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ΕΙΚΟΝΑ ΕΞΩΦΥΛΛΟΥ - COVER PAGE

Γενική άποψη της γέφυρας Ρίου-Αντιρρίου. Οι πυλώνες της γέφυρας διασκοπήθηκαν γεωφυ-
σικά με χρήση ηχοβολιστή πλευρικής σάρωσης (EG&G 4100P και EG&G 272TD) με σκοπό την
αποτύπωση του πυθμένα στην περιοχή του έργου, όσο και των βάθρων των πυλώνων. (Εργα-
στήριο Θαλάσσιας Γεωλογίας & Φυσικής Ωκεανογραφίας, Πανεπιστήμιο Πατρών. Συλλογή και
επεξεργασία: Δ.Χριστοδούλου, Η. Φακίρης).

General view of the Rion-Antirion bridge, from a marine geophysical survey conducted by side scan
sonar (EG&G 4100P and EG&G 272TD) in order to map the seafloor at the site of the construction (py-
lons and piers) (Gallery of the Laboratory of Marine Geology and Physical Oceanography, University of
Patras. Data acquisition and Processing: D. Christodoulou, E. Fakiris).
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stantinou C., Kontopoulos N., Koroneos A., Koukis G., Koukouvelas I., Lambrakis N.,
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G., Theodorou G., Theodosiou I., Torok A., Tranos M., Triantafyllou M.V., Tsapanos T.M.,
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ΠΡΟΛΟΓΟΣ

=
Η Γη είναι ένας πλανήτης με συνεχή και δυναμική εξέλιξη στην ιστορία του. Η γνώση
και κατανόηση από τον άνθρωπο της εξέλιξης αυτής είναι μεγάλης σημασίας για τον
εντοπισμό, την εκμετάλλευση και τη χρήση των φυσικών πόρων, καθώς και για την
ανάδειξη και αντιμετώπιση των περιβαλλοντικών προκλήσεων-προβλημάτων από τη
χρήση των πόρων αυτών.

Η περιβαλλοντική αυτή διάσταση απαιτεί μια ολοκληρωμένη, πολυ-επιστημονική θε-
ώρηση του Πλανήτη, που θα περιλαμβάνει τη μελέτη όλων των παραγόντων, όπως
της λιθόσφαιρας, της υδρόσφαιρας, της ατμόσφαιρας και της βιόσφαιρας, οι οποίοι
συνδέονται μεταξύ τους σε πολύ σημαντικά συστήματα. Τα συστήματα αυτά απαι-
τούν τη συνεργασία, χωρίς σύνορα και περιορισμούς, των φυσικών επιστημών, όπως
η Γεωλογία, η Βιολογία, η Χημεία και η Φυσική. Έτσι μόνο θα κατανοήσουμε τον
Πλανήτη μας, θα αναδείξουμε τα περιβαλλοντικά προβλήματα και θα δημιουργή-
σουμε ενημερωμένες-ευαισθητοποιημένες κοινωνίες, οι οποίες θα μπορούν να απο-
φασίσουν για το παρόν και το μέλλον του.

Σήμερα είναι γεγονός ότι υπάρχει μια εμπεριστατωμένη άποψη σχετικά με την εξελι-
κτική πορεία της Γης στη διάρκεια των 4,6 δισεκατομμυρίων ετών της ύπαρξής της.
Παράλληλα αποτελεί κοινή συνείδηση ότι η ισορροπία του πλανήτη από την καθη-
μερινή πίεση των έξι (6) περίπου δισεκατομμυρίων ανθρώπων που φιλοξενούνται σε
αυτόν, είναι πλέον εύθραυστη. Ειδικότερα όσον αφορά στις Γεωεπιστήμες, υπάρχει
σοβαρή γνώση σχετικά με τις Γεωλογικές Διεργασίες, που έχουν λάβει χώρα στα
πλαίσια της ιστορίας αυτής με τη δημιουργία των ορέων και των ωκεανών, τους σει-
σμούς, την ηφαιστειακή δραστηριότητα, καθώς και την εκδήλωση εξωγενών φαινο-
μένων, όπως οι κατολισθήσεις, οι πλημμύρες, οι ξηρασίες, τα τσουνάμι.

Όσον αφορά στη Βιώσιμη Ανάπτυξη, είναι γνωστό ότι τις τελευταίες δεκαετίες η τε-
χνολογική εξέλιξη και η πληθυσμιακή έκρηξη επέβαλαν μια αλόγιστη και χωρίς σχε-
διασμό υπερεκμετάλλευση των φυσικών πόρων, με αποτέλεσμα την υποβάθμιση του
περιβάλλοντος για πρώτη φορά στην ιστορία του Πλανήτη μας.

Έτσι, μερικά από τα ερωτήματα που τίθενται επιτακτικά και αναμένουν απαντήσεις
από την επιστημονική κοινότητα, δεδομένου ότι εκφράζουν την αγωνία όλης της αν-
θρωπότητας, είναι τα εξής: α) Οι ανθρώπινες δραστηριότητες έχουν προκαλέσει
πράγματι επικίνδυνες τροποποιήσεις του περιβάλλοντος και μάλιστα μη αναστρέψι-
μες ή οι κλιματικές μεταβολές που παρατηρούνται σήμερα αποτελούν φυσικές δια-
κυμάνσεις; β) Ειδικότερα η βιομηχανική ανάπτυξη και η υπερκατανάλωση
ενεργειακών πρώτων υλών αποτελούν κίνδυνο για το περιβάλλον ή θεωρούνται μη-
δαμινής επίδρασης σε σχέση με τις ηφαιστειακές εκρήξεις και τις αλλαγές των ρευ-
μάτων στους ωκεανούς, οι οποίες προκαλούν δραματικές αλλαγές στο περιβάλλον;
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γ) Είναι ακόμα δυνατή μια Βιώσιμη Ανάπτυξη και εάν ναι, ποιο είναι το είδος αυτής
στα όρια αντοχής και αποδοχής του πλανήτη μας;

Στα παραπάνω ερωτήματα και προβληματισμούς η επιστήμη της Γεωλογίας έχει να
προσφέρει πολλά, δεδομένου ότι οι φυσικές διεργασίες κατά τη διάρκεια της εξέλι-
ξης της Γης έχουν καταγραφεί στους εδαφικούς και βραχώδεις γεωλογικούς σχημα-
τισμούς, χωρίς επηρεασμούς από τις παρεμβάσεις του ανθρώπου. Έτσι οι ανθρώπινες
παρεμβάσεις της σύγχρονης εποχής μπορούν να διαχωριστούν και να επισημανθούν,
ώστε να αντιμετωπιστούν σωστά. Γενικότερα, η γνώση και κατανόηση της εξέλιξης
της Γης μέσα από τις φυσικές διεργασίες μπορούν να συμβάλουν στην αποτύπωση
των ρυθμών αλλαγής της Γης στο γεωλογικό χρόνο. Επιπλέον οι ρυθμοί αλλαγής και
οι διεργασίες, που είναι υπεύθυνες για αυτούς, μπορούν παράλληλα να αποτελούν
δείκτες πρόγνωσης για την πορεία του πλανήτη στο μέλλον. Με άλλα λόγια, το πα-
ρελθόν και γενικότερα η γεωλογική ιστορία του Πλανήτη μπορεί να αποτελέσει το
«κλειδί» για το παρόν και το μέλλον αυτού.

Συμπερασματικά, η συμβολή της Γεωλογίας και γενικότερα των Φυσικών Επιστη-
μών στην κοινωνία μας είναι πολύ σημαντική για τη γνώση της εξέλιξης της Γης, την
έρευνα και αξιολόγηση των φυσικών πόρων, την εκτίμηση των περιβαλλοντικών επι-
πτώσεων λόγω εκμετάλλευσης των πόρων αυτών, καθώς και την πρόγνωση-αντιμε-
τώπιση των διάφορων φυσικών επικινδυνοτήτων από γεωλογικές διεργασίες και
καταστροφικά καιρικά φαινόμενα.

Το 12ο Διεθνές Συνέδριο της Ελληνικής Γεωλογικής Εταιρίας με τίτλο «Πλανήτης Γη:
Γεωλογικές Διεργασίες και Βιώσιμη Ανάπτυξη» διοργανώνεται από το Τμήμα Γεω-
λογίας του Πανεπιστημίου Πατρών και πραγματοποιείται στο Συνεδριακό και Πολι-
τιστικό Κέντρο του Πανεπιστημίου από τις 19 έως 22 Μαΐου 2010. Το Δελτίο της
Ελληνικής Γεωλογικής Εταιρίας περιλαμβάνει τα Πρακτικά του Συνεδρίου σε πέντε (5)
τόμους των 2.992 σελίδων συνολικά. Οι τόμοι αυτοί καλύπτουν όλο το φάσμα των Γε-
ωεπιστημών σε θέματα της βασικής και εφαρμοσμένης έρευνας. Στα πρακτικά περι-
λαμβάνονται 267 συνολικά εργασίες από 605 συγγραφείς, όλες στην Αγγλική γλώσσα,
δίνοντας έτσι τη δυνατότητα διεθνούς προβολής και χρήσης του επιστημονικού Δελ-
τίου της Εταιρίας. Οι επίσημες γλώσσες του Συνεδρίου είναι η Ελληνική και η Αγγλική.

