τότε είναι δυνατή η εκτίμηση δύο ανεξάρτητων τιμών 

μακροσεισμικής έντασης. Η τελική τιμή έντασης θα ισούται με την υψηλότερη τιμή μεταξύ των δύο 

εκτιμήσεων. Προφανώς, σε αυτές τις περιπτώσεις, η γνώμη και η εμπειρία ενός ειδικού είναι απαραίτητη. 

Η επικεντρική ένταση (Ιο) δηλώνει την ένταση της δόνησης σε αντιστοιχία με το επίκεντρο. Οι 

παράμετροι που σχετίζονται με τα χαρακτηριστικά της επιφανειακής εκδήλωσης του σεισμογόνου 

ρήγματος καθώς επίσης και η συνολική έκταση της κατανομής των δευτερογενών φαινομένων 

(κατολισθήσεις, ρευστοποιήσεις) είναι επίσης ανεξάρτητα εργαλεία που χρησιμοποιούνται για την 

εκτίμηση της Ιο με βάση τα περιβαλλοντικά φαινόμενα, με αφετηρία τον βαθμό έντασης VII (Πίνακας 

1). Ιδιαίτερη προσοχή πρέπει να δοθεί στις περιπτώσεις εκείνες όπου τα χαρακτηριστικά της 

επιφανειακής εκδήλωσης του σεισμογόνου ρήγματος τοποθετούνται στο όριο μεταξύ δύο βαθμών 

έντασης. Σε αυτήν την περίπτωση, θα πρέπει να επιλεγεί εκείνη η τιμή της έντασης που βρίσκεται σε 

συμφωνία με τα χαρακτηριστικά και την έκταση εμφάνισης δευτερογενών επιπτώσεων. Επίσης, κατά 

την αξιολόγηση της έντασης της συνολικής περιοχής, συνιστάται να μην συμπεριλαμβάνονται 

απομονωμένες παρατηρήσεις φαινομένων στο μακρινό πεδίο. Σε αυτήν την διαδικασία αξιολόγησης 

επίσης θεωρείται ουσιώδης η γνώμη ενός ειδικού. Η τοπική ένταση αξιολογείται κυρίως δια μέσου της 

περιγραφής των δευτερογενών επιπτώσεων που λαμβάνουν χώρα σε διαφορετικές «θέσεις» που 

βρίσκονται μέσα σε μια «τοποθεσία». Αυτή η τιμή της έντασης πρέπει να συγκριθεί με την αντίστοιχη 

τοπική ένταση η οποία εκτιμήθηκε με βάση τις ζημιές. Προσοχή θα πρέπει να δοθεί στον όρο 

«τοποθεσία» ο οποίος αναφέρεται τόσο για κατοικημένες περιοχές (πόλη, χωριό) όσο και για 

γεωγραφικές περιοχές χωρίς την ύπαρξη κατοικημένων εκτάσεων. Όταν σε μια θέση παρατηρούνται 

μονάχα πρωτογενείς επιπτώσεις τότε μπορεί να χρησιμοποιηθεί το μέγεθος της μέγιστης μετατόπισης 

της τοπικής επιφανειακής διάρρηξης. 
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Ορισμός της έντασης 

Από I έως ΙΙΙ: Δεν προκαλούνται περιβαλλοντικές επιπτώσεις οι οποίες να μπορούν να 

χρησιμοποιηθούν ως διαγνωστικοί στοιχεία. 

IV Αρκετά αισθητός σεισμός / Πρώτες σαφείς επιπτώσεις στο περιβάλλον 

Πρωτογενείς επιπτώσεις απουσιάζουν 

Δευτερογενείς επιπτώσεις 

α) Καταγράφονται μικρές μεταβολές στη στάθμη του νερού σε πηγάδια και/ή στην παροχή πηγών, 

καθώς επίσης και εξαιρετικά σπάνια μικρές μεταβολές των φυσικο-χημικών ιδιοτήτων του νερού 

και θολότητα του νερού στις πηγές και στα πηγάδια, ειδικά σε πηγές που βρίσκονται σε μεγάλα 

καρστικά συστήματα, τα οποία θεωρούνται ως τα πιο επιρρεπή σε τέτοια φαινόμενα. 

Πίνακας 1 - Διακύμανση παραμέτρων επιφανειακής εκδήλωσης του σεισμογόνου ρήγματος 

(πρωτογενείς επιπτώσεις) κα μέγεθος συνολικής έκτασης (δευτερογενών επιπτώσεων) για 

κάθε βαθμό έντασης. 

 

I0 

ΠΡΩΤΟΓΕΝΕΙΣ ΕΠΙΠΤΩΣΕΙΣ ΔΕΥΤΕΡΟΓΕΝΕΙΣ 

ΕΠΙΠΤΩΣΕΙΣ 

ΜΗΚΟΣ 

ΕΠΙΦΑΝΕΙΑΚΗΣ 

ΔΙΑΡΡΗΞΗΣ (SRL) 

ΜΕΓ. 

ΕΠΙΦΑΝΕΙΑΚΗ 

ΜΕΤΑΤΟΠΙΣΗ (MD) 

ΣΥΝΟΛΙΚΗ ΕΚΤΑΣΗ 

IV - - - 

V - - - 

VI  - - 

VII (*) (*) 10 km2 

VIII Αρκετές εκατοντάδες 

μέτρα  

εκατοστόμετρα 100 km2 

IX 1- 10 km 5 - 40 cm 1000 km2 

X 10 - 60 km 40 - 300 cm 5000 km2 

XI 60 – 150 km 300 –700 cm 10000 km2 

XII > 150 km   > 700 cm > 50000  km2 

(*) περιορισμένες επιφανειακές διαρρήξεις, δεκάδων έως εκατοντάδων μέτρων μήκους και 

εκατοστών μετατόπισης (offset) μπορούν να παρατηρηθούν και ουσιαστικά να συνδεθούν με 

επιφανειακούς σεισμούς σε ηφαιστειακές περιοχές. 

β) Κυματισμός σε κλειστές λεκάνες (λίμνες) με ύψος μερικών εκατοστών, συνήθως παρατηρείται ως 

παλιρροιακό κύμα, ίσως ορατός με γυμνό μάτι, συνήθως στο μακρινό πεδίο από ισχυρούς σεισμούς. 

Οι ανωμαλίες στον κυματισμό γίνονται αντιληπτές από όλους τους ανθρώπους που επιβαίνουν σε 

μικρά πλοία, ελάχιστους σε μεγαλύτερα πλοία, σχεδόν από όλους στην ακτή. Ταλάντωση νερού σε 

πισίνες και ίσως παρατηρηθεί υπερχείλιση. 

γ) Ρωγμές με άνοιγμα χιλιοστού ίσως περιστασιακά παρατηρηθούν σε θέσεις επιρρεπείς λόγω 

λιθολογίας (χαλαρές αλλουβιακές αποθέσεις, κορεσμένα εδάφη) και/ή λόγω μορφολογίας (πρανή). 

δ) Κατ’εξαίρεση, καταπτώσεις βράχων και μικρές κατολισθήσεις ίσως ενεργοποιηθούν σε πρανή τα 

οποία βρίσκονται σε οριακή ισορροπία (ευστάθεια), π.χ. απότομα πρανή με χαλαρά και γενικά 

κορεσμένα εδάφη. 

ε) Ασθενής ταλάντωση των κλαδιών των δέντρων. 

V Ισχυρός σεισμός/ βασικές επιπτώσεις στο περιβάλλον 

Πρωτογενείς επιπτώσεις απουσιάζουν 

Δευτερογενείς επιπτώσεις 
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α) Καταγράφονται μεταβολές στη στάθμη του νερού σε πηγάδια και/ή στην παροχή πηγών, καθώς 

επίσης και μικρές μεταβολές των φυσικο-χημικών ιδιοτήτων του νερού και θολότητα του νερού στις 

λίμνες, στις πηγές και στα πηγάδια. 

β) Κυματισμός στις λίμνες με ύψος εκατοστών, μερικές φορές ορατός με γυμνό μάτι, στο μακρινό 

πεδίο από ισχυρούς σεισμούς. Οι ανωμαλίες στον κυματισμό, με ύψος μέχρι μερικές δεκάδες 

εκατοστά, γίνονται αντιληπτές από όλους τους ανθρώπους που είτε επιβαίνουν σε πλοία είτε 

βρίσκονται στην ακτή. Υπερχείλιση νερού σε πισίνες. 

γ) Ρωγμές (με άνοιγμα μεγέθους χιλιοστού και αρκετών εκατοστών έως ένα μέτρο μήκος) τοπικά 

παρατηρούνται σε θέσεις επιρρεπείς λόγω λιθολογίας (χαλαρές αλλουβιακές αποθέσεις, κορεσμένα 

εδάφη) και/ή λόγω μορφολογίας (πρανή). 

δ) Μικρές καταπτώσεις βράχων, κυκλικές κατολισθήσεις και εδαφικές ροές ίσως συμβούν, συχνά αλλά 

όχι απαραίτητα κατά μήκος απότομων πρανών τα οποία βρίσκονται σε οριακή ισορροπία, κυρίως 

χαλαρές αποθέσεις και κορεσμένα εδάφη. Υποθαλάσσιες κατολισθήσεις ίσως προκληθούν, οι οποίες 

μπορεί να επιφέρουν μικρές ανωμαλίες στον κυματισμό σε παράκτιες θέσεις θαλασσών και λιμνών. 

ε) Κλαδιά δέντρων και θάμνοι ταλαντώνονται ελαφρώς ενώ σπανίως ίσως πέσουν ξερά κλαδιά και 

ώριμα φρούτα. 

ζ) Σε εξαιρετικά σπάνιες περιπτώσεις καταγράφονται εμφανίσεις ρευστοποίησης (κώνοι άμμου), 

μικρού μεγέθους και σε θέσεις επιρρεπείς σε ρευστοποίηση (περιοχές υψηλής επιδεκτικότητας, 

πρόσφατες, αλλουβιακές και παράκτιες αποθέσεις, επιφανειακός υδροφόρος ορίζοντας). 

VI Ελαφρώς βλαπτικός / μέτριες επιπτώσεις στο περιβάλλον 

Πρωτογενείς επιπτώσεις απουσιάζουν 

Δευτερογενείς επιπτώσεις 

α) Καταγράφονται τοπικά σημαντικές μεταβολές στη στάθμη του νερού σε πηγάδια και/ή στην παροχή 

πηγών, καθώς επίσης και μικρές μεταβολές των φυσικο-χημικών ιδιοτήτων του νερού και θολότητα 

του νερού στις λίμνες, στις πηγές και στα πηγάδια. 

β) Κυματισμός στις λίμνες με ύψος δεκάδων εκατοστών προκαλεί πλημμυρικά φαινόμενα σε 

περιορισμένες περιοχές κοντά στις ακτές. Οι ανωμαλίες στον κυματισμό, με ύψος μέχρι μερικές 

δεκάδες εκατοστά, γίνονται αντιληπτές από όλους τους ανθρώπους που είτε επιβαίνουν σε πλοία είτε 

βρίσκονται στην ακτή. Υπερχείλιση νερού σε πισίνες και μικρές λίμνες. 

γ) Ρωγμές, με άνοιγμα μεγέθους χιλιοστού έως εκατοστών και μήκους αρκετών μέτρων 

παρατηρούνται σε χαλαρές αλλουβιακές αποθέσεις και/ή σε κορεσμένα εδάφη, κατά μήκος απότομων 

πρανών ή όχθες ποταμών μπορούν να φτάσουν έως 1-2 εκατοστά εύρος. Μικρά ανοίγματα 

σχηματίζονται σε δρόμους είτε ασφαλτοστρωμένους είτε λιθόστρωτους. 

δ) Καταπτώσεις βράχων και κατολισθήσεις με όγκο έως 103m3 ίσως προκληθούν, κυρίως σε θέσεις με 

οριακή ισορροπία όπως απότομα πρανή με χαλαρά κορεσμένα εδάφη ή σε πολύ αποσαθρωμένους / 

ρωγματωμένους (κατακερματισμένους) βραχώδεις σχηματισμούς. Υποθαλάσσιες κατολισθήσεις ίσως 

προκληθούν, οι οποίες μπορεί να επιφέρουν μικρές ανωμαλίες στον κυματισμό σε παράκτιες θέσεις 

οι οποίες συνήθως καταγράφονται ενόργανα. 

ε) Μέτριες έως ισχυρές ταλαντώσεις κλαδιών δέντρων και θάμνων, ίσως σπάσουν και πέσουν κορυφές 

δέντρων και άκρα κλαδιών, ανάλογα με τα είδη, το φορτίο των φρούτων και την ωριμότητά τους. 

ζ) Αραιές εμφανίσεις ρευστοποίησης (κώνοι άμμου), μικρού μεγέθους και σε θέσεις επιρρεπείς στη 

ρευστοποίηση (περιοχές υψηλής επιδεκτικότητας, πρόσφατες, αλλουβιακές και παράκτιες αποθέσεις, 

επιφανειακός υδροφόρος ορίζοντας). 
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VII Βλαπτικός / αξιόλογες επιπτώσεις στο περιβάλλον 

Πρωτογενείς επιπτώσεις σπανίως παρατηρούνται, σχεδόν αποκλειστικά σε ηφαιστειακές περιοχές. 

Περιορισμένες επιφανειακές διαρρήξεις, μήκους δεκάδων έως εκατοντάδων μέτρων με μετατοπίσεις 

(offset) μεγέθους εκατοστόμετρου ίσως παρατηρηθούν, ειδικά σε περιπτώσεις αρκετά επιφανειακών 

σεισμών. 

Δευτερογενείς επιπτώσεις: η συνολική έκταση της πληγείσας περιοχής είναι της τάξης των 10km2. 

α) Καταγράφονται τοπικά σημαντικές προσωρινές μεταβολές στη στάθμη του νερού σε πηγάδια και/ή 

στην παροχή πηγών. Σπανίως, ίσως εμφανιστούν ή ξηραθούν μικρές πηγές. Μεταβολές των φυσικο-

χημικών ιδιοτήτων του νερού και θολότητα του νερού στις λίμνες, στις πηγές και στα πηγάδια. 

β) Κυματισμός με ύψος μεγαλύτερο του ενός μέτρου προκαλεί πλημμυρικά φαινόμενα σε 

περιορισμένες παράκτιες περιοχές και προκαλεί ζημιές σε αντικείμενα ποικίλου μεγέθους. 

Υπερχείλιση νερού σε μικρές λεκάνες και τάφρους. 

γ) Ρωγμές, με άνοιγμα έως 5-10 εκατοστών και μήκους εκατοντάδων μέτρων παρατηρούνται κυρίως 

σε χαλαρές αλλουβιακές αποθέσεις και/ή σε κορεσμένα εδάφη, σπανίως σε ξηρή άμμο, 

αργιλοαμμώδη και αργιλικά εδάφη διαρρήξεις έως 1 εκατοστό εύρος. Μικρές ρωγμές μεγέθους 

εκατοστόμετρου είναι συνήθεις σε δρόμους είτε ασφαλτοστρωμένους είτε λιθόστρωτους. 

δ) Διεσπαρμένες κατολισθήσεις παρατηρούνται σε επιρρεπείς περιοχές όπου επικρατούν συνθήκες 

μη ισορροπίας (απότομα πρανή με χαλαρά/κορεσμένα εδάφη) ενώ καταπτώσεις βράχων λαμβάνουν 

χώρα σε απότομα φαράγγια και πρανή. Το μέγεθός τους είναι σημαντικό (103-105 m3). Σε θέσεις με 

ξηρή άμμο, αργιλοαμμώδη και αργιλικά εδάφη ο όγκος είναι συνήθως μεγαλύτερος από 100 m3. Οι 

διαρρήξεις, οι ολισθήσεις και οι καταπτώσεις ίσως επηρεάσουν φυσικά πρανή ποταμών, τεχνητά 

αναχώματα και εκσκαφές σε χαλαρά ιζήματα ή αποσαθρωμένους / ρωγματωμένους 

(κατακερματισμένους) βραχώδεις σχηματισμούς. Υποθαλάσσιες κατολισθήσεις ίσως προκληθούν, 

επιφέροντας κύμματα σε παράκτιες θέσεις θαλασσών και λιμνών, τα οποία γίνονται άμεσα αισθητά 

από ανθρώπους σε πλοία και στα λιμάνια. 