Στο Συνέδριο υπάρχει σημαντικός αριθμός εργασιών από τον ευρύτερο γεωγραφικό
μας χώρο, έχουν δε δηλώσει συμμετοχή πολλοί αξιόλογοι επιστήμονες από την Ελ-
λάδα και το εξωτερικό, καθώς και νέοι ερευνητές και φοιτητές.

Όλες οι εργασίες που δημοσιεύονται, υπεβλήθησαν σε επιστημονική κρίση από εξω-
τερικούς κριτές, ακολουθώντας τη διαδικασία που είναι διεθνώς καθιερωμένη στα
επιστημονικά περιοδικά. Πολλοί αναγνωρισμένοι επιστήμονες, Έλληνες και ξένοι,
όλων των ειδικοτήτων, συμμετείχαν στη διαδικασία αυτή. Εκ μέρους της Οργανωτι-
κής Επιτροπής τους ευχαριστώ για τη συμμετοχή και τη συμβολή τους με το σοβαρό
έργο που προσέφεραν στην απόκτηση Πρακτικών υψηλού επιπέδου.
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Οι επιστημονικές εργασίες εντάχθηκαν σε επιμέρους θεματικές ενότητες, στις οποίες
διαχωρίστηκαν τα Πρακτικά και αποτέλεσαν αντικείμενο στις αντίστοιχες Συνεδρίες.
Τα κείμενα των ειδικών και προσκεκλημένων ομιλιών, που καλύπτουν το ευρύτερο
αντικείμενο της κάθε ενότητας και παρουσιάζουν υψηλού επιπέδου θεώρηση σχε-
τικά με την υφιστάμενη γνώση, τις νέες απόψεις και τάσεις της έρευνας, αποτέλεσαν
ιδιαίτερη ενότητα.

Στο Συνέδριο αυτό δίνεται ιδιαίτερη έμφαση στις Γεωλογικές Διεργασίες και τη Βιώ-
σιμη Ανάπτυξη. Όπως αναφέρθηκε διεξοδικά παραπάνω, η κατανόηση της εξέλιξης
του πλανήτη Γη μέσα από τις γεωλογικές διεργασίες επιτρέπει στον άνθρωπο να αξιο-
λογήσει τις διάφορες δραστηριότητές του, όπως την αναζήτηση, εκμετάλλευση και
χρήση των φυσικών πόρων, καθώς και την κατασκευή διαφόρων έργων υποδομής,
χωρίς να προκαλεί επικίνδυνες μεταβολές στο φυσικό και το ανθρωπογενές περι-
βάλλον. Έτσι μόνο μπορεί να εξασφαλιστεί η Βιώσιμη Ανάπτυξη και να προβλεφθεί
η πορεία του Πλανήτη.

Η έγκαιρη εκτύπωση και παράδοση των τόμων του Συνεδρίου στους συνέδρους και
στην επιστημονική κοινότητα, καθώς και η γενικότερη οργάνωση του Συνεδρίου γί-
νεται με την οικονομική στήριξη πολλών φορέων, δημόσιων και ιδιωτικών. Εκφρά-
ζονται θερμές ευχαριστίες στο Υπουργείο Περιβάλλοντος, Ενέργειας και Κλιματικής
Αλλαγής, που έθεσε το Συνέδριο υπό την αιγίδα του, καθώς και στο Τμήμα Γεωλο-
γίας του Πανεπιστημίου Πατρών, το Ι.Γ.Μ.Ε., και το ΓΕΩΤ.Ε.Ε. Θερμές ευχαριστίες
εκφράζονται επίσης στο Κοινωφελές Ίδρυμα Ιωάννη Σ. Λάτση, το Πανεπιστήμιο
Πατρών, αλλά και σε ιδιωτικές Τεχνικές και Μελετητικές Εταιρίες, που με τόση προ-
θυμία ανταποκρίθηκαν στην πρόσκλησή μας.

Τέλος, θα ήθελα να εκφράσω τις προσωπικές μου ευχαριστίες στους συναδέλφους
της Οργανωτικής Επιτροπής για την αμέριστη βοήθειά τους και την άριστη συνερ-
γασία στη συλλογική αυτή προσπάθεια, καθώς και στο Γραφείο Οργάνωσης Συνε-
δρίων «Συνέδρα», όπως επίσης στους φοιτητές του Τμήματος Γεωλογίας, που
αγκάλιασαν και βοήθησαν στην οργάνωση του Συνεδρίου με απαράμιλλο ζήλο.

Πάτρα, 14 Απριλίου 2010

Γεώργιος Χρ. Κούκης
Πρόεδρος 

της Οργανωτικής Επιτροπής
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PROLOGUE

=
Earth is a dynamic Planet that has been continuously changing and evolving throughout its
whole history. Knowledge and understanding of the evolution processes is of crucial im-
portance not only to explore and take advantage of the natural recourses that our planet pro-
vides, but also to access the degree of environmental impacts that the exploitation of these
causes.

This environmental aspect demands to consider a comprehensive and multi-scientific view
of our Planet, which involves the study of lithosphere, hydrosphere, biosphere and atmos-
phere. All the above are closely connected together to form very important and complex nat-
ural systems, which need the close cooperation of all sciences involved, such as Geology,
Biology, Chemistry and Physics. This is the most effective way to understand our Planet, to
consider the environmental problems and enforce societies to become informed and con-
scious of its present and future.

Nowadays an almost complete and comprehensive knowledge about the evolution of Earth
during the 4.6 billion years of its age has been gained. In parallel, it is common sense that
our Planet’s equilibrium is fragile due to environmental pressures that human causes, since
Earth’s population exceeds 6 billion people.

In the field of Geo-Sciences, in special, there has been gained sufficient experience about the
Geological Processes that have been taken place during Earth’s history and are evident in
the formation of mountains and oceans, by the manifestation of earthquakes, by volcanic
activity, as well as in natural phenomena as landslides, floods, droughts and tsunamis.

Concerning Sustainable Development, it is well known that during the last decades tech-
nological evolution and population growth have imposed an unreasonable and sometimes
without design overconsumption of natural resources, which leads to gradual degradation of
the environment for the first time in our Planet’s history.

Thus, some of the “hot” questions that have been arisen and need to be answered by the Sci-
entific Community, since they express the concern of the whole humanity, are: a) Human ac-
tivities have indeed caused dangerous and non-reversible modifications of the environment
or present climatic changes are a result of normal and natural fluctuations? b) Industrial de-
velopment and overconsumption of natural recourses are a “red flag” for the environment or
they can be considered as of minor effect when compared with volcanic eruptions and
changes in the regime of ocean current circulation, which cause dramatic environmental
changes? c) Is Sustainable Development still achievable and, if yes, in which form and within
our Planet’s bearing thresholds?

In the above questions Scientific Community can offer a lot, regarding that natural processes
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during Earth’s evolution have been imprinted on soil and rock geological formations, without
any influence by human activities. Present human actions can be clearly distinguished and
identified in order to be treated in the right way. The deep knowledge and understanding of
Earth’s evolution though natural processes can contribute to imprint the rates of Earth’s changes
through geological time. The changing rates and the processes responsible for them also con-
tribute to obtain indices to predict similar phenomena for the future. In other words the Past and,
generally, the geological history of our Planet is the “key” for the Present and Future.

In conclusion, the contribution of Geology and generally of Natural Sciences in our society
is very important to understand Earth’s evolution, to assist the research and assessment of nat-
ural resources, as well as to estimate the environmental impacts from their exploitation. Fur-
thermore, they can provide solutions to the direction of the prevention and confrontation of
natural hazards that are triggered by Geological Processes and catastrophic climatic events.

The 12th International Congress of the Geological Society of Greece entitled “Planet Earth:
Geological Processes & Sustainable Development” is organized by the Department of Ge-
ology of the University of Patras in Greece and is held at the Conference and Cultural Cen-
ter of the University between the 19th and 22nd of May 2010. The Bulletin of the Geological
Society of Greece includes the Congress’s Proceedings in 5 Volumes of 2.992 pages. These
volumes cover the whole spectrum of Geo-Sciences in themes of basic and applied research.
They include 267 research papers by 605 authors, all written in English making them easily
accessible and promoted internationally. Official languages of the Congress are Greek and
English. Many renowned scientists from Greece and abroad participate, covering scientific
issues from our broad geographic region, as well as new researchers and students.

All submitted papers were reviewed by external reviewers, following the procedure that is es-
tablished in scientific magazines. Many renowned scientists, Greek and foreigners, of all spe-
cialties, participated in this process. On behalf of the Organizing Committee I would like to
thank them for their participation and contribution to acquire Proceedings of high quality.

The research papers were included in specific thematic units to which the Proceedings were
divided and covered each Congress’s session. Special and Keynote lectures about currently
acquired knowledge, new insights and modern research trends for each area of interest com-
prised a special thematic unit.

This Congress focuses on Geological Processes and Sustainable Development. As it was
mentioned above, the understanding of Earth’s evolution though geological processes al-
lows human to assess his activities, such as investigation and exploitation of natural re-
sources and construction of Infrastructure Works, without causing serious and dangerous
damages to the natural and human environment. This is the only way to secure sustainable
development and forecast Earth’s future.

The on-time production and delivering of the proceedings to the participants and scientific
community, as well as the organization of the Congress is sponsored by many public and pri-
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vate Organizations, Services and Companies. I would like to express my special thanks to
the Ministry of Environment, Energy and Climate Change, which held the Congress under
its aegis, as well as to the Department of Geology of the University of Patras, the Institute
of Geology and Mineral Exploration (I.G.M.E.) and the Geotechnical Chamber of Greece for
their contribution to organize this Congress. Special thanks are also expressed to the Public
Benefit Foundation “John S. Latsis”, to the University of Patras and to many private tech-
nical and consulting companies which willingly accepted our invitation.

Finally, I would like to personally thank the colleagues of the Organizing Committee for
their generous help, support and cooperation to this teamwork, the Congress Organizing firm
“Synedra”, as well as the students of the Department of Geology for their precious contri-
bution.

Patras, 14 of April 2010

George Ch. Koukis
President 

of the Organizing Committee
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Abstract 

The Evinos dam built between 1993 and 1997. The period of construction followed a period of rest
until 2001. The impoundment of the Evinos Dam and the subsequent 3rd operational period took
place between 2001 and 2005. The 4th period of operation commenced in February 2005 and con-
cerns the period of regular operation of Dam Evinos after completion. During this period, sufficient
data have been gathered for the evaluation of the geotechnical behaviour of both Evinos Dam itself
and the stabilization works on the two landslides that occurred (Landslide of the left abutment ’93,
Landslide of Ag.Demetrios-Arahova country road). Specialized personnel of the Department of the
Evinos Dam of the Athens Water Supply and Sewage Company S.A are responsible for the in-situ col-
lection of instrumental readings. On the other hand specialized personnel of the Division of Raw
Water Intake of Athens Water Supply and Sewage Company S.A are assigned to evaluate the dam’s
behaviour. The infiltration  of water within the Dam’s core is continuously monitored together with
the horizontal movement and settlement upstream and downstream the dam’s body through a con-
siderable number of  vibrating wire piezometers, earth pressure cells, extensiometers, inclinometers
and  surface monumental stations. The behaviour of the stabilization interventions in the landslide
area’s are evaluated through measurement of topographic  monuments ,open piezometers and
drainage measurements. The evaluation of the instrumental measurerements  confirms the expected
behavior of the dam  and the satisfactory performance of the stabilization interventions in the land-
slide area’s.

Key words: Evinos Dam, evaluation, geotechnical behaviour, landslides, piezometers, settlement,
movement

1. Introduction 

The Evinos Project, Dam and tunnel of Evinos – Mornos belongs to the second phase of the water
supply scheme for the city of Athens and its wider area. The geological formations of the reservoir
and the area of the dam foundation consists of flysh a highly deformed complex of sandstones ,sislt-
stones and mudstones Fig.1. The intersection of the dam comprises a central core with material from
the clay phase of the flysch, filter transition zones and support bodies of the river’s sandstone. The
lower parts consist of rocky materials from excavations. Dounias & Papageorgiou, 2001 are de-

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



scribing the construction materials and the impermeable clay core made from flysch siltstones  of
Evinos Dam. The reasons that an earth fill dam with impermeable clay core was initially selected
for the design of Evinos Dam were the high fractured  geological formation of the area, the high seis-
mic demands and the satisfactory performance of similar projects in analogous  geological condi-
tions (e.g. Kremasta, Kastraki Pournari, Mornos, Dounias & Papageorgiou, 2001). During the
construction of Evinos Dam two landslides occurred. The first initiated in the Agios Demetrios-Ara-
hova Country Road in the left abutment of the dam ,while the second one occurred in August 1993,
in the same abutment, just before the spillway entrance. The behaviour of the Dam’s core is contin-
uously monitored utilizing a number of instruments (vibrating wire piezometers, earth pressure cells,
extensiometers, inclinometers, surface monumental stations). These instruments are placed in three
sections IV, IX, XI, within  the dam’s body Fig 6. The evolution of the two landslides is also mon-
itored (Angelopoulos et al., 2007, 2008).

2. Evinos dam

2.1. Piezometers

A large number of vibrating wire piezometers were installed in the shoulders and the core of the
dam. The pore water pressure development differs through the dam due to the partial saturation and
the low permeability values of the core. Piezometers Pz11-19 are placed in Section VI of the Evi-
nos dam. In fig. 2 piezometers Pz11, Pz12 and Pz17 initially show no response in the changes of the
reservoir level. In March 2006 the reservoir has overflowed. This period lasted for 3 months initi-
ating the response of piezometers to the changes of the reservoir level. Piezometer Pz11 is more
sensible to changes of reservoir level. This behaviour indicates that a flow net has been gradually
started to establish in the core even for higher values of the reservoir level. Piezometers Pz14 and
Pz 19 which are installed in the filter zone(free drainage material), showed a constant piezometric
level through time. In fig. 3 the changes in the piezometric level of piezometers Pz31-33-34 are
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Fig. 1: Geological map of Evinos dam site.



shown. These piezometers are placed upstream, downstream and at the core of the dam’s body in sec-
tion IX. Piezometer Pz34 which is installed upstream generally follows the fluctuation of the reser-
voir level. However, there was a period of drop of the reservoir level in the end of 2007 that
Piezometer Pz34 didn’t follow. Piezometer Pz 33 is placed in the filter zone downstream the dam’s
body. It shows no changes in its piezometric level as it is a free drained material. The study of the
pore pressure development generally confirms the successful response of dam’s core.

Piezometers are also placed in the foundation of the dam to inspect both the piezometric level in the
foundation and the effectiveness of the grout curtain. In fig. 4 changes of the piezometric level meas-
ured in piezometers placed along Section VI can be depicted. Piezometers Pzf 11, Pzf 12, Pzf 26
show constant piezometric level through time. Piezometers installed upstream Pzf9, Pzf 10 show
roughly constant piezometric level (about +420), which is influenced by the level of rainfall. Hy-
draulic piezometers are also installed through the grout curtain tunnel.Phc 2 follows the changes
observed in the reservoir level. Phc 3 is less sensible to changes of the reservoir level. The response
of piezometers placed in the foundation of Evinos Dam show little infiltration from the reservoir.
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Fig. 2: Evolution of piezometric level in piezometers located in Section VI of the dam.

Fig. 3: Evolution of piezometric level in piezometers located in Section ΙΧ of the dam.

Evolution of piezometric level with time in Section VI
Pz in El. 448 down to 425m

Evolution of piezometric level with time in Section IX-
Pz in El. 447 down to 423m



2.2 Settlement and horizontal movement

Additionally the evaluation of the stability of Evinos Dam is carried out through the systematic
measurement of horizontal and vertical movement of the dam’s crest. In the dam’s crest a number
of surface monumental stations have been positioned upstream and downstream the dam’s longitu-
dinal axis (S24 -S33 upstream, S64-S73 upstream, Dounias, 2006). In fig. 5, the evolution of hori-
zontal and vertical movements in respect with time are depicted for the same group of stations.The
horizontal movement of the dam’s crest is gradually increasing through time, although its magnitude
is negligible. The settlement of the dam is increased following the impoundment of the reservoir.
A slight increase of settlement rate is recorded even in the 4th period of operation in the dam’s crest
(February 2005-November 2008, Angelopoulos et.al., 2007,2008). During this period of operation
the maximum settlement recorded is of the order of 5.2cm. The total settlement of the dam’s crest
is of the order of 22.6 cm and is regarded as safe. In fig. 6 the cumulative horizontal  displacements
Dx and settlement Dv for the group of stations S68-S72 in the dam’s crest is presented. In the same
figure the cumulative displacements Dx and settlement Dv for the group of stations ΒΘ3-ΒΘ7 in
the area of the landslide of the left abutment ’93 is also presented. The small vector denotes the dis-
placements values and settlement in the date of impoundment (11/2001), the large vector denotes the
displacement and settlement in the end of 2008 (12/2008).
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Fig. 4: Evolution of piezometric level in piezometers located in the foundation of the dam.

Fig. 5: Cumulative mean displacements and settlement in the dam’s Crest.

Evolution of piezometric level with time in Section VI-Pzf9 up to 10, 11, 
12, 26 and Ph2, Ph3

Evolution of movement and settlement at Dam’s Crest
Group of Stations S68-S72



3. Landslide of the left abutment ‘93

In August 1993 a landslide occurred in the left abutment of Agios Demetrios just before the entrance
of the spillway. The stabilization works included the construction of a drainage tunnels together
with the construction of wells. The behaviour of the stabilization measurements are monitored by
in-situ measurements in a) piezometers, b)inclinometric - settlement columns, c) surface monu-
mental stations, d) devices  measuring the flow in the exit of the drainage tunnels. In fig. 7, the sta-
bilization measurements are depicted together with the positions of piezometers and surface
monumental stations (Dounias & Dede, 2006).

4. Piezometers

The piezometric levels are continuously monitored after the completion of stabilization works.
Piezometers are placed in different depths within the landslide’s body. The deepest one is placed in-
side the substratum. In figs. 8, 9 the fluctuation of peizometric level in respect with time can be de-
picted. In the same figures the fluctuation of rainfall and the fluctuation of the reservoir’s water
level are recorded during the monitoring period. The stabilization works succeeded in reducing the
piezometric level of deep piezometers that exhibit an immediate response in respect to the rainfall
but they also exhibit an immediate pore pressure decrease. The piezometers located in depth up to
15.00m (i.e Π105 depth 4.25m, Π108 depth 12.30m, Π111 depth 12.20m, Π115 depth 11.40m) ex-
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Fig. 6: Cumulative displacements Dx and settlement Dv for the group of stations S68-S72 in the dam’s
Crest, for the group of stations ΒΘ3-ΒΘ7 in the area of 1993 Landslide. 