ε) Δέντρα και θάμνοι ταλαντεύονται έντονα, κυρίως σε πυκνές δασικές περιοχές, κορυφές δέντρων 

και άκρα κλαδιών σπάνε και πέφτουν. 

ζ) Παρατηρούνται αραιές εμφανίσεις ρευστοποίησης (κώνοι άμμου), με διάμετρο έως 50 εκατοστά, 

σε θέσεις επιρρεπείς στη ρευστοποίηση (περιοχές υψηλής επιδεκτικότητας, πρόσφατες, 

αλλουβιακές και παράκτιες αποθέσεις, επιφανειακός υδροφόρος ορίζοντας). 

VIII Αρκετά βλαπτικός / εκτεταμένες επιπτώσεις στο περιβάλλον 

Πρωτογενείς επιπτώσεις σπανίως παρατηρούνται. 

Επιφανειακές διαρρήξεις του σεισμογόνου ρήγματος (surface faulting), μήκους αρκετών 

εκατοντάδων μέτρων με μετατοπίσεις (offset) μεγέθους εκατοστόμετρου ίσως παρατηρηθούν, 

ειδικά σε περιπτώσεις αρκετά επιφανειακών σεισμών. Τεκτονική ταπείνωση ή ανύψωση της 

επιφάνειας με μέγιστες τιμές της τάξης μερικών εκατοστών ίσως παρατηρηθούν. 

Δευτερογενείς επιπτώσεις: η συνολική έκταση της πληγείσας περιοχής είναι της τάξης των 100 km2. 

α) Προσωρινές συνήθως μεταβολές στο σημείο εξόδου νερού  και/ή στην παροχή πηγών. Ίσως 

ξηραθούν μικρές πηγές. Διακυμάνσεις στη στάθμη του νερού σε πηγάδια. Μεταβολές των φυσικο-

χημικών ιδιοτήτων του νερού, κυρίως της θερμοκρασίας ίσως παρατηρηθούν σε πηγές και/ή 

πηγάδια. θολότητα του νερού στις λίμνες, στις πηγές και στα πηγάδια. Εκπομπή αερίου, συνήθως 

θειούχου, παρατηρείται τοπικά. 

β) Κυματισμός με ύψος 1-2 μέτρα προκαλεί πλημμυρικά φαινόμενα σε παράκτιες περιοχές και 

προκαλεί ζημιές σε ποικίλου μεγέθους αντικείμενα. Διάβρωση εκτάσεων παρατηρείται κατά μήκος 
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των ακτών όπου θάμνοι και μικρά δέντρα με αδύναμο σύστημα ριζών ξεριζώνονται και 

μεταφέρονται μακριά. Υπερχείλιση με ορμή του νερού σε μικρές λεκάνες και τάφρους. 

γ) Ρωγμές, με άνοιγμα έως 50 εκατοστά και μήκους εκατοντάδων μέτρων παρατηρούνται κυρίως 

σε χαλαρές αλλουβιακές αποθέσεις και/ή σε κορεσμένα εδάφη. Παρατηρούνται διαρρήξεις 

μεγέθους δεκατόμετρου οι οποίες είναι συνήθεις σε δρόμους είτε ασφαλτοστρωμένους είτε 

λιθόστρωτους καθώς επίσης και  μικρές πτυχώσεις λόγω συμπίεσης. 

δ) Εκτεταμένες μικρού έως μέσου μεγέθους (103-105 m3 ) κατολισθήσεις παρατηρούνται σε επιρρεπείς 

περιοχές, σπανίως ίσως παρατηρηθούν και σε πρανή με ομαλή κλίση. Όπου επικρατούν συνθήκες μη 

ισορροπίας (απότομα πρανή με χαλαρά/κορεσμένα εδάφη) λαμβάνουν χώρα καταπτώσεις βράχων (σε 

απότομα φαράγγια και παράκτια πρανή) και το μέγεθος τους κάποιες φορές είναι μεγάλο (105-106 m3). 

Κατολισθήσεις φράζουν στενές κοιλάδες και ίσως δημιουργήσουν προσωρινές ή μόνιμες λίμνες. Οι 

διαρρήξεις, οι ολισθήσεις και οι καταπτώσεις ίσως επηρεάσουν τις όχθες ποταμών, τα τεχνητά 

αναχώματα και τις εκσκαφές σε χαλαρά ιζήματα ή αποσαθρωμένους / ρωγματωμένους 

(κατακερματισμένους) βραχώδεις σχηματισμούς. Συχνές υποθαλάσσιες κατολισθήσεις σε παράκτιες 

θέσεις. 

ε) Δέντρα ταλαντώνονται έντονα; κλαδιά ίσως σπάσουν και πέσουν, ακόμα και ξεριζωμένα δέντρα 

σε απότομα πρανή ίσως πέσουν. 

ζ) Παρατηρούνται πυκνές εμφανίσεις ρευστοποίησης στην επικεντρική περιοχή, ανάλογα με τις 

επικρατούσες συνθήκες, κώνοι άμμου με διάμετρο έως 1 μέτρο, τοπικές πλευρικές εξαπλώσεις και 

καθιζήσεις (έως 30cm), με εμφάνιση ρηγματώσεων παράλληλων προς το παραλιακό μέτωπο (όχθη 

ποταμού, λίμνες, κανάλια, ακτή). 

η) Σε ξηρές περιοχές, σύννεφα σκόνης ίσως σηκωθούν από το έδαφος στην επικεντρική περιοχή. 

θ) Ίσως παρατηρηθεί αναπήδηση μικρών ογκόλιθων και πετρών και κορμών δέντρων, από την 

οποία δημιουργούνται ίχνη σε μαλακό έδαφος. 

IX Καταστροφικός / Οι περιβαλλοντικές επιπτώσεις συνιστούν μια εκτεταμένη πηγή κινδύνου 

και αποτελούν σημαντική παράμετρο για την εκτίμηση της έντασης 

Πρωτογενείς επιπτώσεις παρατηρούνται. 

Δημιουργούνται εδαφικές διαρρήξεις (surface faulting), μήκους μερικών χιλιομέτρων με 

μετατοπίσεις (offsets) συνήθως μεγέθους αρκετών εκατοστών. Τεκτονική ταπείνωση ή ανύψωση 

της εδαφικής επιφάνειας με μέγιστες τιμές της τάξης μερικών δεκάμετρων ίσως παρατηρηθούν. 

Δευτερογενείς επιπτώσεις: η συνολική έκταση της πληγείσας περιοχής είναι της τάξης των 1000 km2. 

α) Προσωρινές συνήθως μεταβολές στην παροχή των πηγών και/ή στη θέση τους σε σημαντικό 

βαθμό. Ίσως ξηραθούν μέσου μεγέθους πηγές. Προσωρινές διακυμάνσεις στη στάθμη του νερού σε 

πηγάδια είναι κοινό γνώρισμα. Μεταβολές των φυσικο-χημικών ιδιοτήτων του νερού, κυρίως της 

θερμοκρασίας ίσως παρατηρηθούν σε πηγές και/ή πηγάδια, θολότητα του νερού στις λίμνες, στις 

πηγές και στα πηγάδια. Εκπομπή αερίου, συνήθως θειούχου, παρατηρείται τοπικά και ίσως καούν 

θάμνοι και χόρτα σε αυτές τις θέσεις. 

β) Κυματισμός με ύψος μερικών μέτρων τόσο σε ακίνητο όσο και σε τρεχούμενο νερό. Σε 

πλημμυρικές πεδιάδες ίσως τα ρέματα να αλλάξουν την ροή τους λόγω εδαφικής καθίζησης. Μικρές 

κοιλότητες ίσως εμφανιστούν ή αδειάσουν. Tsunamis ίσως εισχωρήσουν σε βάθος δεκάδων μέτρων 

στην ακτή πλημμυρίζοντας τις περιοχές αυτές. Εκτεταμένη διάβρωση περιοχών κατά μήκος της 

παραλίας, όπου θάμνοι και δέντρα μπορεί να ξεριζωθούν και να μεταφερθούν μακριά 

γ) Ρωγμές, με άνοιγμα έως 100 εκατοστά και μήκους εκατοντάδων μέτρων παρατηρούνται κυρίως 

σε χαλαρές αλλουβιακές αποθέσεις και/ή σε κορεσμένα εδάφη. Σε βραχώδεις σχηματισμούς μέχρι 

10 cm. Παρατηρούνται διαρρήξεις σημαντικού μεγέθους σε δρόμους είτε ασφαλτοστρωμένους είτε 

λιθόστρωτους καθώς επίσης και  μικρές πτυχώσεις λόγω συμπίεσης. 
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δ) Εκτεταμένες κατολισθήσεις παρατηρούνται σε επιρρεπείς περιοχές και σε πρανή με ομαλή κλίση 

όπου επικρατούν συνθήκες μη ισορροπίας (απότομα πρανή με χαλαρά/κορεσμένα εδάφη), 

καταπτώσεις βράχων λαμβάνουν χώρα σε απότομα φαράγγια και παράκτια πρανή και το μέγεθός 

τους συνήθως είναι μεγάλο (105m3) και μερικές φορές αρκετά μεγάλο (106m3). Κατολισθήσεις 

φράζουν στενές κοιλάδες και ίσως δημιουργήσουν προσωρινές ή μόνιμες λίμνες. Τα πρανή στις 

όχθες ποταμών, τα τεχνητά αναχώματα και οι εκσκαφές συχνά αστοχούν. Συχνές μεγάλες 

υποθαλάσσιες κατολισθήσεις σε παράκτιες περιοχές. 

ε) Δέντρα ταλαντώνονται έντονα. Κλαδιά και κορμοί δέντρων συχνά σπάνε και πέφτουν. Μερικά 

δέντρα ίσως ξεριζωθούν και πέσουν κυρίως σε απότομα πρανή. 

ζ) Παρατηρούνται συχνές εμφανίσεις ρευστοποίησης και ανάδυση νερού, κώνοι άμμου με διάμετρο 

έως 3 μέτρα, συχνές πλευρικές εξαπλώσεις και καθιζήσεις (περισσότερο από 30cm), με εμφάνιση 

ρηγματώσεων παράλληλων προς το παραλιακό μέτωπο (όχθη ποταμού, λίμνες, κανάλια, ακτή). 

η) Σε ξηρές περιοχές, σύννεφα σκόνης σηκώνονται από το έδαφος. 

θ) Ίσως παρατηρηθεί αναπήδηση μικρών ογκόλιθων και σπάσιμο κορμών δέντρων και μετακίνηση 

μερικών μέτρων από την αρχική τους θέση, και ανάλογα με την κλίση του εδάφους ίσως αφήσουν 

αποτυπώματα σε μαλακό έδαφος. 

X Πολύ καταστροφικός / Οι περιβαλλοντικές επιπτώσεις συνιστούν την κύρια πηγή κινδύνου 

και αποτελούν κρίσιμη παράμετρο για την εκτίμηση της έντασης 

Πρωτογενείς επιπτώσεις κυριαρχούν. 

Η επιφανειακή εκδήλωση του ρήγματος εκτείνεται μερικές δεκάδες χιλιομέτρων με μετατόπιση από 

δεκάδες εκατοστών έως μερικά μέτρα. Δημιουργούνται βυθίσματα βαρύτητας και επιμήκεις δομές 

συμπίεσης. Σε σεισμούς μικρού εστιακού βάθους σε ηφαιστειακές περιοχές το μήκος της διάρρηξης 

ίσως είναι αρκετά μικρότερο. Τεκτονική καθίζηση ή ανύψωση της εδαφικής επιφάνειας με μέγιστες 

τιμές της τάξης μερικών μέτρων ίσως παρατηρηθούν. 

Δευτερογενείς επιπτώσεις: η συνολική έκταση της πληγείσας περιοχής είναι της τάξης των 5000 km2. 

α)Σημαντικές μεταβολές στην παροχή πολλών πηγών και/ή στο σημείο εξόδου του νερού. Ίσως 

πηγές ξηραθούν προσωρινά ή μόνιμα. Προσωρινές διακυμάνσεις στη στάθμη του νερού σε πηγάδια. 

Μεταβολές των φυσικο-χημικών ιδιοτήτων του νερού, κυρίως της θερμοκρασίας παρατηρούνται σε 

πηγές και/ή πηγάδια. Λασπωμένο νερό σε μεγάλες λεκάνες, λίμνες, πηγές και σε πηγάδια. Εκπομπή 

αερίου, συνήθως θειούχου, παρατηρείται και ίσως καούν θάμνοι και χόρτα σε αυτές τις θέσεις. 

β) Κυματισμός με ύψος μερικών μέτρων και φαινόμενα υπερχείλισης σε μεγάλες λίμνες και 

ποτάμια .Σε πλημμυρικές πεδιάδες τα ρέματα ίσως να αλλάξουν την διαδρομή τους, προσωρινά ή 

μόνιμα, λόγω εκτεταμένης εδαφικής καθίζησης. Λεκάνες ίσως εμφανιστούν ή αδειάσουν. Tsunamis 

ίσως πλησιάσουν στην ακτή με ύψος έως 5 μέτρα και εισχωρήσουν σε επίπεδες περιοχές σε βάθος 

χιλιομέτρων, πλημμυρίζοντας τις περιοχές αυτές. Μικροί ογκόλιθοι ίσως παρασυρθούν για πολλά 

μέτρα. Εκτεταμένη διάβρωση περιοχών κατά μήκος της παραλίας, προκαλώντας αξιοσημείωτες 

μεταβολές στην ακτογραμμή. Δέντρα κοντά στην ακτή ξεριζώνονται και μεταφέρονται μακριά. 

γ) Εδαφικές ρωγμές, με άνοιγμα μεγαλύτερο από 1 μέτρο και μήκους εκατοντάδων μέτρων 

παρατηρούνται συχνά σε χαλαρές αλλουβιακές αποθέσεις και/ή σε κορεσμένα εδάφη. Σε βραχώδεις 

σχηματισμούς το άνοιγμα των ρωγμών φθάνει αρκετά δεκάμετρα. Παρατηρούνται διαρρήξεις 

σημαντικού μεγέθους σε δρόμους είτε ασφαλτοστρωμένους είτε λιθόστρωτους καθώς επίσης και 

μικρές πτυχώσεις λόγω συμπίεσης. 

δ) Μεγάλες κατολισθήσεις και καταπτώσεις βράχων (>105-106 m3) παρατηρούνται συχνά 

ανεξάρτητα από τις συνθήκες ισορροπίας, δημιουργώντας προσωρινές ή μόνιμες φραγματογενείς 

λίμνες (barrier lakes). Τα πρανή στις όχθες ποταμών, τα τεχνητά αναχώματα και οι εκσκαφές 

αστοχούν. Συχνές μεγάλες υποθαλάσσιες κατολισθήσεις σε παράκτιες περιοχές (offset). 
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ε) Δέντρα ταλαντώνονται έντονα. Κλαδιά και κορμοί δέντρων συχνά σπάνε και πέφτουν. Μερικά 

δέντρα ίσως ξεριζωθούν και πέσουν. 

ζ) Οι εμφανίσεις ρευστοποίησης με ανάδυση νερού και η προκαλούμενη συμπύκνωση των εδαφών 

ίσως αλλάξουν την μορφή περιοχών, κώνοι άμμου με διάμετρο μεγαλύτερη από 6 μέτρα, 

Κατακόρυφη μετατόπιση > 1 μέτρο, μεγάλες και επιμήκεις ρηγματώσεις λόγω πλευρικής 

εξάπλωσης είναι σύνηθες φαινόμενο. 

η) Σε ξηρές περιοχές, σύννεφα σκόνης σηκώνονται από το έδαφος. 

θ) Αναπήδηση ογκόλιθων (διάμετρος 2-3 μέτρων) και μετακίνηση εκατοντάδων μέτρων από την 

αρχική τους θέση, ακόμα και σε πρανή με ήπια κλίση, αφήνοντας αποτυπώματα σε μαλακό έδαφος. 

XI Ισοπεδωτικός / Οι περιβαλλοντικές επιπτώσεις αποτελούν καθοριστικό παράγοντα για την 

εκτίμηση της έντασης εξαιτίας του κορεσμού των κατασκευαστικών αστοχιών 

Πρωτογενείς επιπτώσεις κυριαρχούν. 

Το μήκος του επιφανειακού ίχνους του σεισμογόνου ρήγματος εκτείνεται από αρκετές δεκάδες 

χιλιομέτρων έως και περισσότερο από εκατό km με μετατόπιση (offset) έως αρκετά μέτρα. 

Δημιουργούνται βυθίσματα βαρύτητας και επιμήκεις δομές συμπίεσης. Δίκτυα ύδρευσης και 

αποστράγγισης μπορεί να υποστούν ζημιές λόγω σημαντικών μετατοπίσεων. Τεκτονική ταπείνωση 

ή ανύψωση της επιφάνειας με μέγιστες τιμές της τάξης πολλών μέτρων ίσως παρατηρηθούν. 

Δευτερογενείς επιπτώσεις: η συνολική έκταση της πληγείσας περιοχής είναι της τάξης των 10.000 km2. 

α) Σημαντικές μεταβολές στην παροχή πολλών πηγών και/ή στο σημείο εξόδου του νερού. Ίσως αρκετές 

πηγές ξηραθούν προσωρινά ή μόνιμα. Προσωρινές ή μόνιμες διακυμάνσεις στη στάθμη του νερού σε πηγάδια. 

Μεταβολές των φυσικο-χημικών ιδιοτήτων του νερού, κυρίως της θερμοκρασίας παρατηρούνται σε πηγές 

και/ή πηγάδια. Παρατηρείται συχνά λασπωμένο νερό σε μεγάλες λεκάνες, λίμνες, πηγές και σε πηγάδια. 

Εκπομπή αερίου, συνήθως θειούχου, παρατηρείται και ίσως καούν θάμνοι και χόρτα σε αυτές τις θέσεις. 

β) Μεγάλα κύματα δημιουργούνται σε μεγάλες λίμνες και ποτάμια και παρατηρούνται φαινόμενα 

υπερχείλισης. Σε πλημμυρικές πεδιάδες τα ρέματα ίσως να αλλάξουν την πορεία τους, προσωρινά ή 

μόνιμα, λόγω εκτεταμένης εδαφικής καθίζησης και φαινομένων κατολίσθησης. Λεκάνες ίσως 

εμφανιστούν ή αδειάσουν. Tsunamis ίσως πλησιάσουν στην ακτή με ύψος ίσως και περισσότερο από 15 

μέτρα, και ισοπεδώνουν επίπεδες περιοχές σε βάθος χιλιομέτρων. Ακόμα και ογκόλιθοι ίσως 

παρασυρθούν για πολλά μέτρα. Εκτεταμένη διάβρωση παράκτιων περιοχών, προκαλώντας 

αξιοσημείωτες μεταβολές στην ακτογραμμή. Δέντρα κοντά στην ακτή ξεριζώνονται και μεταφέρονται 

μακριά. 

γ) Εδαφικές ρωγμές, με άνοιγμα αρκετών μέτρων παρατηρούνται συχνά σε χαλαρές αλλουβιακές 

αποθέσεις και/ή σε κορεσμένα εδάφη. Σε βραχώδεις σχηματισμού τα άνοιγμα των ρωγμών φθάνει το 

ένα μέτρο (1m). Παρατηρούνται διαρρήξεις σημαντικού ανοίγματος σε δρόμους είτε 

ασφαλτοστρωμένους είτε λιθόστρωτους καθώς επίσης και  μικρές πτυχώσεις λόγω συμπίεσης. 

δ) Μεγάλες κατολισθήσεις και καταπτώσεις βράχων (>105-106 m3) παρατηρούνται συχνά ανεξάρτητα από 

τις συνθήκες ισορροπίας, δημιουργώντας προσωρινές ή μόνιμες φραγματογενείς λίμνες (barrier lakes). Τα 

πρανή στις όχθες ποταμών, τα τεχνητά αναχώματα και οι εκσκαφές αστοχούν. Αναχώματα και χωμάτινα 

φράγματα υφίστανται σημαντικές ζημιές. Σημαντικές κατολισθήσεις μπορεί να παρατηρηθούν σε 

επικεντρικές αποστάσεις 200-300 km. Συχνές μεγάλες υποθαλάσσιες κατολισθήσεις σε παράκτιες 

περιοχές. 

ε) Δέντρα ταλαντώνονται έντονα; Κλαδιά και κορμοί δέντρων σπάνε και πέφτουν. Δέντρα ξεριζώνονται και πέφτουν. 

ζ) Φαινόμενα ρευστοποίησης αλλάζουν την μορφή εκτεταμένων πεδινών εκτάσεων, όπου παρατηρείται 

καθίζηση αρκετών μέτρων,  πολλές εμφανίσεις ηφαιστείων άμμου και σφοδρές πλευρικές εξαπλώσεις. 

η) Σε ξηρές περιοχές, σύννεφα σκόνης σηκώνονται από το έδαφος.  
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θ) Αναπήδηση μεγάλων ογκόλιθων (διάμετρος αρκετών μέτρων) και μετακίνηση τους από την αρχική 

θέση, ακόμα και σε πρανή με ήπια κλίση, αφήνοντας αποτυπώματα σε μαλακό έδαφος. 

XII Απόλυτα Ισοπεδωτικός / Οι περιβαλλοντικές επιπτώσεις είναι το μοναδικό εργαλείο για 

την εκτίμηση της έντασης 

Πρωτογενείς επιπτώσεις κυριαρχούν. 

Το μήκος του επιφανειακού ίχνους του σεισμογόνου ρήγματος είναι τουλάχιστον μερικές εκατοντάδες 

χιλιόμετρα και το άλμα (offset) δεκάδες μέτρα. Δημιουργούνται βυθίσματα βαρύτητας και επιμήκεις δομές 

συμπίεσης. Τοπογραφικές και/ή γεωμορφολογικές μεταβολές, οι οποίες προκλήθηκαν από τις πρωτογενείς 

επιπτώσεις, παίρνουν μεγάλες διαστάσεις τόσο σε έκταση όσο και σε μέγεθος (χαρακτηριστικό παράδειγμα 

είναι η ανύψωση ακτογραμμών, εμφάνιση ή εξαφάνιση από το απτικό πεδίο χαρακτηριστικών 

τοπογραφικών στοιχείων, αλλαγή πορείας ποταμών, δημιουργία καταρρακτών, δημιουργία ή εξαφάνιση 

λιμνών). 

Δευτερογενείς επιπτώσεις: η συνολική έκταση της πληγείσας περιοχής είναι της τάξης των 50.000 

km2 και περισσότερο. 

α) Σημαντικές μεταβολές στην παροχή πολλών πηγών και/ή στο σημείο εξόδου του νερού. Ίσως πολλές 

πηγές ξηραθούν προσωρινά ή μόνιμα. Προσωρινές ή μόνιμες διακυμάνσεις στη στάθμη του νερού σε 

πηγάδια. Σημαντικές μεταβολές των φυσικο-χημικών ιδιοτήτων του νερού, κυρίως της θερμοκρασίας 

παρατηρούνται σε πηγές και/ή πηγάδια. Παρατηρείται συχνά λασπωμένο νερό σε μεγάλες λεκάνες, 

λίμνες, πηγές και σε πηγάδια. Εκπομπή αερίου, συνήθως θειούχου, παρατηρείται και ίσως καούν θάμνοι 

και χόρτα σε αυτές τις θέσεις.  

β) Γιγάντια κύματα δημιουργούνται σε λίμνες και ποτάμια και παρατηρούνται φαινόμενα υπερχείλισης. 

Σε πλημμυρικές πεδιάδες τα ρέματα αλλάζουν την πορεία τους ακόμα και την κατεύθυνση ροής τους, 

προσωρινά ή μόνιμα, λόγω εκτεταμένης εδαφικής καθίζησης και φαινομένων κατολίσθησης. Λεκάνες 

ίσως εμφανιστούν ή αδειάσουν. Tsunamis ίσως πλησιάσουν στην ακτή με ύψος αρκετών δεκάδων 

μέτρων, και ισοπεδώνουν επίπεδες περιοχές σε βάθος χιλιομέτρων. Μεγάλοι ογκόλιθοι μετακινούνται 

σε μεγάλες αποστάσεις. Εκτεταμένη διάβρωση των ακτών, και αξιοσημείωτες μεταβολές στην παράκτια 

μορφολογία. Πολλά δέντρα ξεριζώνονται και μεταφέρονται μακριά. Όλα τα αγκυροβολημένα πλοία 

παρασύρονται και μετακινούνται προς την ενδοχώρα σε μεγάλες αποστάσεις. Οι άνθρωποι στην ύπαιθρο 

δεν μπορούν να σταθούν όρθιοι.  

γ) Πολλές εδαφικές ρωγμές, με άνοιγμα μεγαλύτερο του ενός μέτρου ή και περισσότερο στο υπόβαθρο, 

και περισσότερο από 10 m σε χαλαρές αλλουβιακές αποθέσεις και/ή σε κορεσμένα εδάφη. Το μήκος 

τους εκτείνεται αρκετά χιλιόμετρα.  

δ) Μεγάλες κατολισθήσεις και καταπτώσεις βράχων (>105-106 m3) παρατηρούνται συχνά ανεξάρτητα 

από τις συνθήκες ισορροπίας, δημιουργώντας προσωρινές ή μόνιμες φραγματογενείς λίμνες (barrier 

lakes). Τα πρανή στις όχθες ποταμών, τα τεχνητά αναχώματα και οι εκσκαφές αστοχούν. Αναχώματα 

και χωμάτινα φράγματα υφίστανται σημαντικές ζημιές. Σημαντικές κατολισθήσεις παρατηρούνται σε 

επικεντρικές αποστάσεις μεγαλύτερες των 200-300 km. Συχνές μεγάλες υποθαλάσσιες κατολισθήσεις 

σε παράκτιες περιοχές. ε) Δέντρα ταλαντώνονται έντονα. Κλαδιά και κορμοί δέντρων σπάνε και 

πέφτουν. Πολλά δέντρα ξεριζώνονται και πέφτουν.  

ζ) Φαινόμενα ρευστοποίησης παρατηρούνται σε μεγάλες σε έκταση περιοχές και αλλάζουν την 

μορφολογία εκτεταμένων επίπεδων εκτάσεων, όπου παρατηρείται καθίζηση αρκετών μέτρων, 

εκτεταμένες εμφανίσεις μεγάλων ηφαιστείων άμμου και εκτεταμένες σφοδρές πλευρικές εξαπλώσεις.  

η) Σε ξηρές περιοχές, σύννεφα σκόνης σηκώνονται από το έδαφος.  

θ) Αναπήδηση πολύ μεγάλων ογκόλιθων και μετακίνηση τους από την αρχική θέση σε μεγάλες 

αποστάσεις, ακόμα και σε πρανή με ήπια κλίση, αφήνοντας αποτυπώματα σε μαλακό έδαφος. 
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Abstract 

In this paper we defined the local complex fault system of the Cephalonia three 

strongest earthquakes (Mw6.1, Mw5.3 and Mw6.0) of the January-February 2014 

sequence and the Lefkada mainshock (Mw6.4) on November 17, 2015, in order to 

investigate the fault interaction i) within the 2014 sequence, ii) between the 2014 

sequence and the fault that produced the 2015 Lefkada event, and iii) the cumulative 

effects of all Cephalonia and Lefkada strong events on other neighbouring faults, by 

calculating the static stress changes. The Coulomb stress change calculations suggest 

a complex distribution pattern on most of the cases, with only exceptions the F4 fault 

(Lefkada earthquake), which seems to be barely loaded with stress after the 

Cephalonia 2014 events, and the “Assos-Skala” fault, which seems to be stress 

relieved after all Caphalonia 2014 and Lefkada 2015 events. 

Keywords: fault modelling, stress transfer, Cephalonia, Lefkada; earthquakes. 

Περίληψη 

Στην εργασία αυτή μοντελοποιήθηκε το τοπικό πολύπλοκο σύστημα ρηγμάτων που 

συνδέεται με του τρεις ισχυρούς σεισμούς (Mw6.1, Mw5.3 και Mw6.0) της σεισμικής 

ακολουθίας του Ιανουαρίου-Φεβρουαρίου, 2014, στη Κεφαλονιά και του κύριου σεισμού 

(Mw6.4) της 17ης Νοεμβρίου 2015 στη Λευκάδα ώστε να διερευνηθούν α) η αλληλεπίδραση 

των ρηγμάτων κατά την ακολουθία της Κεφαλονιάς το 2014, β) η επίδραση των τριών 

ισχυρότερων σεισμών της Κεφαλονιάς (2014) στο ρήγμα που προκάλεσε τον σεισμό του 

2015 στη Λευκάδα, και γ) η επίδραση όλων των προηγούμενων σεισμών σε γειτονικά 

ρήγματα της περιοχής, υπολογίζοντας τις στατικές μεταβολές των τάσεων. Τα αποτελέσματα 

δείχνουν μια σύνθετη κατανομή της μεταβολής των τάσεων στις περισσότερες των 

περιπτώσεων, με εξαίρεση το ρήγμα F4 (σεισμός Λευκάδας), το οποίο φαίνεται να 

φορτίζεται ελάχιστα από τάσεις μετά τους σεισμούς της Κεφαλονιάς, και το ρήγμα «Άσσου-

Σκάλας», το οποίο φαίνεται να αποφορτίζεται μετά από την αθροιστική επίδραση των 

ρηγμάτων της Κεφαλονιάς και της Λευκάδας.  

Λέξεις κλειδιά: Μοντελοποίηση ρηγμάτων, μεταφορά τάσεων κατά Coulomb, σεισμοί 

Κεφαλονιάς-Λευκάδας. 
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1. Introduction 

The area of Cephalonia and Lefkada Islands, Ionian Sea, Greece (Figure 1.a), situated in a highly 

complex tectonic regime, is characterized by very high seismicity. During the last 100 years or so, 

the area was hit by several large magnitude, lethal earthquakes, the largest one of magnitude 7.2 

being recorded on 12 August 1953. On 26 January and 3 February 2014 the western part of 

Cephalonia Island was heavily affected by three strong, shallow earthquakes measuring moment-

magnitude (Mw) of 6.1 and 5.2 (January 26) and 6.0 (February 3), respectively (Papadopoulos et al., 

2014). Aftershocks were recorded for several months after the first event. In Paliki peninsula, that 

is the seismic rupture zone (Figure 2), several types of secondary ground failures were also caused 

by the two strongest shocks, including rockfalls, landslides, soil liquefaction, etc., while extensive 

local damages were reported (Papadopoulos et al., 2014, Valkaniotis et al., 2014). 

 

Figure 1 - (a) Geodynamic-neotectonic map of the broader Aegean region (modified after 

Sboras et al., 2014). Yellow arrows indicate the main stress field axes. The red box represents 

the borders of map in (b). (b) The seismogenic sources in the surrounding area of Cephalonia 

and Lefkada islands obtained from GreDaSS (ISSs and CSSs) along with the historical and 

instrumental seismicity (Seismological Station, AUTh, last visited: September 2014) of the 

broader study area. The occurrence year is indicated only for earthquakes with M ≥ 7. 

Both 2014 and 2015 seismic crises provide a unique opportunity to better understand such a complex 

and highly active area. Also the occurrence of the two 2014 Cephalonia strong shocks in close 

proximity in both time and space is challenging to test models of earthquake triggering effects. This 

is exactly the aim of this paper by focusing particularly to models of static earthquake triggering due 

to Coulomb stress changes. 