Fig. 7: Drainage tunnels and piezometers located in
the area of the Landslide of the left abutment ’93.



cept the piezometer Π104 (depth 14.00m) show reduced fluctuation of piezomentic level after the
completion of drainage tunnels. Piezometers placed in deeper levels  (i.e Π106 depth 30.00m, Π109
depth 32.80m) do not exhibit any fluctuation of their piezometric level and they are considered as dry.
In spring 2006 the dam has overflowed for a total period of three months. Piezometers Π103Α and
Π104 maintained their high  piezometric level  besides the  substantial drop in the reservoir’s level.

3.2 Settlement and horizontal movement

The surface monumental stations (Κ1, Κ2, Κ3 and ΒΘ1-ΒΘ8) have been placed inside the area of
the landslide aiming to capture possible excessive settlement and horizontal movement (Figs 10, 11).
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Fig. 8: Piezometric measurements of group Π103-Π105  

Fig. 9: Piezometric measurements of group Π112-Π115.

Fig. 10: Measurement of displacements in station Κ1
nearby piezometers Π112-115.



The stabilization works succeeded in reducing the overall movements to values between the limits of
the instrumental measuring fault. Station K1 is located near by the group of piezometers Π112-115,
while station K2 is located nearby the group of piezometers Π109-111.

4. The landslide of the Agios Demetrios- Arahova Country Road

The landslide occurred at the Agios Demetrios – Arahova Country Road during the construction of
the Evinos reservoir project (1993). The stabilization interventions included the construction of toe
berms, drainage tunnels, and surface runoff collection works. The behaviour of the stabilization in-
terventions are monitored by in-situ measurements in a) piezometers, b) inclinometric-settlement
columns, c) surface monumental stations, d) devices measuring the flow in the outlet of drainage tun-
nels. In fig. 12, the stabilization interventions are depicted together with the piezometers and surface
monumental stations (Dounias et al., 2006).

XLIII, No 3 – 1100

Fig. 11: Measurement of displacements in station Κ2 nearby piezometers Π109-111.

Fig. 12: Drainage tunnels and piezometers located in the area of the Road Landslide.



4.1 Piezometers

Piezometers are installed in the area of Agios Demetrios-Arahova Country Road Landslide to record
the fluctuation of piezometric level upstream and downstream the drainage tunnel. In fig. 13, the his-
tory of fluctuation of the piezometric levels of piezometers Γ102, Γ104Α, Γ108Α and Γ106a & b
is presented. In the same fig. 13 the rainfall level curve is also depicted. The piezometers that are lo-
cated in depth levels greater than 15m are affected by the drainage tunnel and show decreased peizo-
metric levels in respect with piezometers placed in depth levels smaller than 15m. The measurements
of piezometers placed deeply in the area of landslide are affected by the reservoir’s water level rise.

4.2 Settlement and horizontal movement

In figs 14, 15 the horizontal displacement measurements together with the settlement measurements
are shown for the area of the landslide. The horizontal displacements measured downstream the
drainage tunnels appear to be reduced in MN4, IN1 stations compared to the horizontal displace-
ments measured in stations located upstream the drainage tunnels (PW3, IN2 upper part of landslide).
The settlement (1,9 cm) of the lower parts of landslide MN4,IN1 are smaller  compared to the set-
tlement recorded (5.3cm) in stations PW3, IN2.
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Fig. 13: Piezometric Measurements of Group Γ102, Γ104Α, Γ108Α and Γ106a & b.

Fig. 14: Measurement of horizontal displacements
in the area of Road Landslide.

Fig. 15: Measurement of settlement in the area of
Road Landslide.



5. Discharge through drainage tunnels

In figs. 16, 17 the discharge measurements at the drainage tunnels of: a) Landslide of the left abut-
ment ’93 and b) Agios Demetrios-Arahova Country Road Landslide are depicted respectively. It is
observed that the discharge at the outlets of these two drainage tunnels depends on the level of rain-
fall and exhibits immediate response. The discharge of the drainage tunnel within the landslide of
the left abutment ’93 depends on the reservoir level. It is shown that the discharge of the drainage
tunnel within the landslide of the left abutment ’93 is increased remarkably when the reservoir water
level is above +485m.

6. Conclusions-Results

— Upstream piezometers show piezometric level that follows the fluctuation of the reservoir’s
water level as expected. 

— Downstream piezometers placed in the free draining material, present a constant low piezo-
metric level through time, as expected.
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Fig. 16: Discharge measurements at the drainage tunnels in the areas of 1993 Landslide, and Country Road
Landslide in relation to the rainfall.

Fig. 17: Discharge measurements at the drainage tunnels in the areas of 1993 Landslide, and Country Road
Landslide in relation to the reservoir level.

Discharge measurements at the drainarge tunnels
Flow against Rainfall

Discharge measurements at the drainarge tunnels
Flow against Reservoir Level



— Piezometers placed downstream the grout curtain show considerably low piezometric level
which demonstrates the efficiency of the grout curtain.

— Surface monumental stations placed on the dam crest (S68-72 downstream), indicate “exten-
sion” of the dam’s crest towards downstream, as well as a normal evolution of settlement.

— Drainage interventions are considered effective; as it is proved they have led to a considerable
water level decrease in the deeper piezometers in both landslides.

— The horizontal displacements and settlement measured in surface monumental stations (K1,
K2, K3) suggest that the landslide of the left abutment ’93 is not active. 

— The horizontal displacements and settlement measured downstream the drainage tunnels in the
area of Agios Demetrios-Arahova Country Road Landslide appear to be reduced in compari-
son to the horizontal displacements and settlement measured in stations located upstream the
drainage tunnels.
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Abstract 

The city of Volos located at the foot of the Peninsula of Pelion at Central Greece experienced sev-
eral strong earthquakes during the previous century. The engineering geological conditions of the
city have been analyzed using a relational geotechnical database management system, while the
city subsoil has been grouped into five geotechnical units. The maps showing the contours of the
depth to bedrock head and the ground zoning against seismic hazard were compiled through GIS.
For the compilation of the latter map, a set of unified classification criteria was proposed based on
the Greek Seismic Code (EAK 2000).

Key words: seismic microzonation, GIS, engineering geological mapping, geotechnical data, Volos 

1. Introduction 

The city of Volos, the capital of the Magnesia prefecture, is located at the foot of the Peninsula of
Pelion at Central Greece and constitutes an important commercial harbor and export centre. The
urban development of the city was primarily based on economic and social determinants such as the
establishment of the industrial estate, the upgrading of the port and the rapid growth of tourism. The
broader area of the city is located in a narrow strip of the Pagasitikos gulf basin and west of the Pe-
lion mountain range. Three main streams run through the region i.e. Xerias, Kravsidonas and Anavros
(Fig. 1).

As regarding seismicity of the broader area, which constitutes the main natural hazard for the city,
medium to strong earthquakes are closely related to the active fault zones crossing the Magnesia area
and Pagasitikos gulf.

Due to this seismic activity, the city of Volos presents a high risk against earthquake, while severe
structural damage has been occurred in the past. It must be noted that the engineering geological en-
vironment and the intense geodynamic processes were not taken into account for the urban planning
of the city. The aim of this work was to collect and evaluate the data referred to engineering geo-
logical and geotechnical conditions of the area and to define the earthquake hazard zones in the city
of Volos. This type of zonation is commonly referred to the preliminary phase of the seismic mi-
crozonation and seismic risk analysis and mitigation strategy for an urban area.

2. Geological setting

The bedrock of the city belongs to the Pelagonian geotectonic zone. It consists, according to the ge-
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ological map of Greece of scale 1:50.000 (Katsikatsos  et al., 1986) mainly of:

• Neopaleozoic to Middle Triassic schists, prasinites, quartzites and phyllites with intercalations of
marbles and cipolins, of a total thickness of 800 m.  These formations outcrop at the eastern part
of the broader area of the city.

• Middle Triassic to Upper Jurassic marbles, with schists and metabasite rocks intercalations, which
are intensively folded and recognized. They have a total thickness of 800 m and dominate at the
north- eastern, south-eastern and south-western part.

• Amphibolitic schists accompanied by crystalline limestones and marbles, belonging to the Eohel-
lenic (pre -upper Cretaceous) tectonic nappe. They have a maximum thickness of 300 m and cover
the area north of the city.

• Neogene deposits, such as red clay, silt and clayey-sandy material of low cohesion with breccia and
conglomerate intercalations with a maximum thickness of 100 m, outcrop west of the city.

• The quaternary deposits are of great extent dominating at the Volos city. They are fluvial-torren-
tial terraces (mainly loose conglomerates) covering the western part, and plain deposits (consist-
ing of sand, silt and clay with low percentage of coarse grained material) which cover the central
part of the city. Pleistocene and Holocene scree and talus cones develop at places in the eastern city
borders.