Located in the same geodynamic regime and not far from Cephalonia, Lefkada Island was struck by 

a Mw6.2 earthquake on August 14 2003 in the same epicentral area with the recent 2015 event 

(Figure 2), also demonstrating similar aftershock clustering pattern (Benetatos et al., 2005; 

Papadimitriou et al., 2006) implying rupturing of the same fault zone. The earthquake was followed 

by extensive secondary ground deformation, such as slope failures, liquefaction phenomena, ground 

fissures, etc. (Ganas et al., 2015; Papathanassiou et al., 2016), the most intensive of which were 

observed at the western and southern part of the island. 
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Figure 2 - The fault models of the 2014 Cephalonia (left) and the 2015 Lefkada (right) major 

earthquakes based on the ISS design philosophy of GreDaSS. The focal mechanisms of the 

Cephalonia sequence (Papadopoulos et al., 2014) and the Lefkada mainshock (revised 

moment tensor solution by NOA) were used for the respective fault models. 

2. Seismotectonic Setting 

According to the Greek Database of Seismogenic Sources (GreDaSS; Pavlides et al., 2010; Sboras, 

2012; Caputo et al., 2013; http://gredass.unife.it/), the central Ionian Islands are dominated by two 

faulting modes: a dextral strike-slip (CTFZ) and a reverse dip-slip. The CTFZ is the most 

representative transcurrent structure in the study area, forming a distinctive scarp right off the 

western coast of the Cephalonia and Lefkada islands. In GreDaSS, this fault zone has been separated 

into several fault segments, according to recent seismicity (Table 1; Figure 1b). 

The region around the CTFZ is seismically very high with frequent occurrence of large magnitude 

earthquakes (Papazachos and Papazachou, 1997, 2003; Papadopoulos and Plessa, 2001; Guidoboni 

et al., 2005; Ambraseys, 2009) (Figure 1b). One of the earliest events reported was a large 

earthquake (M > 7.0, 1469 AD) which caused extensive damage. However, the poor quality of 

information available for historical earthquakes along with the tectonic complexity of the area does 

not allow to associate historical earthquakes with their causative faults. Even early instrumental 

events are hard to be associated with specific faults in the lack of reliable focal mechanisms and/or 

field observations. The NE-SW-trending crustal shortening along the West Hellenic Arc, the 

important seismotectonic role of the CTFZ and the negligible motion to the north of CTFZ are 

evident in geodetic investigations too. According to GPS campaigns (Kahle et al., 1996; Cocard et 

al., 1999; Hollenstein et al., 2008; Ganas et al., 2013), low velocities are observed to the north of 

CTFZ, while velocities of approximately 20 mm/a and 40 mm/a towards SW are observed around 

the central Ionian Islands and offshore of the western Peloponnesus, respectively. A dGPS and 

Permanent Scatterer Interferometric (PSI) analysis conducted by Lagios et al. (2012) on the island 

of Cephalonia for the time period between 1992 and 2010 shows i) horizontal clockwise rotation of 

Cephalonia and velocities ranging from 3 to 8 mm/a, with the largest values occurring at the western 

and southern parts of the island, and ii) two distinctive periods of vertical deformation: the first one 

from 1992 to 2003, when an almost linear slight subsidence (around 1 mm/a) occurred and the 

second one from 2003 to 2010, when uplift of 2-4 mm/a occurred mainly along the southern and 

southeastern parts of the island. Larger velocities exceeding 4 mm/a took place at the western part 

of the island. In Paliki Peninsula (western Cephalonia) the total uplift (about 70 mm) measured 
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during the second time period reached the highest observed amplitudes, but it was of a decreasing 

rate. 

Table 1 - Faults (ISSs) from GreDaSS that have been recognized of producing specific 

earthquakes in the area of the central Ionian Islands (Fig. 1). 

 

ISS name 

 

ISS code 

 

Earthquake 

(YYYY/MM/D

D) 

 

Mw 

 

EQ reference 

CTFZ segment A GRIS620 1983/01/17 6.8 Kiratzi and Louvari, 2003 

CTFZ segment B GRIS621 1983/03/23 6.1 Kiratzi and Louvari, 2003 

CTFZ segment C GRIS622 1972/09/17 6.2 Kiratzi and Louvari, 2003 

Lefkada Fault GRIS623 2003/08/14 6.2 Benetatos et al. 2005 

Assos-Skala Fault GRIS625 1953/08/12 6.9 EMMA catalogue 

Kastos Fault GRIS628 1953/10/21 6.3 EMMA catalogue 

Zakynthos SW GRIS660 1959/11/15 6.8 Kiratzi and Louvari, 2003 

West-end Hellenic 

Arc 

GRIS670 1997/11/18 6.5 Kiratzi and Louvari, 2003 

3. Materials and Methods 

3.1. The 2014 Cephalonia earthquake sequence 

The January-February 2014 seismic sequence ruptured the western Cephalonia between the CTFZ 

(GRCS620; Table 1) to the west and the “Assos-Skala” fault (GRIS625; Table 1) to the east (Figure 

1b). The horizontal distribution of relocated aftershocks (Karastathis et al., 2014; Papadopoulos et al., 

2014) covers the entire peninsula of Paliki continuing offshore Myrtos Bay to the north. Three major 

shocks having magnitudes over 5 occurred in that seismic sequence (Figure 2). 

The largest strong mainshock of Mw6.1, occurred on 26 January 2014. The relocated hypocentral 

depth is estimated to 16.5 km (Papadopoulos et al., 2014), while its aftershock distribution occurred 

above the focal depth having a rather steep, E-dipping trend (Karastathis et al., 2014). The proposed 

moment tensor by Papadopoulos et al. (2014) shows an almost pure strike-slip, ESE-dipping fault 

plane (strike/dip/rake = 023°/68°/175°; Figure 2). The second strongest event (Mw5.3, NOA) 

occurred almost 5 hours after the first one at a relocated depth of 12.5 km. Unfortunately, the 

aftershock sequence of this event could not be isolated because it overlapped with the mainshock’s 

aftershock sequence. The moment tensor proposed by Papadopoulos et al. (2014) reveals a pure 

reverse, ENE-dipping fault (strike/dip/rake = 352°/40°/89°; Figure 2). 

The third strongest earthquake (Mw6.0, NOA) occurred on 3 February 2014. The relocated 

hypocentral depth was calculated at 4.6 km (Papadopoulos et al., 2014). In this case, the finite fault 

inversion suggests an upward rupture propagation. The moment tensor of Papadopoulos et al. (2014; 

Figure 2) suggests an oblique-slip, WNW-dipping fault plane with significant reverse component 

(strike/dip/rake = 183°/56°/138°) which is in agreement with i) the uplift that was observed in the 

Paliki Peninsula (e.g. Boncori et al., 2015), and ii) the aftershock spatial distribution which depicts 

a W-dipping fault plane (Karastathis et al., 2014). 

The synthesis of remote sensing and geodetic analysis (Boncori et al., 2015), focused on the 

February 3 major aftershock of the 2014 earthquake sequence, demonstrated an abrupt change of 

deformation between the Paliki peninsula and the rest of the island to the east. A roughly N-S-

trending line north of the Argostoli Gulf, separates the zone of relative uplift (up to 20 cm) and of 

northward motion (up to 35 cm) of the Paliki peninsula to the west from the eastern part of the island. 
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Similar results based on SAR interferometry were found by Benekos et al. (2014) and Briole et al. 

(2015). They proposed a maximum uplift of at least 12 cm at the central part of the Paliki peninsula, 

spanning the time period over the three major events of the 2014 sequence. 

Fieldwork performed in the epicentral area after the mainshock of January 26, 2014, and the 

aftershock of February 3, 2014, revealed the absence of any primary ground ruptures, but the 

existence of several types of secondary effects, e.g. ground fissures, liquefaction, rock falls and 

landslides (Papadopoulos et al., 2014, Valkaniotis et al., 2014, Chatzipetros et al., 2014). 

3.2. The 2015 Lefkada earthquake 

The November 17, 2015 earthquake ruptured the western Lefkada Island (Lat. 38.6662 N, Long. 

20.5957 E, NOA; Figure 2), few kilometres east of the CTFZ (GRCS620; Figure 1b), and more 

particularly the “Lefkada” fault segment (GRIS623). Magnitude and moment were calculated at 

Mw6.4 and M0 = 4.402E+18 Nm respectively, and focal depth at 10 km. The aftershock spatial 

distribution (Ganas et al., 2015; Papadimitriou et al., 2015) revealed two clusters in the horizontal 

pane that occurred due to the accumulated stress at the tips of the strike-slip motion, while the 

vertical extent is constrained at ca. 12 km depth. The proposed nodal plane by NOA is: strike = 203°, 

dip = 88°, rake = 159°. Preliminary InSAR interferometric images by several researchers show that 

ground deformation is produced by an onshore fault that is very near and almost parallel to the 

western coast of Lefkada. Several secondary deformational effects were observed after the 

earthquake (Ganas et al., 2015; Papathanassiou et al., 2016), such as slope failures, liquefaction 

phenomena, ground fissures, etc., especially near the western and southern coast of the island. 

4. Fault modelling 

The well relocated epicentral locations and seismic sequence of Karastathis et al. (2014) leave no 

doubt that the earthquake activity of 2014 was tectonically related neither with the major strike-slip 

structure of CTFZ (GRCS620) nor with the thrust associated with the 1953 large earthquake 

(GRIS625; Figure 1b). The mainshock and its aftershocks ruptured the western part of Cephalonia 

which is situated to the east-southeast of CTFZ, west of the 1953 thrust. Our fault model of the 2014 

Cephalonia sequence includes three faults corresponding to the three major events. Henceforth, the 

January 26th events of Mw6.1 and Mw5.3 and the February 3rd Mw6.0 earthquake were considered to 

correspond to three distinct faults F1, F2 and F3, respectively (Tab;e 2, Figure 2). Our fault model 

of the 2015 Lefkada earthquake is represented by F4 fault (Tab;e 2, Figure 2). Several criteria were 

used to determine the dimensions and the locations of the three faults as explained in the next lines. 

The average displacement was calculated from seismic moment, applying the relationship M0 = 

μ·u·L·W (Aki, 1966), where μ is the shear modulus, u is the average displacement, L is fault length 

and W is fault width. 

4.1. Fault F1 

The F1 fault is responsible for the Mw6.1 mainshock (Table 2, Figure 2). To estimate dimensions 

(length × width along dip) for this fault several criteria were taken into account. The first is the 

lateral distribution of the relocated aftershocks occurred during the first week that followed the 

mainshock (Karastathis et al., 2014): the northern cluster situated around the Bay of Myrtos which 

separates from the main aftershock cloud, was already active before the mainshock occurrence and, 

therefore, it was considered that does not belong to the aftershock zone (Papadopoulos et al., 2014). 

Based on the aforementioned seismological data, the empirical relationships between the earthquake 

magnitude and the rupture length and area (Wells and Coppersmith, 1994) and the lack of surface 

coseismic ruptures, we estimated the horizontal and vertical position, the dimensions (12×10 km) 

and the direction and dip of the fault plane (Figure 2). Thus, the minimum and maximum fault depth 

were approximately constrained at 7 and 16 km respectively. 
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Table 2 - Main parameters of the fault models used in the Coulomb stress change calculations. 
1 From GreDaSS. 2 Values representative for southern CTFZ segments (see Fig. 1b). 

 

Fault name (code) 

 

Strike 
(°) 

 

Dip (°) 

 

Rake (°) 

 

Length 

(km) 

 

Width 

(km) 

 

Min. depth 

(km) 

F1 23 68 175 12 10 7 

F2 352 40 89 3.5 3.1 10.5 

F3 183 56 138 13 7 4 

F4 203 88 159 24 9 3.5 

Assos-Skala 

(GRIS625)1 

330 56 83 42 17 0 

Lefkada (GRIS623)1 16 72 178 55 12 0 

CTFZ southern system2 25 65 180 16-49 8-12 0 

Kastos (GRIS628) 17 85 -160 23 9 3 

4.2. Fault F2 

The F2 fault corresponds to the second major shock (Mw5.3) of the Cephalonia sequence (Table 2, Figure 

2). Its dimensions were estimated only from empirical relationships (Wells and Coppersmith, 1994), since 

no other relevant information was available. Thus, a small fault plane of 3.5 km in length and 3.1 km in 

width was used for such a moderate magnitude. Τhe relocated hypocenter was the only evidence available 

about the approximate location of the fault plane. All of the rest parameters (strike, dip and rake) were 

obtained from the focal mechanism of Papadopoulos et al. (2014). 

4.3. Fault F3 

The F3 fault corresponds to the Mw6.0 second largest shock of the Cephalonia sequence (Table 2, 

Figure 2). The vertical aftershock distribution (Karastathis et al., 2014), the uplift of the Paliki 

peninsula shown in remote sensing imagery (Benekos et al., 2014; Boncori et al., 2015; Briole et 

al., 2015), the lack of primary coseismic ground ruptures, the relocated hypocentre at about 5 km 

and the empirical relationships between magnitude and rupture length and area (Wells and 

Coppersmith, 1994), made a set of criteria to determine both the dimensions (13 km long and 7 km 

wide) and the horizontal and vertical fault plane location (min. depth 4 km). The uplift of the Paliki 

peninsula is in agreement with the reverse component of the focal mechanism of Papadopoulos et 

al. (2014). 

4.4. Fault F4 

The Fault F4 represents the fault plane that ruptured western Lefkada Island on November 17, 2015 

(Mw6.4; Table 2, Figure 2). Based on empirical relationships between magnitude, rupture area and 

fault length (Wells and Coppersmith, 1994) the fault plane dimensions are estimated 24 km long and 

9 km wide. Preliminary InSAR results show intensive ground deformation near and along the 

western coast of the island, matching the horizontal aftershock distribution (Ganas et al., 2015). 

Taking into account the fault dimensions, the focal depth, the aftershock spatial distribution and the 

fact that no primary ground ruptures were observed, the minimum depth of the fault plane is set to 

a depth of 3.5 km. 

4.5. GreDaSS faults 

Our static stress change calculations also involve neighbouring tectonic structures obtained from 

GreDaSS. These are the E-dipping thrust fault “Assos-Skala” (GRIS625; Table 1, Figure 1), the 

CTFZ (GRCS620; Figure 1), consisting of four major segments (‘segment A’: GRIS620 ‘segment 

B’: GRIS621, ‘segment C’: GRIS622 and “Lefkada”: GRIS623; Table 1; Figure 1) and the “Kastos” 

fault (GRIS628). The CTFZ was separated into two parts: the CTFZ southern fault system, which 

includes the three southern segments (GRIS620, GRIS621 and GRIS622), all with almost identical 
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geometric and kinematic parameters (strike, dip and rake), and the northern “Lefkada” fault segment 

(GRIS623), which demonstrates a lightly different orientation from the other three. For this reason, 

the CTFZ southern fault system is treated as an individual receiver fault in our static stress change 

calculations (Table 2). 

5. Stress transfer 

5.1. Methodology 

In the present work, the static fault interaction calculations are based on the Coulomb failure 

criterion. In order for a fault to slip, Coulomb stress change Δσf should exceed a threshold value on 

its plane: 
nsf   , 

where Δτs is the shear stress change on the failure plane, μ΄ is the friction coefficient and Δσn is the 

normal stress change. In order to visualize the areas where stress is increased or decreased for certain 

type of faulting, we used the Coulomb v3.3 application (Toda et al., 2005) which resolves the shear 

and normal components of the stress change on a grid or on specified ‘receiver’ fault planes, in a 

homogeneous, elastic and isotropic half-space. According to Toda et al., (2011), “source faults” are 

the faults that have slipped and “receiver faults” are planes with a specified strike, dip and rake, on 

which the stresses imparted by the source faults. 

For the friction coefficient a common value of μ΄ =0 .4 was selected (Nalbant et al., 1998; 

Papadimitriou, 2002) since many authors have supported that the results are not very sensitive to the 

changes of μ΄ (e.g. Deng and Sykes, 1997a; 1997b; King et al., 1994; Stein et al., 1997). 

5.2. Stress transfer scenarios and change patterns 

The objective of this paper is to investigate the static stress changes and possible fault interactions 

i) between the two first earthquakes (F1 and F2 faults) and the third one (F3 fault) of the 2014 

Cephalonia seismic sequence, ii) between the 2014 Cephalonia sequence (F1, F2 and F3 faults) and 

the 2015 Lefkada mainshock (F4 fault), and iii) between both the Cephalonia and Lefkada 

earthquakes (F1, F2, F3 and F4) and adjacent faults in the surrounding area (GreDaSS faults). 

5.2.1. Scenario A: F1, F2 source faults, F3 receiver fault 

Scenario A (Figure 3) involves the calculation of static stress changes produced by the cumulative 

coseismic displacement of faults F1 and F2 (which are set as source faults) on faults with geometric 

and kinematic attributes similar to fault F3 (receiver fault). The calculations depth is set to 5 km 

based on the hypocentral depth proposed by Papadopoulos et al. (2014). The results show that at the 

depth of 5 km, near to the nucleation depth of the February 3 event, the southern half of the fault 

plane is loaded with stresses while the northern half is relieved from them (Figure 3). The vertical 

profiles (Figure 3b) show that stress accumulation mainly derives from the reactivation of the F1 

fault. The distribution of static stress change is also analysed on the fault (Figure 3c), after dividing 

the fault plane in 10×10 cells. On this figure stress accumulation is concentrated at the upper 

southern quarter of the fault plane. Slip version analysis suggests rupture initiation at the upper 

central part of the fault plane (Papadopoulos et al., 2014). The analysis of Sokos et al. (2015) cannot 

be compared as they used a 2-segment fault model for the February 3 event. 
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Figure 3 - Coulomb stress change results with F1 and F2 as source faults and F3 as receiver 

fault. (a) Horizontal distribution at 5 km depth. (b) Three cross sections perpendicular to F3. 

(c) On-fault distribution after dividing the fault plane F3 in 10 × 10 cells. 

 

Figure 4 - Coulomb stress change results with F1, F2 and F3 of the Cephalonia 2014 

sequence as source faults and F4, the 2015 Lefkada mainshock, as receiver fault. (a) 

Horizontal distribution at 10 km depth near to the hypocentral depth of the 2015 Lefkada 

mainshock. (b) Cross section perpendicular to F4. 

5.2.2. Scenario C: F1, F2, F3 and F4 source faults (2014 Cephalonia and 2015 Lefkada 

events) and Assos-Skala (GRIS625), CTFZ and Lefkada (GRIS) receiver faults 

Scenario C (Figure 5) involves the calculation of static stress changes produced by the cumulative 

coseismic displacement of the 2014 Cephalonia and 2015 Lefkada earthquakes (faults F1, F2, F3 

and F4, set as source faults) on faults (receiver faults) with geometric and kinematic attributes similar 

to i) the three segments of the southern part of the CTFZ system (GRIS620, GRIS621 and GRIS622) 

represented by common parameters, ii) the “Lefkada” (GRIS623) fault, iii) the “Assos-Skala” 
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(GRIS625) fault, and iv) the “Kastos” (GRIS628) fault. The calculations depth is set to 10 and 15 

km which is a common depth of the hypocentres in the area. 

5.2.3. Scenario B: F1, F2 and F3 source faults (2014 Cephalonia) and F4 receiver fault 

Scenario B (Figure 4) involves the calculation of static stress changes produced by the cumulative 

coseismic displacement of all three strongest shocks of the 2014 seismic sequence (faults F1, F2 and 

F3, set as source faults) on faults with geometric and kinematic attributes similar to the fault that 

produced the 2015 Lefkada mainshock (fault F3, set as receiver fault). The calculations depth is set 

to 10 km which is the nucleation depth of the 2015 event (NOA’s revised moment tensor solutions). 

The results show a much lower stress accumulation on F4 fault of the order of 0.2 bar. 

 

Figure 5 - Horizontal distribution of Coulomb stress changes for two different calculation 

depths after the 2014 Cephalonia and 2015 Lefkada earthquakes (F1, F2, F3 and F4 faults) 

on (from left to right) the CTFZ southern fault system, “Lefkada”, “Assos-Skala” and 

“Kastos” faults, respectively. Source faults are coloured red, receiver faults black and other 

faults dashed gray. 

The CTFZ southern fault system (5 and 10 km calculation depths) is variously affected, showing the 

“CTFZ segment A” (GRIS 620) almost unaffected and both “CTFZ segment B” (GRIS621) and 

“CTFZ segment C” (GRIS622) partially loaded and partially relieved from stresses at both depths. The 

“Lefkada” (GRIS623) fault is mostly in the stress drop area except two small patches of stress rise near 

its southern tip for both calculation depths of 6 and 11 km. The only purely reverse “Assos-Skala” 

(GRIS625) fault demonstrates only stress drop at the biggest part of its fault plane, which becomes 

even more intensive at its deeper parts (14 km). The “Kastos” (GRIS628) fault shows only a partial 

slight stress rise on both calculation depths (6 and 12 km) at its northern part. 
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6. Conclusions 

The 2014 Cephalonia seismic sequence consisted of a damaging mainshock on January 26 (Mw6.1), 

followed few hours later by a smaller event (Mw5.3). On February 3, the third major and second 

strongest (Mw6.0) earthquake occurred, rejuvenating the sequence and causing more damage on the 

island of Cephalonia. From the available seismological and remote sensing data it becomes clear 

that the 2014 Cephalonia earthquake sequence was produced by faults unknown so far. Located in 

a geodynamically complex region and spatially constrained between two major tectonic structures 

(the CTFZ and the “Assos-Skala” fault), the causative fault system demonstrates a complex pattern 

and behaviour. Based on reassessed seismological data of the 2014 sequence (Papadopoulos et al., 

2014; Karastathis et al., 2014) and structural evidence from earlier investigations, we concluded in 

a 3-fault model that produced the three strongest shocks of the sequence (Table 2; Figure 2). The 

three faults are more vertically rather than horizontally spaced, showing both reverse and dextral 

motions. The second one (F2) is the most loosely constrained, while published well-defined data for 

the first and third earthquake left no room for significant errors as regards the position, geometry 

and kinematics of the respective F1 and F3 faults. 

The 2015 Lefkada sequence was much simpler consisting of the mainshock and its aftershock 

sequence. The aftershock distribution is concentrated into two main clusters on a NNE-SSW axis. 

Our fault model (F4) is well enough constrained with minor room for error only on its along-strike 

position. Preliminary SAR models reveal a ground deformation pattern along the southwestern coast 

which is in agreement with F4 fault. 

Coulomb stress change calculations within the 2015 Cephalonia sequence (Figure 3) show an 

ambiguous effect of the first two shocks (F1 and F2 faults) on the third strongest shock (F3). Stress 

change pattern is variably distributed along the fault plane demonstrating high values of both stress 

drop and rise (ca. -4 to 4 bar, respectively), especially at the upper part where, according to slip 

inversion model (Papadopoulos et al., 2014), the rupture initiated.  

The three strongest shocks of the 2014 Cephalonia sequence seems to have slightly, or practically, 

hardly affected (stress rise between 0- 0.1 bar) the November 17 2015 Lefkada earthquake (Figure 4). 

The proximity of the Cephalonia and Lefkada strong earthquakes to large tectonic structures, such 

as the CTFZ and the “Assos-Skala” fault, required to further investigate the stress changes produced 

by these events on adjacent faults. Using the three fault models of the Cephalonia sequence (F1, F2 

and F3) and the fault model of Lefkada’s mainshock (F4) as source faults and the faults of GreDaSS 

as receiver faults, the Coulomb stress change indicated variable patterns on the majority of the 

neighbouring faults (Figure 5). In fact, the two CTFZ segments “B” and “C” (GRIS621 and 

GRIS622 respectively) show both stress rise and drop along their strike in both sampling depths of 

5 and 10 km. The most distant segment “A” remained practically unaffected, showing a minor stress 

drop at its northern tip. The “Lefkada” segment (GRIS623) demonstrates a more complex pattern 

with both stress rise and drop, although stress drop is the dominating state. Stress has moderately 

decreased (~ 1.0 bar) on most of “Assos-Skala” (GRIS625) fault plane, while the rest remained 

unchanged. Finally, on “Kastos” fault (GRIS628) stress slightly increases along its half northern 

part, leaving the southern part intact. 
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Abstract 

Two paleoseismological trenches were excavated across the Gyrtoni Fault in NE 
Thessaly and studied in order to understand the recent seismotectonic behavior of this 
structure. Twenty five fluvial-colluvial sediment and pottery samples from both the 
upthrown and the downthrown fault blocks were investigated. Optically Stimulated 
Luminescence (OSL) dating has been applied to date both sedimentary deposits-
palaeosoils and pottery fragments. Paleoseismological analysis of the two trenches 
indicates evidence of three surface faulting events in the time span between 1.42 ± 
0.06 ka and 5.59 ± 0.13 ka. The observed vertical displacement per event of ~0.50 m 
corresponds to an Mw 6.5 ± 0.1 earthquake. An average fault slip rate of 0.41 ± 0.01 
mm/yr and an average recurrence of 1.39 ± 0.14 ka for earthquakes were estimated. 
The results documented the activity of the fault and since the return period from the 
most recent event (minimum age 1.42 ± 0.06 ka) has expired, the possibility for 
reactivation of this active structure in the near future should be included in Seismic 
Hazard Assessment. 
Keywords: Active Fault, Paleoearthquakes, Tyrnavos basin, Larissa, Thessaly. 

Περίληψη 

Για την κατανόηση της πρόσφατης σεισμοτεκτονικής συμπεριφοράς του ρήγματος της 
Γυρτώνης στην ΒΑ Θεσσαλία, έγινε ανασκαφή δύο παλαιοσεισμολογικών τομών. Για τη 
χρονολόγηση της σεισμικής δράσης του ρήγματος λήφθηκαν 25 δείγματα από ποτάμιες 
και κολλουβιακές αποθέσεις ιζημάτων καθώς και από αποθέσεις κεραμικής τόσο από το 
ανερχόμενο όσο και από το κατερχόμενο τέμαχος του ρήγματος. Για τη χρονολόγηση των 
ιζηματογενών αποθέσεων ή/και παλαιοεδαφών και των θραυσμάτων κεραμικής 
εφαρμόστηκε η μέθοδος της Οπτικά Προτρεπόμενης Φωταύγειας (OSL). Η 
παλαιοσεισμολογική ανάλυση των δύο τομών παρέχει ενδείξεις για τρία τουλάχιστον 
σεισμικά γεγονότα στο χρονικό διάστημα μεταξύ 1,42 ± 0,06 ka και 5,59 ± 0,13 ka. Η 
παρατηρούμενη κατακόρυφη μετατόπιση ανά γεγονός είναι ~ 0,50 m που αντιστοιχεί σε 
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μέγεθος ροπής σεισμού Mw 6.5 ± 0.1. Ο μέσος ρυθμός ολίσθησης που υπολογίστηκε είναι 

0,41 ± 0,01 mm/a και η μέση περίοδος επανάληψης των 1,39 ± 0,14 ka. Τεκμηριώθηκε η 

ενεργότητα του ρήγματος και η περίοδος επανάληψης ισχυρών σεισμών πριν από το πιο 

πρόσφατο σεισμικό συμβάν (ελάχιστη ηλικία 1,42 ± 0,06 ka). Τα ευρήματα αυτά 

αποτελούν στοιχεία που συντείνουν στην Εκτίμηση της Σεισμικής Επικινδυνότητας της 

περιοχής. 

Λέξεις κλειδιά: Ενεργό ρήγμα, Παλαιοσεισμοί, υπο-λεκάνη Τύρναβου, Λάρισα, Θεσσαλία. 

1. Introduction 

The Gyrtoni Fault (GF) is an ESE-WNW-trending, south-dipping normal fault that defines the 

northeastern boundary of the Quaternary Tyrnavos Basin (Caputo et al., 1994) and is located at a 

distance of ~13 km from the Larissa, one of the largest cities of Greece. The GF was initially 

described by Schneider (1968) as an important morphological feature (Gyrtoni terrace) affecting 

the northern Larissa Plain. It was recognized as an active tectonic structure by Caputo (1990) and 

Caputo and Pavlides (1993). Τhe surface expression of the fault is composed of two right stepping 

en-echelon fault segments (Caputo, 1995; Caputo et al., 1994) (Fig. 1). 

The Tyrnavos Basin is dominated by E-W to ESE-WNW-trending normal faults developed during 

Middle-Late Pleistocene as a result of the roughly N-S lithospheric extension affecting the Aegean 

region (Caputo, 1990; Caputo and Pavlides, 1993), which is still active as denoted by the recent 

seismicity of the area (Ambraseys and Jackson, 1990; Caputo and Pavlides, 1993; Caputo et al., 

1994; Papaioannou, 1988). The west fault segment of the GF offsets Late Pleistocene floodplain 

deposits (or Niederterrasse, Schneider, 1968) in the footwall block, from Holocene alluvial deposits 

(Gyrtoni alluvium, Demitrack, 1986; van Andel et al., 1990). The morphological expression of the 

west fault segment is a south-facing ~12-m-high, wash-controlled, degraded fault escarpment, 

visible on satellite images and aerial photographs as a corrugated structure (Fig. 2b). Two 

perpendicular topographic profiles, using a portable GPS receiver, were constructed, across the 

surface trace of the fault directly (scarp profile) east and west of the second trench, respectively (Fig. 

2). The topographic profiles exhibit breaks in slope, which is commonly related to “composite fault 

scarps” created by multiple faulting events. We interpreted these inflections in slope mainly as the 

result of earlier faulting events rather than of erosional origin, on the basis of the multiple faulting 

events observed in the excavated trenches. The profile data indicate a scarp height of 12 m, with a 

width of 120 - 130 m, and a maximum scarp-slope angle of ca. 7°. The cumulative surface offset is 

12 m, based on original surfaces (Fig. 2a). 

The geological research and the applied geophysical techniques (Caputo et al., 2003; Oliveto et al., 

2004) have been employed to qualitatively and quantitatively describe the GF. Based on neotectonic, 

morphotectonic and seismotectonic research a possible long-term slip rate lower than 0.1 mm/a was 

proposed, ranking the GF as class C, according to the classification system of the Research Group 

of Active Faults of Japan (RGAFJ, 1992). 

The understanding of the seismotectonic behavior of this tectonic structure in terms of slip rate on 

fault, recurrence interval and date of past earthquakes, is of great importance considering that 

northern Thessaly represents an important seismic gap within the broader Aegean Region (Caputo, 

1995). 

2. Materials and Methods 

2.1. Paleoseismologic trenches across the Gyrtoni Fault  

To study the paleoseismic activity and history of the GF, two single-slot (California-style) trenches 

were excavated across the fault scarp at the central section of the west fault segment of the GF (Fig. 

1). The first trench (G1) dug in 2012 as an exploratory trench was 27 m-long, 2 m-wide and up to 4 

m-deep (Fig. 3). 



554 

 

 

Figure 1 - a) Digital Elevation Model with hill-shading relief of the Tyrnavos Basin showing 

the main structural features (faults adopted from Caputo et al., 1994). b) Simplified 

geological map (IGME, 1985; Caputo, 1990) of the study area, and the locations of the two 

trenches. Images taken form GoogleEarth. 

The second trench (G2) was 9 m-long, 2 m-wide and up to 3 m-deep, and was excavated during 

2014 approximately 1 km to the west of the first trench (Fig. 1 and 4). The walls of the trenches 

were cleaned, gridded with a 1m by 1 m string grid, sedimentary boundaries and structural features 

were mapped in detail and photographed, and samples were collected for age determination. Both 

trenches intersect the fault zone which separates a series of well stratified, thick beds of abandoned 

floodplain deposits exposed on the footwall block, from fluvial and colluvial deposits on the hanging 

wall block. 
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Figure 2 - (a) Topographic profile at the second paleoseismic site located east (A'-A) of the 

trench G2. Profile was surveyed perpendicular to the local surface trace of the fault scarp. 