3. Seismological aspects

The geomorphology of Thessaly is mainly controlled by two systems of normal faults. The first
NW-SE trending fault-system formed the basins of Larissa and Karditsa and probably controlled
the orientation of coastline (Goldsworthy et al., 2002). The second system, striking E-W developed
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Fig. 1: General reference map of the city of Volos.



in numerous fault zones in Thessaly district, which have formed new small grabens and offset the
plio-quaternary deposits (Caputo,1990), This phase is very important for the tectonic evolution of
the whole Thessaly region and also the Volos area, during which new faults have been formed and
the recent morphology has been established. The focal mechanism of strong earthquakes and mi-
croearthquakes indicates a N-S trending extension along the E-W striking faults, the same also de-
duced by the tectonic analysis of recent faults (Papazachos et al. 1983, Hatzfeld et al, 1999). 

The region experienced several strong earthquakes during historical time, such as in 743 and 1773
as well as in the recent time (Papazachos and Papazachou, 1989). In more detail, on April 19, 1955
an earthquake of Ms=6.2 caused extensive damage in the area of Volos. Its epicenter was located at
Lechonia (less than 50km from the city of Volos). Damage was observed in the Magnesia prefec-
ture, where 449 buildings were destroyed, 7609 suffered serious damage and 3540 lighter damage.
Most of these structural damages were observed in the villages of Pelio mountain, where buildings
were founded on the loose mantle of weathering, on steep slopes suffering landslide phenomena. The
extended damage is also attributed to the weakening of the buildings by the prior Sophades earth-
quake (Ms = 7.0) of 30 April 1954.

Moreover, on March 8, 1957 an earthquake of Ms = 6.8 caused serious damage in the prefectures of
Magnesia, Larissa, Karditsa and Trikala. Seven minutes before the main shock a large foreshock
(Ms = 6.5) occurred, the consequence of which cannot be distinguished from those of main shock.

Finally, on July 9, 1980 an earthquake of Ms=6.5 caused severe damage in the prefectures of Mag-
nesia, Phthiotida and Larissa. The epicenter was located at Almyros town, approximately 50km from
the city of Volos. In total 5222 buildings were destroyed, 14726 suffered serious damage and 10688
light damage. In Nea Agchialos town, small ground fissures with an east-west direction were ob-
served. These fissures were considered as shallow traces of small faults which were generated in the
superficial deposits striking parallel to the main seismic fault which was not observed on the surface.

4. Geotechnical investigation and ground conditions

In order to determine the geotechnical characteristics of the subsoil of the city of Volos data collected
from about 120 sampling boreholes and trial pits. The location of the investigations sites are shown
in Fig. 2.

The information was implemented, after a thorough inspection and modification to standardize the
terminology, in a geotechnical database under the name HelGeoRDaS (Hellenic Geotechnical Re-
lational Database management System). The objects that are included in the database are:

— Tables: Seven primary tables and several auxiliary ones were formed and all are related with
each other in the common field “code of geotechnical research”.

— Queries: The built in queries are retrieving data from one or more tables.

— Forms: For the easy implementation of data seven forms were built, one for each main table.

An extensive description of the system can be found in Antoniou et al (2001, 2008).

Moreover, the geotechnical database cites geographical information (e.g. coordinates), therefore the
import of topology that concerns the territorial information, has been achieved with the connection
of programs MS Access and ArcInfo of ESRI via Structured Query Language (SQL).

The majority of the geotechnical investigations were executed mainly for the construction of pub-
lic buildings and engineering works at the port of Volos. Due to their vicinity with the coast, the
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depth of sampling boreholes was usually greater than 20m and in some cases over 140m, including
the execution of Standard Penetration Tests (SPT).

To describe in detail the engineering geological conditions of the urban area, the soil formations
were grouped into five individual geotechnical units, based on the evaluation of the existing geot-
echnical database taking into account the origin and age as well as the physical and mechanical char-
acteristics of soil formations. Table 1 summarizes the physical and mechanical properties of the
geotechnical units, as described hereafter:

Unit I: Earth fill materials which cover the major part of the city with a maximum thickness of 3m.

Unit II: Very loose to soft grey silt of low plasticity (ML) with intercalations of soft grey to brown
clay of low plasticity (CL) or organics of high plasticity (OH). This unit underlies the backfill ma-
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Fig. 2: Geotechnical investigation sites at the city of Volos.

Table 1. Description of geotechnical units with the range of measured parameters

Unit Soil classification Physical and mechanicals properties

I Earth fills

II ML, CL, OH LL = 40 – 60, PI = 20 – 25, w = 20 – 40%
cu = 40 KPa, NSPT = 1 to 10

IIIa CL, ML LL = 20 – 40, PI = 5 – 20, w = 20 – 30%
cu = 15 - 80 KPa, NSPT = 2 to >50

IIIb SC, SM, SG, GM LL = 20 – 40, PI = 5 – 10, w = 20%, NSPT = 15 to  >50

IV GW, GM, GC, GP LL = 20 – 40, PI = 5
NSPT = 15 to  >50

V Bedrock



terials and covers mainly the coastal line and extends for about 200m towards the central part of the
city. Its maximum thickness is 30m.

Unit III: Mixed phases of alluvial deposits which underlie directly unit I (at the central part of the
city) or unit II (at the coastal area). Moreover, this unit can be subdivided to:

Unit IIIa (fine grained materials): Cohesive to stiff clay of low plasticity (CL) or silts of low plas-
ticity (ML). The maximum thickness is 20m.

Unit IIIb (coarse grained materials): Medium dense clayey to silty sand (SC, SM) or dense sandy
gravel (SG) or silty gravel (GM) with a maximum thickness of 30m.

Unit IV: Dense to very dense clayey to silty gravel well to poor graded (GW, GM, GC, GP). This
unit underlies directly unit I or III at the northern part of the city. The maximum thickness is about
25m and locally in the coastal area exceeds 60m.

Unit V: This unit refers to bedrock and consists of schists, crystalline limestones and marbles. The
bedrock outcrops at the surrounded hills and at Pelion mountain and usually develops a thick man-
tle of weathering.

The evaluation of the processed geotechnical data, led to the compilation of an engineering geo-
logical map (Fig. 3) showing the depth to bedrock head with contours at 10 m intervals. The maxi-
mum depth in the coastal area is greater than 130 m while to the north east and west part of the city
the bedrock crops out.

5. Ground zoning for earthquake hazard

The available geological and geotechnical data, obtained from data retrieval options using Hel-
GeoRDaS, as well as in situ observations, were evaluated with reference to the ground categories
provided by the Greek Seismic Code (EAK 2000, Table 2).

Table 3 defines four zones for the city of Volos, each zone described in terms of the basic engineer-
ing geological characterisitics, such as lithology, mechanical behaviour, stiffness, thickness etc (Mari-
nos et al., 2001). Based on the aforementioned ground zoning, an engineering geological zoning
map referring to earthquake hazard was compiled and presented in Fig. 4.

XLIII, No 3 – 1108

Fig. 3: Contour map showing the
depth to bedrock head.
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Table 2. Ground categories according to the Greek seismic code (EAK).

Category Description

A

Hard or soft rock formations, with no intense weathering

Layers of dense granular material with little silt or clay, and thickness over 70m

Layers of very stiff overconsolidated clay, less than 70m thick

B

Highly weathered rock

Layers of granular material of medium density and thickness over 5m or of high den-
sity and thickness over 70m

Layers of hard overconsolidated clay more than 70m thick

C Layers of granular material of low relative density and thickness over 5m or of
medium density and thickness over 70m

D Soft clays with plasticity index Ip > 50; thickness > 10m

X
Loose silty-sand soils under ground water level liquefaction risk

Soils close to identified active faults

Steep slopes with loose scree

Loose granular soils or soft clayey-silty soils prone to dymanic consolidation or
strength loss

Recent loose earthfill, organic soils, rubble

Soils of category C in very steep slopes

Table 3. Description of earthquake hazard zones in the city of Volos.

Zone Description

1

Bedrock formations. Hard or soft rock including crystalline limestones, schists,, marbles,
marls and well-cemented conglomerates. According to the Greek Seismic Code (EAK) this
zone corresponds to ground category A. The highly weathered mantle of these formations
with thickness greater than 5m compares to stiff soils formations and corresponds to ground
category B. Stiff or dense soils. Includes mainly debris, talus cones and conglomerates of var-
ious cementation, clayey sand and gravel, stiff and hard clays. According to the EAK this
zone corresponds to ground category A (very dense or cohesive soils) or B (looser soils with a
thickness greater than 5 to 10m).

2

Medium stiff or dense soils. Includes recent deposits and non-cemented debris con-sisting
mainly of silty-clayey soils of low strength and low to medium dense clayey sand and gravel.
According to the EAK, this zone corresponds to ground category B, except those with low
strength and low density with thickness greater than 10 –20 m which correspond to category C.

3
Coastal deposits. Includes recent loose sands and silts as well as soft clays of low to medium
plasticity. According to the EAK, this zone corresponds to ground category C. Loose silty-
sand soils under ground water level with liquefaction risk.

4
Rivers and watercourses. Includes areas along main rivers (Xerias, Kravsidonas and
Anavros). The limits of this zone are only indicative on the map and its exact extent should
result from detailed investigations, as foreseen in EAK for ground category X.