SO: Surface offset. (b) Field view of the fault scarp from the west. 

The exposed sedimentary deposits are distinguished in units and labeled by numbers, whereas sub-

units are labeled with lower-case letters, based on their inferred age and stratigraphic position. 

Although exposed sedimentary units on both trenches are similar, labeling is independent in each 

trench.  

2.2. Trench tectono-stratigraphy 

2.2.1. Trench Gyrtoni 1 (G1) 

Figure 3 shows the log of the east trench wall. Five lithostratigraphical units are distinguished in the 

upthrown block of the trench (Units 1- 5, floodplain deposits, Late Pleistocene; Fig. 3). The 

stratigraphic sequence of the upthrown block is slightly dipping towards the north. All unit 

boundaries are erosive. A brief description of the exposed units is given below (from oldest to 

youngest). Unit 1 is a 2.4 m-thick, massive, greenish-grey silty clay undeformed layer, with small, 

scattered, carbonate caliche nodules at the upper part of the unit. Unit 2, up to 1 m-thick, consists of 

discontinuous, wavy, non-parallel laminated to greyish-black clay. Unit 3 is a 50 cm-thick, crude 

parallel to sub-parallel laminated yellowish-grey silty clay, with well-developed caliche glaebules 

at the uppermost part of the unit. The sedimentological characteristics of units 1, 2 and 3 suggest 

overbank deposition on an alluvial plain. Unit 4, up to 90 cm-thick, corresponds to a channel-fill 

deposit. It consists of moderately sorted, sub-rounded to sub-angular small pebbles, with a yellowish 

fine to very coarse sand matrix. The structure of the unit is characterized by well-defined wavy to 

planar parallel bedding and bi-directional cross-lamination in the lower part. Unit 5 is a 30 cm-thick, 

discontinuous planar, non-parallel, bedded brownish-grey silty clay, with scattered angular granules 

to small pebbles. 

On the downthrown block, two main units with a maximum exposed thickness of 2.3 m have been 

differentiated (fluvial-colluvial deposits). Unit 6 (alluvium) is a massive greyish-brown silty clay 

with scattered angular to sub-angular granules and small pebbles. Buried pottery found within unit 

6 (21 – 22 m; Fig. 3), 2 m below the surface, was attributed possibly to the Middle Bronze Age 

(2000 – 1600 B.C.) (Dr. A. Vlachopoulos, pers. comm.).The upper part of this unit overlaps the 

lower fissure fill (unit f2). Unit 7 (Early Pinios alluvium), up to 1m thick, is a massive greyish-

brown silty clay with interspersed pottery fragments situated closest to the middle and the lower part 

of the unit. An erosional surface was observed at the boundary between units 6 and 7. The grain size 

and the massive structure, with no macroscopic stratification, of the above described units are 

interpreted as fluvial deposits accumulated by flooding (van Andel et al., 1990) of an abandoned 

meandering segment of Pinios River that flowed close to the Gyrtoni escarpment in the area of the 

former Nessonis Lake (Fig. 1b) (Caputo et al., 1994). The part of units 6 and 7 that is close to the 

fault zone has also colluvial origin. 
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Figure 3 - Log of the east wall of trench G1 excavated across the fault scarp. OSL ages are expressed as thousands of years before 2014 AD. 

Radiocarbon dates are calibrated to calendar years and 64 years were added in order to give them the same reference point as the 

luminescence ages. (a) View of the trench from the north. (b) View of the east wall of the trench. (c) A close-up photograph showing the buried 

pottery. (d) Enlarged log of the fault zone. Trench location is shown in Fig. 1. 
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In the fault zone, we distinguished two fissure fills (units f1 and f2, Fig. 3) adjacent to the main fault. 

The two fissure fills were identified on the basis of distinctive changes in texture and color. Unit f2 

corresponds to the older exposed fissure fill in the fault zone and it consists of structureless 

yellowish-grey silty sand. Unit f1 consists of chaotic dark greyish clay with open cracks. The random 

fabric and the lithology of the filling material suggest deposition into the fissure of material derived 

mainly from unit 2, probably as a saturated mass.  

The described units are covered by a ploughed, laterally continuous brownish silty sand soil (unit 

8). Unit 8 corresponds to the current A horizon (soil). 

2.2.2. Trench Gyrtoni 2 (G2) 

Figure 4 shows the log of the east wall of trench G2. Three lithostratigraphical units are distinguished 

in the upthrown block of the trench (Units 1 to 3, Fig. 4). Unit 1 is the oldest exposed unit and it 

consists of discontinuous, planar and parallel bedded grey clay, progressively dipping to the south 

close to the fault zone. Unit 2 is a multi-storey palaeochannel belt up to 75 cm-thick. It is subdivided 

in a lower subunit 2a, which corresponds to channel deposit, made up of well defined wavy to planar 

parallel bedded and south-directional cross-lamination, yellowish brown, fine to very coarse sand 

with sub-angular, moderately sorted, small pebbles; subunit 2b is a lenticular structure of greyish 

silty clay, probably a small size oxbow-lake deposit; and subunit 2c is the upper channel deposit, 

overlaying subunits 2a and 2b, consisting of draped, parallel bedded yellowish brown medium to 

very coarse sand containing sub-rounded granules and shell fragments. Unit 3 is an 85 cm-thick, 

crude parallel to sub-parallel laminated yellowish-grey silty clay, with a thick calcrete horizon at the 

uppermost part of the unit, suggesting a well-developed soil profile. The calcrete horizon is 

progressively bents towards the fault zone. We interpreted unit 3 as a floodplain deposit. 

On the downthrown block, two main sedimentary units were distinguished with a maximum exposed 

thickness of 3 m (Figs. 4). Unit 4 corresponds to a 60 cm-thick scarp derived colluvial deposit, 

composed of greenish grey silty sand. Unit 5, at least 2.4 m thick, is greyish-brown massive silty 

clay with scattered angular to sub-angular granules to small pebbles. Pottery fragments from 

different time periods (from 20th century BC to 15th century AD) were found.  

Similar to trench G1, two discrete fissure fills have been mapped at the east wall of the trench, each 

corresponding to a surface-faulting earthquake (units f1 and f2, Fig. 4).  

A laterally continuous, ploughed, brownish silty sand soil with rare pebbles (unit 6 on Fig. 4) is 

developed on the upper part of the trench G2 and it corresponds to the present A horizon. 

2.2.3. Structure 

Both excavated trenches exposed a 2-m-wide fault zone composed of synthetic and antithetic normal 

fault strands. The secondary and the antithetic fault strands were merged to the main fault plane 

which turns into a single shear zone, dipping 57-60o to the south toward the base of the trenches 

(Figs. 3 and 4). Striations found on the fault plane at the lower part of the east wall of trench G2, 

indicate pure dip-slip movement (~200oS). The fault zone is composed of displaced and dragged 

blocks of relatively intact and occasionally rotated (around 33o down-to-the-south) sedimentary 

units from the up-thrown block (Fig. 4), probably by frictional drag along the fault plane, and fissure 

fill deposits. 

2.3. Geochronology 

2.3.1. Luminescence dating 

Optically Stimulated Luminescence (OSL) dating (Huntley et al., 1985) was used to date samples 

from this area. Nine samples were collected from the five distinct lithologic units exposed on the 

upthrown fault block of trench G1 (Fig. 3) and three samples from the exposed units of the upthrown 

fault block of trench G2 (Fig. 4). 
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Figure 4 - Log of the east wall of trench G2 excavated across the fault scarp. OSL ages are 

expressed as thousands of years before 2014 AD. (a) View of the east wall of the trench. 

Trench location is shown in Fig. 1. 

Also, eight sediment samples and five pottery fragments were collected from the four distinct 

lithologic units exposed on the downhrown fault blocks of the two trenches to constrain the timing 

of the earthquake events (Figs. 3 and 4). One sediment sample and four pottery fragments were 

collected from the silty clay unit 7 and pieces from the buried pottery that was found in the lower 

part of the silty clay unit 6 of trench G1 (Fig. 3). Four sediment samples were collected in a vertical 

sequence in order to establish an age trend with depth and two from different parts close to the fault 

zone of unit 5 from trench G2 (Fig. 4). One additional sample was collected from the silty sand 

colluvial deposit unit 4 that was exposed on the west wall of the same trench. 

Sample preparation and luminescence measurements were carried out at the Archaeometry Center 

at the University of Ioannina. OSL measurements were made on chemically purified coarse-grained 

quartz, using the single-aliquot regenerative-dose (SAR) protocol proposed by Murray and Wintle 

(2000; 2003). The purity of the quartz extract was checked using the OSL-IR depletion ratio (Duller, 

2003). Luminescence measurements were performed on a Risø TL/OSL-DA-20 reader equipped 

with a 1.48 GBq 90Sr-90Y beta radiation source. The environmental dose rate for each sample was 
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calculated using high-resolution gamma spectrometry. The concentrations of radionuclides were 

then used to calculate the dose rates using the conversion factors of Adamiec and Aitken (1998). 

The cosmic radiation contribution was also taken into acount (Prescott and Hutton, 1994). The 

calculated OSL ages are shown in Figs. 3 and 4. 

2.3.2. Radiocarbon dating 

Samples for radiocarbon dating were collected from the two trenches and were dated at the Center 

for Dating and Diagnostics, Department of Engineering for Innovation, University of Salento, Italy, 

using accelerator mass spectrometry (AMS) techniques. The delivered radiocarbon dates of the 

collected samples are shown in Fig. 3. 

3. Results and Conclusions 

3.1. Paleoseismic interpretation and timing of the events 

The recognition of the most recent displacement event (E1) and the penultimate displacement event 

(E2) was based on the presence of filled fissures created on the base of the fault scarp during surface 

faulting (McCalpin 2005). 

The stratigraphic evidence of the most recent surface faulting event (E1) is the younger of the two 

fissures fill deposits exposed in both trenches (Fig. 3 and 4). In trench G1 event E1 displaced and 

dragged units 2 and 3, and was immediately followed by the deposition of unit 7. The base of unit 7 

yielded an OSL age of 1.42 ± 0.06 ka (Gyr1OSL_10). The contact between units 6 and 7 would then 

correspond to the “event horizon” of event E1. As no soil horizon formed between units 6 and 7, we 

can infer that the deposition age of these units was close in time. Event E1 was responsible for a vertical 

displacement of about 0.60 m, measured from the vertical offset of the base of unit 2, which is in 

agreement with the topographic offset of 0.60 m measured on the scarp above the fault zone (Fig. 3). 

In addition, in trench G2, event E1 displaced and dragged along the main fault plane, the base of unit 

2b by 0.60 m, which is in agreement with the displacement estimated in trench G1. The fissure fill 

deposit (f1) observed in trench G2 was covered by the deposition of the upper part of unit 5. Because 

of the massive and clayey nature of unit 5, it was not possible to distinguish the stratigraphic contact 

between the upper part of unit 5, which overlies the fissure, and the lower part. However, using a 

smoothed envelope of the fissure f1/upper part of unit 5 boundary and also considering that the fissure 

must be located at the base of the coseismic free face, we have drawn a dash-dotted line in Fig. 4 to 

show the approximate position/shape of the prefaulting surface (EH1 in Fig. 4). To achieve the closest 

age constraints, the age of this “inductive” event horizon (EH1 in Fig. 4) was extrapolated from the 

OSL age of the samples Gyr2OSL_09E and Gyr2OSL_08E. Hence, the age of the “inductive” event 

horizon E1 in trench G2 is bracketed by a maximum age of 2.16 ± 0.03 ka and a minimum age of 1.35 

± 0.02 ka. Consequently, based on the dates from the two trenches, the event E1 occurred after 2.16 ± 

0.03 ka and before 1.42 ± 0.06 ka (age of unit 7, trench G1). This event could be possibly related to a 

historical event that occurred between ca 2nd-1st century BC with a possible magnitude 6.0-6.5 

(Caputo and Helly, 2005). This historical event was recognized on the basis of archaeological and 

architectural evidences from Larissa and nearby towns. Although, the authors stated as possible source 

of this event the Rodia Fault, we cannot exclude the GF. 

The penultimate surface faulting event (E2) is recognized by the deposition of the second (older) 

fissure fill deposit (f2) in both of the two excavated trenches (Figs. 3 and 4). In trench G1, the fissure 

fill (f2) deposited after the faulting event E2 was subsequently covered by the deposition of the 

upper part of unit 6 (subunit 6b). Subunit 6b represents the interseismic graben fill deposit between 

events E2 and E1. Consequently, the base of subunit 6b corresponds to the event horizon (EH2 in 

Fig. 3). The approximate position/shape of the event horizon E2 was drawn in Fig. 3 in a similar 

way as the event horizon E1. Event E2 in trench G2 displaced and dragged units 2, 4 and the lower 

part of unit 5 (subunit 5a) along the southern secondary fault plane (Fig. 4). The middle part of unit 

5 (subunit 5b) most likely was deposited shortly after the faulting event E2. Two samples 
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(Gyr2OSL_05E and 06E) were dated from subunit 5a and provided OSL ages of 3.48 ± 0.07 and 

3.77 ± 0.06 ka, respectively. A similar OSL age (3.64 ± 0.12 ka) was provided from a sample 

(Gyr2OSL_04E in Fig. 4) collected from the part of unit 5 situated between the main fault plane and 

the secondary fault. This similarity of the ages allowed the hypothesis that subunit 5a was faulted 

and displaced along the secondary fault plane during the penultimate event (E2). Accordingly, these 

ages provide a maximum limiting age for the event E2. Further support for this hypothesis comes 

from the buried pottery found in trench G1 (Fig. 3) inside the lower part of unit 6 (subunit 6a). 

Subunit 6a was deposited after a previous event (E3) and before the event E2 (Fig. 3). The estimated 

OSL age of this pottery is 3.77 ± 0.13 ka (Gyr1OSL_15). The vertical displacement during the 

surface faulting event E2 could not be estimated using offset stratigraphic units. In trench G2 a 

cumulative vertical displacement of 1.70 m was measured from the vertical offset of the top of unit 

2b. Subtracting the event E1 displacement (0.60 m) and the event E3 minimum displacement (0.50 

m) yields a value of 0.60 m for the event E2. However, this displacement value could be minimum 

because offset units were affected by near-fault drag. Event horizon E2 in trench G2 may be placed, 

similar to event horizon E2 in trench G1, close to the top of the older fissure fill (f2). Thus, the 

second event occurred somewhere after 3.77 ± 0.06 ka and before 2.16 ± 0.03 – 2.80 ± 0.06 ka, most 

likely before 2.80 ± 0.06 ka. 

An earlier surface faulting event (E3) was recognized within trench G1, as unit 5 was displaced by 

the southernmost secondary fault (Fig. 3), which was subsequently sealed by the deposition of the 

lower part of unit 6 (subunit 6a), which contained the buried pottery. We measured 0.5 m of vertical, 

down-to-the-south stratigraphic displacement using the top of unit 5, for this event. However, this 

displacement value could be minimum because the top of unit 5 probably experienced some erosion 

after the faulting event. In trench G2, during the event E3, units 2 and 4 were displaced and dragged 

along the southern secondary fault plane (Fig. 4). The lower part of unit 5 (subunit 5a) was 

subsequently deposited after the event E3. The event horizon E3 may be placed at the top of unit 4 

(Fig. 4). Due to the fact that no soil horizon was formed between these two units, the deposition of 

subunit 5a was close in time or erosion took place. Therefore, the third event occurred after 5.59 ± 

0.13 ka (unit 4, collected from the west wall of the G2 trench; not shown in Fig. 4) and before 3.77 

± 0.06 ka (subunits 6a and 5a). 

The studied trenches, along the GF, expose evidences of fissure fill deposits, scarp derived 

colluviums, angular unconformities in the downthrown fault block stratigraphy and absence of any 

paleosoil horizons. Hence, the structural and stratigraphic indications in the two trenches imply that 

the GF scarp is the result of episodic displacement accompanied by continuous deposition without 

soil formation in the downthrown fault block (McCalpin 2003). 

3.2.  Displacement per event and paleoearthquake magnitude 

The vertical displacements for the paleoearthquakes E1, E2 and E3, as estimated stratigraphically 

from the two trenches, are 0.60, 0.60 and 0.50 m, respectively. Obviously, all events were very 

similar in size. This implies that GF may display a “characteristic earthquake” behavior (Schwarz 

and Coppersmith, 1984). For this reason, we assumed a vertical displacement for the 

paleoearthquake E4 of 0.50-0.60 m. Following empirical relationships between magnitude and 

maximum vertical displacement (Wells and Coppersmith, 1994; Pavlides and Caputo 2004) and 

assuming a vertical displacement of 0.50 - 0.60 m per event that was observed in our trenches as 

maximum; we can calculate a moment magnitude (Mw) of the order of 6.5 ± 0.1. By the same token, 

a moment magnitude of 6.5 is consistent with a surface rapture length of 18-19 km, which is longer 

than the measured length of the GF. Although, the ESE-WNW-trending GF ignore and cut-across 

pre-existing faults, it is possible that inherited extensional structures may locally or partially be 

reactivated with oblique kinematics. 

Scarp profiles near the trench G2 show surface offset of 12 m. This value is a first-order estimate of 

the vertical displacement, but as noted previously, the fault scarp is degraded, so this surface offset 

is a minimum value. The vertical displacement for the three most recent events is well constrainted 
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and similar. The cumulative vertical displacement for these events, as measured on the basis of 

stratigraphic correlation in trench G2, is 1.70 m. These three events represent the 15% of the surface 

offset of the GF. Therefore, the displacement of the fault scarp could have been produced by as 

many as twenty past faulting events. 

3.3. Recurrence interval and slip rate  

Although the timing of the three most recent events (E1, E2 and E3) is not very well constrained 

due to the massive character of the units 6 and 5 in trenches G1 and G2, respectively, we assumed 

that two complete earthquake cycles have occurred between 5.59 ± 0.13 ka (maximum age of event 

E3) and 1.42 ± 0.06 ka (minimum age of event E1). Thus, we calculated two different apparent 

closed-cycle recurrence intervals and the average recurrence interval (McCalpin, 2009) between the 

events E3 - E1. To calculate the apparent closed-cycle recurrence interval for each earthquake cycle, 

we assumed that the most probable time of faulting is the mean between the minimum and the 

maximum limiting age for each event. Hence, the closed-cycle recurrence interval between events 

E2 (3.29 ± 0.07 ka) - E1 (1.79 ± 0.07 ka) and E3 (4.68 ± 0.09 ka) - E2 are 1.50 ± 0.10 ka and 1.40 

± 0.12 ka, respectively. An average recurrence interval of 1.39 ± 0.14 ka may be calculated 

considering that the three events (E1, E2 and E3) occurred in the time span between 1.42 ± 0.06 ka 

and 5.59 ± 0.13 ka.  This value is in agreement with the estimated closed-cycle recurrence intervals. 

Evidently, the elapsed time since the event E1 is close to or has exceeded the estimated average 

recurrence interval for the GF. 

Three different apparent slip rate estimates were calculated for this study, based on interseismic 

intervals between the E2–E1, E3-E2, and E3-E1 events. The E2–E1 cycle slip rate, based on the 

most recent event vertical displacement of 0.60 m and a closed-cycle interval of 1.50 ± 0.10 ka, is 

0.40 ± 0.03 mm/yr. The E3-E2 cycle slip rate, based on the penultimate event vertical displacement 

of 0.60 m and a closed-cycle interval of 1.40 ± 0.12 ka is 0.43 ± 0.04 m/yr. The E3-E1 average slip 

rate, based on the cumulative vertical displacement of 1.70 m and the interseismic time interval of 

4.17 ± 0.14 ka (between the maximum age of event E3 and the minimum age of event E1), is 0.41 

± 0.01 mm/yr. 

Since, the seismic history of the Gyrtoni Fault was not completely known our data expand the 

existing knowledge on the Holocene tectono-stratigraphy of this structure. The outcome of the 

present study can be useful for the assessment of the seismic hazard of the surveyed area. 

4. Acknowledgments 

This research project was implemented within the framework of the Action «Supporting 

Postdoctoral Researchers» of the Operational Program "Education and Lifelong Learning" and is 

co-financed by the European Social Fund (ESF) and the Greek State. The authors would like to 

thank C. Grützner and S. Valkaniotis whose comments helped to improve the manuscript.  

5. References 

Adamiec, G. and Aitken, M.J., 1998. Dose-rate conversion factors: update, Ancient TL, 16, 37-49. 

Ambraseys, N.N. and Jackson, J.A., 1990. Seismicity and associated strain of central Greece 

between 1890 and 1988, Geophys. J. Int., 101, 663-708. 

Caputo, R., 1990. Geological and structural study of the recent and active brittle deformation of the 

Neogene-Quaternary basins of Thessaly (Greece). In: Scientific Annals, Vol. 12, Aristotle 

University of Thessaloniki, Thessaloniki. 

Caputo, R., 1995. Inference of a seismic gap from geological data: Thessaly (Central Greece) as a 

case study, Ann Geofisica, 38, 1-19. 

Caputo, R. and Pavlides, S., 1993. Late Cainozoic geodynamic evolution of Thessaly and 

surroundings (central-northern Greece), Tectonophysics, 223, 339-362. 



562 

 

Caputo, R. and Helly, B., 2005. Archaeological evidences of past earthquakes: a contribution to the 

SHA of Thessaly, Central Greece, J. Earthquake Eng., 9(2), 199-222. 

Caputo, R., Bravard, J.-P. and Helly, B., 1994. The Pliocene-Quaternary tecto-sedimentary 

evolution of the Larissa Plain (Eastern Thessaly, Greece), Geodyn Acta, 7, 57-85. 

Caputo, R., Piscitelli, S., Oliveto, A., Rizzo, E. and Lapenna, V., 2003. The use of electrical 

resistivity tomography in Active Tectonic. Examples from the Tyrnavos Basin, Greece, J. 

Geodyn., 36(1-2), 19-35. 

Demitrack, A., 1986. The Late Quaternary geologic history of the Larissa Plain, Thessaly, Greece: 

Tectonic, Climatic and Human Impact on the Landscape, Ph .D. dissertation, Stanford 

University, CA. Ann Arbor, Michigan: University Microfilms. 

Duller, G.A.T., 2003. Distinguishing quartz and feldspar in single grain luminescence 

measurements, Radiation Measurements, 37, 161-165. 

Huntley, D.J., Godfrey-Smith, D.I. and Thewalt, M.L.W., 1985. Optical dating of sediments, Nature 

313, 105-107. 

IGME, 1985. Geological Map of Greece, Scale 1:50000, Sheets: Larissa, Gonni, Institute of Geology 

and Mineral Exploration, Athens.  

McCalpin, J.P., 2003. Criteria for determining the seismic significance of sackungen and other 

scarp-like landforms in mountainous regions. In: Hart, E.W., ed., Ridge-Top Spreading in 

California: Contributions Toward Understanding a Significant Seismic Hazard: California 

Geological Survey, CD 2003-05, 2 CD-ROMs. 

McCalpin, J.P., 2005. Late Quaternary activity of the Pajarito fault, Rio Grande rift of northern New 

Mexico, USA, Tectonophysics, 408, 213-236. 

McCalpin, J.P., 2009. Application of Paleoseismic Data to Seismic Hazard Assessment and 

Neotectonic Research. In: McCalpin, J.P., ed., Paleoseismology, Academic Press, San Diego, 

1-106. 

Murray, A.S. and Wintle, A.G., 2000. Luminescence dating of quartz using an improved single-

aliquot regenerative-dose protocol, Radiation Measurements, 32, 57-73. 

Murray, A.S. and Wintle, A.G., 2003. The single aliquot regenerative dose protocol: potential for 

improvements in reliability, Radiation Measurements, 37, 377-381. 

Oliveto, A., Mucciarelli, M. and Caputo, R., 2004. HVSR prospecting in multi-layered 

environments: An example from the Tyrnavos Basin (Greece), Journal of Seismology, 8, 395-

406. 

Pavlides, S.B. and Caputo, R., 2004. Magnitude versus faults' surface parameters: quantitative 

relationships from the Aegean, Tectonophysics, 380(3-4), 159-188. 

Papaioannou, I., 1988. I seismiki istoria tis Larisas kata to 18o kai 19o aiona [The seismic history 

of Larissa during the 18th and 19th centuries], Eleftheria Newspaper, August 7, 1988, Larissa 

(in Greek). 

Prescott, J.R. and Hutton, J.T., 1994. Cosmic ray contribution to dose rates for luminescence and ESR 

dating: large depths and long-term time variations, Radiation Measurements, 23, 497-500. 

RGAFJ (Research Group for Active Faults of Japan), 1992. Maps of active faults in Japan with 

explanatory test, University of Tokyo Press, Tokyo, 73 pp. 

Schneider, H.A., 1968. Zur Quartargeologischen Entwicklungsgeschichte Thessaliens 

(Griechenland), R. Haber Verlag, 127 pp., 65 tabs., Berlin. 

Schwartz, D.P. and Coppersmith, K.J., 1984. Fault behavior and characteristic earthquakes: 

examples from the Wasatch and San Andreas Fault Zones, J. Geophys. Res., 89(B7), 5681-

5698. 

van Andel, T.H., Zangger, E. and Demitrack, A., 1990. Land use and soil erosion in prehistoric and 

historical Greece, J. Field Archaeology, 17, 379-376. 

Wells, D.L. and Coppersmith, K.J., 1994. New empirical relationships among magnitude, rupture 

length, rupture width, rupture area, and surface displacement, Bulletin of the Seismological 

Society of America, 84, 974-1002. 

  



563 

 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, τόμος L, σελ. 563-571 
Πρακτικά 14ου Διεθνούς Συνεδρίου, Θεσσαλονίκη, Μάιος 2016 

Bulletin of the Geological Society of Greece, vol. L, p. 563-571 
Proceedings of the 14th International Congress, Thessaloniki, May 2016 

PALAEOSEISMOLOGICAL ANALYSIS OF THE EAST 

GIOUCHTAS FAULT, HERAKLION BASIN, CRETE 

(PRELIMENARY RESULTS) 

Zygouri V. 1, Koukouvelas I.1, and Ganas A. 2 

1University of Patras, Department of Geology, 26500, Rion Patras, Greece, zygouri@upatras.gr, 

iannis@upatras.gr 

2Institute of Geodynamics, National Observatory of Athens, 11810 Athens, Greece, 

aganas@noa.gr 

Abstract 

A paleoseismological analysis has been performed at the East Giouchtas Fault. This 

fault dips to the east and represents a pure normal fault. The East Giouchtas Fault 

forms an intrabasinal high in the Heraklion basin with its conjugate fault the West 

Giouchtas Fault. A natural surface has been prepared and logged in detail in order 

to detect the most significant parameters related to the ground shaking impact on the 

area. Investigating past earthquakes characteristics attributed to the East Giouchtas 

Fault and through sample dating we conclude that the studied fault is related to at 

least four strong events of 6.4 magnitude. The fault is also characterized by 20-40 cm 

tectonosedimentatry displacements and slip rates of 0.25 mm/yr. Thus, the proximity 

of the fault to the highly populated Heraklion city and Minoan Knossos monument 

urges the need for an adequate hazard assessment of the area. 

Keywords: active tectonics, seismic hazard, young surface scarp, seismic history. 

Περίληψη 

Στο Ανατολικό ρήγμα του Γιούχτα που έχει ΒΒΔ-ΝΝΑ διεύθυνση και κλίση προς τα 

ανατολικά πραγματοποιήθηκε λεπτομερής παλαιοσεισμολογική έρευνα. Το Ανατολικό 

ρήγμα του Γιούχτα διαμορφώνει μαζί με το αντιθετικό του, Δυτικό ρήγμα του Γιούχτα 

ένα τεκτονικό κέρας μέσα στη Νεογενή λεκάνη του Ηρακλείου. Μια φυσική τομή στο 

Ανατολικό ρήγμα προετοιμάστηκε και αποτυπώθηκε με λεπτομέρεια σε μια προσπάθεια 

να αναγνωριστούν οι πιο σημαντικές παράμετροι που συσχετίζουν το ρήγμα με ισχυρά 

σεισμικά γεγονότα. Ανιχνεύοντας τα χαρακτηριστικά παλαιών σεισμικών γεγονότων τα 

οποία προκλήθηκαν από τη δράση του Ανατολικού ρήγματος του Γιούχτα εκτιμούμε ότι 

το υπό μελέτη ρήγμα συσχετίζεται με τουλάχιστον 4 γεγονότα μεγέθους 6,4. Το ρήγμα 

επίσης χαρακτηρίζεται από μετατοπίσεις των 20-40 εκ. κατά τη διάρκεια των γεγονότων 

αυτών και εμφανίζει ρυθμούς ολίσθησης της τάξης των 0,25 χιλιοστών/χρόνο. 

Επομένως, η εγγύτητα του ρήγματος στην πυκνά δομημένη πόλη του Ηρακλείου καθώς 

και στο πολιτιστικό μνημείο της Κνωσσού ενισχύει την αναγκαιότητα μιας πληρέστερης 

μελέτης της σεισμικής επικινδυνότητας της περιοχής. 

Λέξεις κλειδιά: ενεργός τεκτονική, σεισμική επικινδυνότητα, κατοπτρική επιφάνεια, 

σεισμική ιστορία. 
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1. Introduction 

Paleoseismological analysis through trenching investigations of fault related colluvial tectono-

stratigraphy can facilitate the improvement of historical seismological data and thus can be a 

valuable tool that can provide data regarding the occurrence of destructive prehistoric earthquakes 

(McCalpin, 1996; Pavlides et al., 1999). Paleoseismology includes the study of the location, timing 

and size of prehistoric earthquakes and attempts to interpret geological evidence attributed to 

individual paleoearthquakes (Solonenko, 1973; Sieh, 1978; Wallace, 1981; McCalpin, 1996). 

Paleoseismology uses both geomorphological and geological evidence of past seismic shaking 

and/or ground rupture to prolong the timing of applied earthquake studies. It differs from general 

active tectonic studies as it is focused on the almost instantaneous deformation of landforms and 

sediments during earthquakes (Allen, 1986). In the past decades data collected in several detailed 

paleoseismic studies have been used to develop remarkable new concepts about the earthquake 

generation process. Recently there has been an increasing interest also in Greece in defining specific 

seismic events with the use of trenching excavation despite the fact that historical records show 

notable qualitative data (Pavlides et al,. 2004; Chatzipetros and Pavlides, 1994; Collier et al., 1998; 

Pantosti et al., 2004; Koukouvelas et al., 2005; Kokkalas et al., 2007; Zygouri et al., 2015). 

This study is contributing to seismic hazard assessment and understanding of earthquake history of 

the Heraklion area. Note that in the Heraklion area, seismic energy release is significant 

(Papadopoulos, 2011) and this conclusion strengthen our effort to study some of these past 

earthquakes through paleoseismology. The present study provides information on the seismic 

history of the East Giouchtas fault by means of trenching techniques, tectonostratigraphy of fault 

colluvial sequences and radiocarbon dating. Whether or not this fault has the potential of hosting 

surface rupturing earthquake events was not previously known or estimated. Knowledge of timing, 

location and slip distribution of past earthquakes is critical to understand the long – term behavior 

of this fault and to attempt to forecast future large earthquakes that can have great impact on the 

epicentral area. 