6. Conclusions

The engineering geological conditions of the urban area of Volos have been studied by using infor-
mation derived from HelGeoRDaS geotechnical data base obtained from detailed geotechnical sur-
vey, as well as from in situ observations. In particular, the soil formations of the urban area were
grouped into five geotechnical units, while thematic maps were compiled to illustrate information
such as the depth to bedrock head. Moreover, an engineering geological zoning map referring to
earthquake hazard was compiled with reference to the ground categories provided by the Greek
Seismic code, EAK 2000. This mapping is considered appropriate for use at a preliminary local
urban planning level, while more detailed geotechnical investigation is required for specific foun-
dation works.
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EXCAVATION DATA AND FAILURE INVESTIGATION ALONG
TUNNEL OF SYMBOL MOUNTAIN 

Chatziangelou M., Thomopoulos Ach., Christaras B. 
Department of Geology, Aristotle University of Thessaloniki, Greece, mcha@geo.auth.gr,

christar@geo.auth.gr

Abstract 

The tunnel of Symbol Mountain, which is 1160m long, is placed on South-west of Kavala City at
Northern Greece.  The tunnel consists of two bores with NW-SE direction, which are connected with
two small tunnels. The stability of the rock mass was limited, during the excavation, because the rock
mass was often changing, the faults are open, and the aquifer is placed above the excavation.

The aim of the present paper is to describe the dangerous geological status of Symbol Mountain
and to propose excavation solutions of the unexpected failure conditions. 

For the above reasons, the sudden changes of the rock mass quality along the tunnel excavation are
described. The causes of the geological failures were investigated and the failures were classified.
Furthermore, the efficacy of support measures was tested and a relationship between the apparent
face of wedges and the shotcrete thickness was proposed.

Key words: Tunnels, support measures, wedges, slidings, decollement, anchors, bolts, shotcrete,
swellex, excavation.

1. Introduction 
The tunnel of Symbol Mountain is geotechnical located on Rodope mass. The excavation of the tun-
nel passed through alternations of gneiss, schists and marbles. The quality of the rock formations
often changes from sound to weathered.   It is, usually, heavily jointed and in many cases is folded.
Furthermore, the presence of chloritic schist, lengthen 400m, caused numerous unexpected failures
and support problems. So, the excavation needed to be extremely careful, and for this reason a com-
bination of excavation methods were used. The presence of an opened vertical fault, which is just
placed at the exit of the tunnel and creates a shear zone about 400m long, increased the stability
problems. The water table is placed above the tunnel.

2. Rock mass quality
The beginning of the tunnel, the rock mass consists of fair quality gneiss with pegmatite veins, al-
though there is a part of the tunnel between ch.36+300-ch.36+400 where the quality of  a part of
gneiss is very poor (Bieniawski, 1989, Hook, 2004). Walking along the tunnel, the rock mass qual-
ity becomes poor and or very poor near the schist formation. At the middle of the tunnel (ch. 35+800-
ch.36+300), there is a fair quality lens of marble. Walking to the outlet of the tunnel, we met
alternations of gneiss and marble medium and poor qualified. Between ch. 36+500-ch. 36+700,
there is a formation of chloritic schistolite of poor quality. That geological formation caused nu-
merous problems during the excavation, as it deformated very quickly after it was excavated. The
last part of the tunnel is placed along a shear zone of an opened vertical fault 150/70 F (Fig.1).

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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3. Excavation methods

The rock mass along the tunnel differs from one place to another. Hard gneiss rock fair qualified of
marble of granite was alternated with fractured and deformated rock mass of gneiss and marble.
Furthermore, the presence of chloritic schist and the shear zone, minimize the safety of the excava-
tion using the simple mechanical means. So, in order to excavate the tunnel safety, we ought to apply
different excavated methods, taking into account rock mass behaviour (Marinos et al, 2005). 

Near the outlets and where the rock mass was very poor, the tunnel was excavated mechanically,
using the NATM method of excavation. The use of explosive measures was preferred on poor and
fair quality of hard rock mass. The excavation of chloritic schist and the shear zone was very dan-
gerous. Although the chloritic schist was very hard and it was very difficult to be excavated with me-
chanical means, it was deformated very quickly, when it was in conduct with the atmosphere. So,
before the removal of excavation material to be completed, pieces of chloritic schist were felled
down. The SCL method of excavation was preferred on that case in order to support small parts of
the face before the excavation be completed. Furthermore, light explosion used in order to crack the
hard rock mass helping the excavation.The sudden change of rock mass quality created the neces-
sity of fore polling.

4. Tunnel stability

The sliding along a plane, the décollement from the roof and the fall of wedges (Chatziangelou et
all, 2001) were the common failure causes. Sliding took place along a tectonic surface from the
walls of the tunnel. On the other hand, the dècollement of a plate is due to its smooth surface in ad-
dition with the influence of gravity (Table 1).

One hundred and eleven wedges were measured along the tunnel (Table 2). All the wedges were to
be collapsed, so the calculated safety factor, before the application of support was zero. From
ch.36+139,41 to ch.36+176,222 a wedge with volume of 19244,17 m3 had been observed on the
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Fig. 2: Comparison between volume and weight of wedges. The arrow shows the position of wedge with
volume of 1646,741m3, and  weight of 446,2 tns.



upper right part of the tunnel. The failure of that wedge could cause the collapse or all the overly-
ing formations up to the surface. That wedge didn’t take into account on our estimations. Another
one big wedge, with volume of 4390,22 m3 (from ch.36+215.595 to ch.36+240,379), which was
also formed on the upper right part of the tunnel didn’t take into account on our estimations.

Usually, there is a relation between the weight and the volume of the wedges. It is common place, the
wedges with big volume to be also heavy. But an exception of the above, was observed between
ch.35+710 and ch.35+716,5, where there is a wedge with the one of the biggest volumes (1646,741m3),
but one of the slightest  ones (weighted 446,2 tns) (Fig.2) That is due to the very poor quality of the
rock mass, in addition to fractrure and deformation. The deformation reduced the apparent weight of
the rock mass. Also, the numerous of discontinuities, as they are crossed, they cause empty space at
the cross point, so the weight of the wedge does not increase so much as the volume increase.

5. Comparing different support measures

The rock mass quality methods, RMR and GSI, were used for determining the efficacious support meas-
ures of the slopes and the tunnels in the area (Christaras et al, 2002). According to the geotechnical

XLIII, No 3 – 1119

Fig. 3: Safety factors of the wedges after the support of different measures.
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characteristics of the rock mass, the proposed support measures are completed with different types. The
present paper examines the effectiveness of different types of anchors and shotcrete on the rock mass
of Symbol Unit. For this purpose, the support of the tunnel was tested using mechanical anchors 6m long,
swellex 3m long, grouted anchors 3m long with 50% bond length, grouted anchors 3m long with 100%
bond length and shotcrete with thickness of 5cm (Fig.3). Actually, the wedges tested to be supported with
one of the above measures, without using combination of them. The required safety factor which was
used for the comparisons was 1,5.

Twenty five wedges were observed to be supported with mechanical anchors with length of 6m.
Five wedges were supported with swellex bolts. So, the mechanical anchors can support more
wedges than the swellex bolts can. Also, there is no difference when the bolts are grouted at 50% of
their length and are totally not grouted. The safety becomes bigger when the bolts are totally grouted.
Forty seven wedges are supported sufficiently. Also, the grouted anchors with 100% bond length give
bigger safety factors than the grouted anchors with 50% bond length. The percent of safety increases
two times with the use of grouted anchors with 100% bond length. As far as shotcrete concern, sev-
enty four wedges are supported effectively with shotcrete 5cm thick. 

6. Calculation of shotcrete thickness using the apparent face of wedge

As the excavation of tunnels and the application of the support measures are dangerous, the quick
calculation of shotcrete thickness during the excavation is useful. Comparing the apparent face of
the wedges (the surface which is appeared at the inner surface of the tunnel) with the demanded
shotcrete thickness (thinner than 40cm), in order the  unstable wedges to be supported, a relation-
ship was resulted (Fig.4);

F (m2) = 0,0061 * [h (cm)]2 + 0,7484 * h(cm) + 1,4068 (1)

where h = shotcrete thickness (cm)

F = apparent face of the wedge (m2)

The coefficient of the above relationship was calculated 0,877.

The above relationship has the same form with the relationship, which has calculated from the data
of Asprovalta tunnels of Egnatia Highway (Chatziangelou, 2008);

F (m2) = 0,3489 * [h (cm)]2 + 16,654 * h(cm) + 14,049 (2)

XLIII, No 3 – 1120

Fig. 4: Relationship between apparent face of wedge and shotcrete thickness.



Asprovalta tunnels are located at Serbomakedonian mass and the tunnels are passed through gneiss
with pegmatitic intercalations, marble and amphibolite. The coefficient of that relationship was cal-
culated 0,082. 

7. Conclusions-Results

The tunnel which crosses the Symbol Mountain was excavated dangerously because of the difficult
geological status with unexpected failure conditions. The sliding along a plane, the décollement
from the roof and the fall of wedges were the common failure causes. 

Different methods were used in order to excavate the tunnel safely. The NATM method of excava-
tion was used near the outlets and where the rock mass was very poor. On poor and fair quality of hard
rock mass the explosive measures were the most effective. Also, light explosion was used in order to
crack the hard rock mass helping the excavation. Chloritic schist formation and the places, where the
loose deformed material flowed from the walls and the face, were excavated by the SCL method. 

Studying the geometrical characteristics of wedges, we concluded that the weight reduce of the
wedges with big volume is due to i) deformation which reduces the apparent weight of the rock
mass and ii) the cross of the numerous discontinuities, that they cause empty space at the cross point.

Examining the effectiveness of different types of anchors and shotcrete, we concluded that the me-
chanical anchors can support more wedges than the swellex bolts can. Also, there is no difference
when the bolts are grouted at 50% of their length and are totally not grouted. The safety becomes
bigger when the bolts are totally grouted.  As far as shotcrete concern, more than 50% of wedges are
supported effectively with shotcrete 5cm thick. 

Finally, comparing the apparent face of the wedges with the demanded shotcrete thickness (thinner
than 40 cm), in order the unsteady wedges be supported, a relationship (1) was resulted. The above
relationship has the same form with the relationship (2), which has calculated from the data of As-
provalta tunnels of Egnatia Highway;

Consequently, there is a relation between apparent face of the wedges and the demanded shotcrete
thickness being formed;

y = a * x2 + b * x + c (3)
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Abstract 

On December 17, 2009, a large size rock fall generated at the area of Tempi, Central Greece
causing one casualty. In particular, a large block was detached from a high of 70 meters and
started to roll downslope and gradually became a rock slide. About 120 tones of rock material
moved downward to the road resulting to the close of the national road. Few days after the
slope failure, a field survey organized by the Department of Geology, AUTH took place in order
to evaluate the rock fall hazard in the area and to define the triggering causal factors. As an
outcome, we concluded that the heavily broken rock mass and the heavy rain-falls, of the pre-
vious days, contribute significantly to the generation of the slope failure. The rocky slope was
limited stable and the high joint water pressure caused the failure of the slope.

Key words: rock fall, Tempi, engineering geology, hazard, Greece

1. Introduction 

A rock fall is a fragment of rock detached by sliding, toppling or falling that falls along a ver-
tical or sub-vertical cliff, proceeds down slope by bouncing and flying along ballistic trajecto-
ries or by rolling on talus or debris slopes (Varnes, 1978). Very occasionally, rock fall initiates
catastrophic debris streams, which are even more dangerous (Hsu, 1975). Rock falls range from
small cobles to large boulders hundreds of cubic meters in size and travel at speeds ranging from
few to tens of meters per second (Guzzetti et al., 2002). Minor rock falls affect most of the rock
slopes, whereas large size ones such as cliff falls and rock avalanches, affect only great rock
slopes with geological conditions favourable to instability (Rouiller et al., 1998). 

After the rock has been detached it descends the slope in different modes of motion mainly de-
pending the mean slope gradient. The three most important modes of motion (Fig.1) are freefall
through the air, bouncing on the slope surface and rolling over the slope surface (Dorren, 2003).

The detachment of rock from bedrock slope is triggered by several factors such as weathering,
earthquake and human activities while the fall of a rock is determined by factors like the slope
morphology and the direct surrounding of the potential falling rock (Dorren, 2003). The gen-
eration of rock fall is a rapid phenomenon and represents a continuous hazard in mountain areas
worldwide. There are numerous examples of infrastructure destroyed or people killed by rock
fall. To protect endangered residential areas and infrastructure, it is necessary to assess the risk
posed by rock fall (Dorren, 2003).



On December 17, 2009 large size slope instability took place at the area of Tempi, central
Greece resulting to one casualty and the permanent close of the national road Athens-Thessa-
loniki. In particular a large block was detached from a high up to 70 meters and moved down-
ward (figure 2). During its fall the initial boulder triggered the detachment of smaller rocks,
creating a combination of rock falls and rock slides. As it is shown in figure 3, the fall track of
this failure is separated into two paths.

The basic aim of this study is the evaluation of rock fall hazard in the area of Tempi and the def-
inition of the main triggering causal factor of the large size rock fall of December 17, 2009. 

2. Geology and geomorphology of the area

The area of study is located in the inner part of Pinios straits (Tempi valley) between the Mounts
of Olympos and Ossa. It is located within the Pelagonian zone (Aubuin 1959, Mountrakis 1984)
between the geological masses of the Olympos and Ossa Mounts. The structural sequence in
the Mt. Olympos region of the Pelagonian zone, from top to bottom, comprises (Schmitt 1983,
Schermer 1993): (A) the ophiolite unit, consisting of ophiolitic igneous rocks, in coherent thrust
sheets and serpentinite-matrix melange, overlain by limestone; (B) the Infrapierien unit, gneiss
and schist overlain by metasedimentary and metavolcanic rocks and Triassic-Jurassic neritic car-
bonate rocks; (C) the Pierien unit, Paleozoic granitic gneiss overlain by a thin metaclastic se-
quence and Triassic- Jurassic neritic carbonate rocks; (D) the Ambelakia unit, continental
margin carbonate and quartzofeldspathic sedimentary rocks, and basic to intermediate volcanic
rocks of uncertain age; and (E) the Olympos unit, Triassic and Lower Cretaceous to Eocene
neritic carbonate rocks overlain by Eocene flysch (Godfriaux 1968, Schmitt 1983). The rock
falls area is placed in Ambelakia Unit (Fig. 4).

The study area is located on the steep slopes of the foothills of Ossa Mt. shaped by the erosional
processes of the Pinios River. These erosional processes formed the steep-walled inner gorge
of the Tempi valley. The gradual changes of the base level in combination with the tectonic up-
lift of the area (Gonnoi Horst) are the main causes for the lowering of the river’s profile and the
creation of several pairs of degradational terraces (Psilovikos, 1991). Between these terraces
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Fig. 2: Source area and path of the of rock falls.

Fig. 1: The three most important
modes of motion (from Dorren 2003).



steep walls were formed by the action of running water. Finally, the landscape of the valley is
shaped by the intense karstification of the carbonated rocks of the slopes due to the elevated
water table and the dissolution – erosion caused by the surfacial and underground water runoff.

3. Seismotectonic settings of the area

During the second half of the 20th century, Thessaly and the broader area of northern Greece
experienced a series of strong earthquakes (Ms 6.3 to 6.9), which caused damage to a large
number of localities and to all its major towns. It is therefore characterized an area of moder-
ate-to-high seismicity. In fact, low-to-moderate seismic activity was also observed in the 19th
century and there are a few sources reporting earthquakes in the area even in the previous cen-
turies (Ambraseys & Jackson, 1990).

The last moderate size earthquake occurred on June 9, 2003 (MS=5.5; NOA). when Northern
Thessaly (central Greece) was shaken and dozens of buildings in the area of southern (or lower)
Mt Olympus and western Tempi were shocked. The macro-seismic intensity was assessed at
6/7EMS-98. The magnitude of the earthquake using the Quick RCMT solution was computed at
MW=5.2 (NOA). Spectral analysis of the mainshock records provided a moment magnitude of
MW=5.3. The epicentre was originally located SW of Mt Olympus and NE of the city Larisa, be-
tween the villages Gonnoi and Karya, both of which suffered considerable damage. The focal
mechanism solution of the main shock was obtained from P-waves first motion polarities (Pavlides
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Fig. 3: Fall track of the boulders (red circles indi-
cate the source area and green lines show the path).

Fig. 4: Geological map of the Olympos Ossa win-
dow (from Kilias et al., 1991). The rock falls area
is located in Ambelakia – Ossa unit.



et al., 2004). The two nodal planes gave strike, dip and rake values of 299o/44o/-67o for NP1 and
90o/50o/-110o for NP2, respectively. The spatial distribution of the aftershocks showed a WNW-
ESE orientation of the fault plane, in agreement with the focal mechanism of the main-shock.
The first survey aimed at the identification of the seismogenic zone and correlation of geological
evidence with damage distribution. Geological and tectonic information of the region point out
the occurrence of a major active fault (Omolio Fault, eastern Tempi), as well as the Kallipefki seg-
ment and the Gonnoi smaller structures, all directed WNW-ESE. These dip-slip normal faults
show evidence of Late Quaternary activity. The WNW-ESE trending structures dominate the area.
Accordingly, from the two nodal planes of the focal mechanism, NP1 is likely the seismogenic
plane, therefore confirming the N-S regional direction of crustal extension.

The area is dominated by normal faults, which began forming during the Middle Pleistocene,
as a consequence of the N-S extension, which affected the whole Aegean region (Caputo &
Pavlides 1993). Geological and tectonic information of the broader study area (Caputo &
Pavlides 1993), point out the occurrence of many small to moderate length faults and a major
active fault (or series of faults) affecting this region of Thessaly, the so-called “Omolio Fault”
(Caputo, 1990) and the ESE-WNW (~100-110o) Tempi valley normal faults. The Omolio tec-
tonic structure is a WNW-ESE trending northward-dipping dip-slip normal fault showing evi-
dences of Late Quaternary activity. 

Regarding the relation between seismotectonic parameters within an area and the occurrence
of slope instabilities, Keefer (1984) stated that the most susceptible to initiation under seismic
conditions landslides are rock falls and rock slides. The characteristics of the rock falls, de-
scribed by Keefer (1984), are movement of bounding, rolling or free fall of high velocity with
shallow depth (less than 3m). In particular, he concluded that earthquakes with M<6.5 trig-
gered proportionally more these type of failures and proportionally fewer landslides of all other
types. Furthermore, the lower magnitude that could be defined as a threshold of earthquake-in-
duced rock falls is equal to M=4. 