2. Geological setting 

The island of Crete is located in the southernmost part of the Hellenic arc (Fig. 1a) on the Aegean 

plate that overrides the lower Nubian plate (Ganas and Parsons, 2009). It constitutes one of the most 

seismically active areas of the Eastern Mediterranean which is associated with high rates of tectonic 

uplift (>6 mm/yr) and dissected by a dense array of primarily normal faults. These faults have length 

up to 10 km and they are associated possibly with strong earthquakes of magnitude 6. They juxtapose 

Mesozoic carbonates and alpine metamorphic rocks from coarse-grained alluvium and colluviums 

sediments (Doutsos and Kokkalas, 2001; Fassoulas, 2001; Kokinou et al., 2015). The Heraklion 

basin, characterized by a rather tabular onshore pattern, represents a Neogene fault bounded basin. 

Particularly, the basin to the east is bounded by the Kastelli normal fault and to the west by the 

Kroussonas-Tylissos normal fault (Doutsos and Kokkalas, 2001; Vassilakis, 2006; Fig. 1b). To the 

south the Heraklion basin is bounded by an E-W mountainous range that borders the northern end 

of the Messara Basin. Giouchtas Mt located in the central part of the basin forms an intrabasinal 

high or a horst, called hereinafter as Giouchtas horst, controlled by two well-exposed boundary faults, 

i.e. the East and West Giouchtas Faults (Fig. 1c). Both of those faults are trending NNW-SSE and 

their mapped length is 6 and 8 km respectively. The case of the Giouchtas horst appears as most 

appealing due to mainly two reasons. It is located near the Heraklion city, it exposes fresh scarp 

surfaces (Fig. 1d) which juxtapose for more than 400 m Triassic limestones against flysch, marls 

and unconsolidated alluvial to colluvial sediments. 

3. Paleoseismology 

We used trenching method to reconstruct the latest Quaternary paleoseismic history of East 

Giouchtas Fault and to examine its rupture behavior. Among the various indicators for 
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paleoseismology in unconsolidated sediments within a normal fault setting, the best and clearest 

indicators for faulting are fault scarps, scarp derived colluviums, upward termination of faults offset 

sedimentary layers and landslides/liquefactions (McCalpin, 2009). 

 

Figure 1 - a) The geodynamic setting of the Hellenic peninsula affecting the study area 

(modified by Kokkalas et al., 2006), b) The Herakion basin bounded by the Kroussonas –

Tylissos fault (KR-TF) and Kastelli fault (KF) modified by (Vassilakis, 2006), c) The 

Giouchtas intrabasinal high formed by the West and East Giouchtas faults. The yellow point 

marks the paleoseismological site, d) Photos from the study area showing active features of 

the East Giouchtas Fault taken on Aug. 17, 2014. 

In this study, we focus our efforts on the East Giouchtas Fault at a site where a landslide activated 

during the road construction connecting Ano Archanes with Vasilies hamlet. Based on Google Map 

archive the landslide is forested since 2006. Thus, it is suggested that the slide is stable at present. 

The slide was developed perpendicular to the East Giouchtas Fault trace and landslide minor scarp 

represents an east- west surface being at an ideal orientation to be used as a palaeoseismological 

trench with an excess of new information, exposing paleosoils and displaced colluviums (Fig. 2a). 

This practice was selected in the present study due to strong archaeological restrictions that 

forbidden the use of mechanical means to excavate a paleoseismological trench a restriction 

expanded also to the cleaning and configuring of the landslide minor scarp. So, we performed the 

outcrop’s cleaning by hand. 

Regarding the parameters of the landslide, its crown is located at about 5 m below the active fault 

scarp (Fig. 2b). At this particular site the east facing fault scarp has a dip of 55° and is almost 4 m 

tall. The section we analyzed has a length of 40 m and its maximum height is 4.5 m. Photo mosaics 
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of the trench were developed using image processing software. The ages of stratigraphic units that 

are displaced or the deposits derived just after a seismic event, such as colluvial deposits, were used 

to constrain past earthquakes and estimate recurrence interval (McCalpin, 2009 and references 

therein). We collected all available radiocarbon samples in the trench and selected six of them as the 

most promising for dating the stratigraphic horizons and the colluvial wedges exposed in the trench. 

AMS radiometric analyses were performed by Beta Analytic, Florida, USA. Our dating results are 

presented in Table 1 except the GI6 sample that was unable to be dated by the laboratory. 

 

Figure 2 - a) View of the landslide lying underneath the fault scarp of East Giouchtas fault, 

b) Fault scarp above the landslide site with 55° dip (both photos were taken on Oct. 24, 

2014). 

3.1. Description of the paleoseismological trench 

The trench exposed coarse and medium grained sediments overlying flysch (Fig. 3). It also revealed 

a succession of unconsolidated sandy horizons, apparently displaced paleosoils and colluvial 

deposits rich in organic material. The unconsolidated sediments are displaced by four faults, being 

considered based on their dip as synthetic to the main East Giouchtas Fault. The upper part of the 

flysch which is in contact with the unconsolidated sediments is slightly weathered and comprises a 

transitional clay horizon to the flysch (unit CF). Furthermore, the trench tectonostratigraphy is 

divided in two parts: the west, called hereinafter as succession A, and the east, called succession B, 

both of which are controlled by F1-F3 faults. In particular the west part of the tectonostratigraphy is 

located between F1-F2 faults being strongly attenuated towards both faults and partly interfingering 

with the succession B. In addition this part is displaced by the F1 fault suggesting the syntectonic 

evolution of the succession A. In detail the succession A includes from bottom to the top the 

following units: one 20-40 cm thick yellow sandy unit with sparse limestone boulders (unit Sep) 

that is displaced by both F1 and F2 faults. This unit, overlying the flysch is a red- yellow colored of 

fine grained sediments including sparse angular to subangular clasts. On top of Sep unit a 10-cm-

thick red paleosoil horizon (P) is recognized. F1 fault displaces the paleosoil horizon (P) by almost 

40 cm (Fig. 3). On top of Sep unit or the paleosoil a green color shade unit with abundant angular 

limestone clasts in a sandy matrix is developed (unit Gr). Unit Gr is strongly attenuated towards 

fault F2 and is displaced by F1 fault. On top of unit Gr a red colored unit (Rd) with abundant rounded 

clasts or boulders of limestone is developed, including also in cases conglomerate lenses with a clay 

matrix. Unit Rd appears to be displaced by F1 and F2 faults. Both the (Gr) and the (Rd) units have 

been displaced by F1 fault by about 30 cm. Of particular interest for the understanding of the trench 

is the existence of a boulder cluster across the F1 fault trace suggesting probably that the slip of the 

fault is associated with a graben formed parallel to the fault, wide enough to capture the CeCong 

unit. On top of the unit Rd and on the hangingwall of F1 fault CW2 colluvial wedge is developed.  
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Figure 3 - Photomosaic and sketching of the section stratigraphy (photos taken on Oct. 25, 

2014). View towards North. 
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This wedge includes unsorted angular cobbles and boulders in a sandy matrix rich in organic 

material (Sa, in Fig. 3). The rest of Rd unit is overlain by BRS unit. BRS unit is characterized as a 

brick red color conglomerate unit rich in organic sand matrix or in cases by lenses of clast supported 

conglomerates. This unit is the only one that is exposed through the entire trench. However, it is 

important to note that this unit is progressively increasing its thickness eastward. This can be 

interpreted as a basinward sedimentation increase. 

Succession B varies from succession A in two main points. Its age and the presence of two units that 

are not recognized on the footwall of F1. Most of this succession is developed over the last 6000 yrs 

and is apparently maintaining an almost constant total thickness. However, its upper units increase 

in thickness, suggesting that during the last 5.500 yrs the sedimentation is shifted basinwards. Units 

CSCM and PS appear to be controlled by F2 and F3 faults. In summary, succession B includes the 

following units: The unit CF represents a moderate to well stratified clay horizon developed on top 

of the flysch deposits. On top of the unit CF, Sep unit is developed. Above Sep unit, a previously 

unrecognized unit is developed (unit CSCM). It is represented by a poorly stratified conglomerate 

with clay matrix. Colluvial wedge Cw1 is apparently related to F2 fault. Colluvial wedge Cw1 is 

characterized by poorly shorted and unstratified pebbles in a sand matrix. The colluvial deposit on 

F2 fault has 0.4 m thickness (Fig. 3). The detected bottoms of the colluvium, due to its darker color 

and clayey texture can be characterized as event horizon (unit CSCM). On top of the colluvial wedge 

Cw1 units Rd and PS are developed and they are either displaced (Rd unit) or attenuated (PS unit) 

against F2 fault. PS unit comprises a dark red-brown conglomerate unit rich in organic material 

matrix. The color of unit PS is red orange with sparse pebbles or lenses of conglomerates and sandy 

matrix rich in organic material. Furthermore, unit PS is well developed towards the east of the trench, 

maintaining an almost stable thickness and thus can be characterized as an event horizon. Based on 

this stratigraphy, it is assumed that unit PS predates the basinwards shift of the tectonic activity and 

the activation of F3 and F4 faults. On top of PS unit, the red brown conglomerate BRS unit is 

developed, showing a moderately well-developed stratification, being the only common horizon all 

the way through the trench. The bottom of BRS unit is erosive and its structure varies from matrix 

to clast supported. In places, i.e. in the downthrown block of F3 fault, it includes poorly shorted 

boulders in an organic rich sandy to silty matrix. Of particular interest is that the BRS unit is 

displaced by F1, F3 and F4 faults. The uppermost unit exposed on top of both sedimentary 

successions is the modern soil (MS). Close to F3 fault, MS unit seems displaced and attenuated or 

even extinct near F4 fault. This configuration is interpreted to be correlated with the most recent 

earthquake event in the area or with the landslide. F2 and F3 faults are characterized by a cataclasite 

zone of small thickness (less than 20 cm) and by the deposition of colluvial deposits. 

3.2. Dating and interpretation of the events within the paleoseismological trench 

During the trench sketching and photography we collected six samples for AMS dating. Our 

sampling focused on the most significant sedimentary changes and is constrained by F1 and F4 faults. 

The samples were calibrated in years before present (Table 1). Overall, the ages derived by the 

dating procedure are also confirmed by the historical testimony. After considering the full 

distribution of 14C ages and taking into account the stratigraphy of the trench, we interpreted four 

events (Fig. 4a). The most recent event is bracketed by sample GI1, dated at 2970-2850 BP. and the 

present day. The penultimate event within the trench is bracketed by GI3 and GI1 samples. It is 

related with the deposition of CeCong unit near F1 fault and the offset of PS unit across F3 fault. 

The second event is bracketed by GI3 and GI2 samples and offset the paleosoil horizon P across F1 

fault and the part of succession B underlying Rd unit across the F2 fault (Fig. 4a). 

The oldest event appears to be correlated with the colluvial deposit Cw1. The age of this event is 

older than the age of samples GI2 and GI5, yielding ages older than 5830±30 BP. This event is 

attributed to the F2 fault. The older limit of this event is not known (Fig. 4b). A thickness of almost 

40 cm is preserved from the associated colluvial deposit. Based on the colluvial deposit’s thickness, 

an event in the order of Mw 6.4 can be calculated according to the empirical formula proposed by 
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Pavlides and Caputo (2004). However in order to evaluate possible magnitudes from this empirical 

formulas it is important to locate the trench in respect to the maximum displacement across the fault. 

Although the L-D distribution analysis of the fault is not published in detail, our trench is located 

close to the maximum height of the Giouchtas mountain (see Fig. 1c). So it is fair to say that our 

trench is near by the maximum displacement across the fault. Similar displacements are recognized 

also from all the events within the trench. According to the estimated amounts of displacement and 

their possible ages we can estimate 0.25-0.5 mm/yr slip rate. It is noteworthy that similar values can 

be estimated by the exposed fault scarps being of almost 6-8 m high since the last glacial period 

(12000-18000 yrs, see also Caputo et al., 2006). 

Table 1 – Dates of radiocarbon samples derived from East Giouchtas Fault. 

Sample 

No 

Laboratory 

No 
Description 13C 

Measured 
14C age 

Calibrated age 

GI1 409937 Organic sediment -25.6‰ 2810±30 BP 2970-2850 B.P. 

GI2  409938 Organic sediment -25.9‰ 5880±30 BP 6770-6640 B.P. 

GI3 409939 Organic sediment -25.1‰ 4550±30 BP 5310-5060 B.P. 

GI4  409940 Organic sediment -25.3‰ 5480±30 BP 6307-6220 B.P. 

GI5 409941 Organic sediment -25.4‰ 5830±30 BP 6720-6560 B.P. 

 

Figure 4 - a) 14C dating results and estimated earthquake events in the East Giouchta Fault. 

b) Stone displacement, possibly by a strong ground shaking, in the archaeological site of the 

Giouchtas area that was prosperous during Minoan times. 

4. Discussion 

The historical earthquakes in the area of Crete have been extensively studied since one of the most 

tremendous events is located to the west of the island (365 A.D. event, Papadopoulos, 2011 and 

references therein). Vassilakis (2006) concluded that since Middle Miocene to the present Heraklion 

basin is undergoing an extension phase dominated by large scale active normal almost N-S trending 

faults. According to Caputo et al. (2006) the most significant active faults have the potential of 

producing 6.3 to 6.8 events, while the mean recurrence interval varies from 260 to 867 years. The 

possible magnitude calculated for the total exposed length of East Giouchtas Fault trace is 6.0, 

according to the empirical formula of Pavlides and Caputo (2004). However, the thickness of the 

colluvial deposits implies an event in the order of 6.4 magnitude. Taking into account this apparent 

discrepancy, we suggest that the actual fault length of the East Giouchtas Fault is possibly longer than 

its exposed trace length and its extension propagates towards the Knossos area and probably towards 

the Messara basin. This fault prolongation generates a sediment - sediment contact, thus co-seismic 

deformation is possibly much more diffused and difficult to be preserved (Caputo et al., 2004; Zygouri 

et al., 2015). In addition other faults in Crete, like the Ha Gorge segment (Caputo et al., 2006) also 
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show anomalously high earthquake magnitudes not consistent with their length. The 8.5 km long Ha 

Gorge is the main segment in the 25 km long Ierapetra fault zone (Caputo et al., 2006). The case of 

Spili Fault trending ESE-WNW is also comparable to East Giouchtas Fault. It is characterized by steep 

young scarps, associated with four or five paleoearthquakes (Mouslopoulou et al., 2011). The Spili 

fault again can be considered as the main segment of a fault zone extending over than 20 km. 

The lengthy duration of the Minoan civilisation with many Palatian eras (Proto- Neo- etc.), detected 

from archaeological observations, attests to the high seismicity of Crete and especially for the 

Heraklion Basin, where the historical cities of Knossos and other archaeological sites, less glamorous, 

are located. From recent observations, two episodes of ground shaking impacts were identified between 

4000 and 1700 B.C. in Knossos (Detorakis, 1990). Also a series of publications documented building 

collapse and extensive fire incident in the Minoan temple of Anemospilia during the 17th century B.C. 

(Sakellarakis, 1994, 1997). Based on our dating these events are possibly related to ultimate and 

penultimate events. Moreover, the fact that Ms unit is displaced by F3 fault is possibly correlated with 

the ultimate event occuring sometime after the deposition of the unit Sa (Fig. 3) and the present time. 

One of the earthquakes of the Byzantine era, described by many Byzantine chronographers at around 

6th and 7th century, might correspond to our paleoseismological described ultimate event. 

5. Conclusion 

Using trenching paleoseismological techniques conducted at a landslide site of the East Giouchtas 

Fault we obtained a reconstruction of the seismic background on the area. Our outcomes are 

summarized as follows: 

 Structural data associated with paleoseismological studies allowed us to classify 

satisfactorily the East Giouchtas Fault as an active normal fault in close proximity to the 

modern city of Heraklion and the Knossos archaeological site. 

 The East Giouchtas Fault hosted at least four past events and represents a potential hazard to 

Heraklion city. 

 Chronological constraints of past events and estimated slip on the studied fault suggest 

surface rupture with a recurrence interval of 2000 years (paleoseismological and historical 

data) with a slip rate of 0.25-0.5 mm/yr. 

 Although we are aware that the paleoseismological data are limited, we consider this study 

as a valuable contribution for further research of other faults located on the Heraklion basin 

as part of the seismic hazard assessment of the area. 
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