Therefore, historical seismicity information of the area was collected regarding the instrumen-
tal period in order to examine the occurrence of earthquakes capable to generate rockfalls within
the area of Tempi. As it can be seen on Table 1, many events of magnitude M>4 occurred in the
vicinity of study area (fig. 5), thus the parameter of active tectonic should be taken into ac-
count during the construction of remedial measures.

4. Engineering geological investigation

Three main tectonic systems are found in the area, given in Table 2. In the area where the fail-
ure was generated most unstable conditions of rock slopes are related to planar weaknesses.
Wedge failures most likely where line of intersection of two fracture planes dips<φ and day-
lights in slope. The studied failure started by the sliding of a big block along the joint 350/47
(Fig. 6) which activated and drifted smaller geomaterials, down slope, toward the road (Fig. 7).
The bedding of the crystalline limestone is 110/10 (Fig. 8). The related stability analysis of the
slope is given in Fig. 9.

According to Fig. 9, joint 350/47, corresponded to the field observed sliding surface, is limited
included in the sliding area of stability analysis diagram, confirming the limited stability of the
slope. This block was retaining in situ, for long time, as joint surfaces are not, usually, totally
open, but some small retaining “bridges”, remain inside the rock-mass and keep the stone parts
together. Another joint, with data: 15/48, also gives limited safety conditions, even for dry con-
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dition, found on the boundary line of the sliding area. Furthermore, another joint, with data:
202/83, is found, on the boundary line of the toppling area of the diagram of Fig. 9. The above
data give the impression of a slope with limited general stability, which could decrease in heavy
rain conditions, as happened in the studied case.

In Table 3, daily rainfall data, from Meteorological Stations found at both sides of Tempi area
(Volos, Larissa, Makrinitsa, Zagora, and Dion), are given for the former period of that event.
According to these data, on Dec 10, 09 and Dec 12, 09, heavy rainfalls occurred at both sides
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Fig. 5: Map showing the distribution of earthquake epicenters.

Table 1. Parameters of the earthquakes that occurred in the area after 1941

Year Mm/dd Lat long Depth (km) Magnitude (Μ)

1941 0301 39.670 22.540 00.0 6.3

1941 0301 39.600 22.500 00.0 5.1

1941 0301 39.600 22.500 00.0 4.9

1964 0921 39.650 22.680 33.0 4.8

1981 1229 40.050 22.660 04.0 4.0

1990 0313 40.000 22.490 08.0 4.5

1990 1115 39.880 22.510 05.0 4.3

1993 1003 39.920 22.440 07.0 4.0

1997 0725 39.960 22.540 09.0 4.1

2003 0609 39.940 22.420 16.0 5.1
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Fig. 6: The initiation of the slope failure originated as
sliding along the joint 350/47.

Fig. 7: Boulders on the road.

Fig. 8: Bedding 110/10 and fault 20/80.

Fig. 9: Stereographic projection of the planes mapped on the rock slope in order to estimate the sliding
potential.

Table 2. Bedding and tectonic systems of the limestone, at the southeastern slope of Tempi ravine,
at the site of the failure.

Bedding 110°/10°
Joint system 1 350°/47°
Joint system 2 277°/60°
Joint system 3 20°/80°
Road direction 70°-80° (mean: 75°)

South eastern slope (mean) 345°/50°



of the studied slope failure. Groundwater is the most important single factor in triggering land-
slide events. High rainfalls cause numerous shallow slides where high water pressure can rap-
idly reach slip surfaces. The increase of joint water pressure reduces significantly rock mass
strength, by increasing the driving forces along the joints. Joint water becomes more active in
cases where the rock mass is highly broken, as result of the combination of the tectonic systems
which firstly contribute to the loosening of the rock mass but also contributes to higher joint
water pressure which increases the driving forces and decreases the slope stability.
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Larissa Volos Makrinitsa Zagora Dion (Pieria)

Date ΕΜΥ Nat.Observatory Amateurish Amateurish Nat.Observatory 

1/12/2009 0,0 0,2 0,0 0,0 0,0

2/12/2009 5,0 4,4 6,6 14,5 24,8

3/12/2009 10,0 8,2 16,6 25,3 16,2

4/12/2009 0,0 0,0 0,0 0,0 0,0

5/12/2009 3,0 17,2 47,2 66,3 8,6

6/12/2009 0,1 2,2 8,4 15,6 0,0

7/12/2009 0,0 0,0 0,0 0,0 0,0

8/12/2009 0,0 0,0 0,0 0,0 0,0

9/12/2009 2,0 3,8 5,4 6,5 24,8

10/12/2009 27,0 126,4 417,2 208,3 70,2

11/12/2009 1,0 8,6 45,4 52,7 0,4

12/12/2009 11,0 8,0 23,6 100,8 22,0

13/12/2009 2,0 0,2 2,0 4,4 0,4

14/12/2009 0,0 0,0 0,0 0,3 3,0

15/12/2009 7,0 10,0 10,0 12,6 10,2

16/12/2009 0,0 0,4 0,0 0,0 0,2

17/12/2009 0,0 0,2 0,2 0,5 0,2

18/12/2009 7,0 5,2 4,4 20,1 3,2

19/12/2009 1,0 0,2 0,0 0,9 1,0

Total 76,1 195,2 587,0 528,7 185,2

Mean 50,8 47,1 29,35 26,44 9,26 

Table 3. Daily rainfalls in the studied area.



5. Conclusions-Results

Based on the above analysis, the following conclusions are derived:

— Three joint sets were determined, which are presented in Table 2. These joint sets limit
the created rock blocs and involve in their sliding.

— The heavily broken rock mass and the heavy rain-falls, of the previous days, contribute
significantly to the generation of the slope failure. The rocky slope was limited stable
and the high joint water pressure caused the failure of the slope.

— According to our stability analysis, the failure activated by the sliding of the rock block
along the joint: 350/47. Also other joints with relative data could also be activated,
under favorable conditions.

— According to the above results, we propose the engineering site investigation of the
area for better knowledge of sliding conditions.
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Abstract 

This paper aims to present the characteristics of the rock falls generated on the 16th and 21st of De-
cember 2009 at the Nea Moudania – Kassandria country road in Kassandra Peninsula, Chalkidiki,
Greece. Both of those events induced damages to the asphalt road and forced the local authorities
to close the road to traffic until the construction of protective measures. In order to evaluate the
rock fall hazard and analyze the slope instability in the area, the present study focuses on three main
triggering factors: rainfall, stratigraphy and tectonic setting.

Key words: rock fall, stratigraphy, rainfall, Chalkidiki, Greece

1. Introduction 

The detachment of rock from bedrock slope is triggered by several factors such as weathering, earth-
quake and human activities while the fall of a rock is determined by factors like the slope morphol-
ogy and the direct surrounding of the potential falling rock (Dorren, 2003).

In the study area, several rock-falls occurred and some small creeps appeared, according to histor-
ical reports, on the asphalt pavement; they were usually rapidly repaired and the road opened fr traf-
fic in a short time. The event of 16th of December 2009 occurred during a heavy rainfall, at
approximately 21:30, while few days later, on Monday 21st, a second larger rock fall close to the pre-
vious one caused the permanent closure of Nea Moudania – Kassandria road. 

A few hours after the second event a field survey took place, in order to report and evaluate the rock
fall hazard in the area. In this paper the triggering factors of the rock falls are analyzed and the out-
come of this research is presented.

2. Geomorphological setting

Kassandra is the westernmost peninsula of Chalkidiki (fig. 1), forming an elongated strip of land. A
smooth landscape consisting of very wide dry valleys and low (mean altitude 30-60 m asl) hilly ter-
rain dominates the northern part, between Potidaea and Kassandria villages. On the contrary. the
southern part of the peninsula reveals a higher (up to 333 m asl) hilly terrain, highly affected by ero-
sion. From a tectonic point of view Kassandra peninsula can be considered as a horst (Marinos et
al., 1970; Psilovikos et al., 1988; Syrides 1990).

The northern part of Kassandra reveals characteristics inherited from an older mature relief that was
probably affected by a younger tectonic phase (Psilovikos et al., 1988; Syrides 1990). Criteria for

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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identifying the tectonic effect on the relief are:

• Very steep linear coasts bordering a raised block of land with flat mature relief.

• Formation of coastal terraces in soft sediments.

• Cutoff of the mature valleys along the coast line and formation of “hanging valleys”.

• A new erosional cycle with formation of younger valleys starting from the coast.

• It is remarkable also that in northern Kassandra these mature valleys, trending from NE to-
wards SW are also cut off along the eastern coast; as a result the watershed practically coin-
cides with the eastern coast.

The present coastal morphology results also from the subsequent coastal processes of erosion-de-
position, as well as the intensive human intervention becoming enduringly active during at least the
past 3 decades (Psilovikos et al., 1988).

3. Geological setting

Kassandra peninsula is almost entirely covered by Neogene – Quaternary sediments. Only in the
southern part older rocks appear (Mesozoic limestones, ophiolites & Paleogene sandstones), form-
ing the pre-Neogene basement.

According to Syrides (1990) Kassandra peninsula is situated along the eastern side of the extensive
Axios – Thermaikos basin that was formed during early Miocene and gradually filled up by mainly
clastic Neogene and Quaternary sediments. Total thickness of these sediments exceeds 5 km in the
centre of the basin, gradually diminishing towards the margins. In the area of western Chalkidiki and
Kassandra peninsula these sediments are classified into six (6) sedimentary formations:

1. Antonios Fm (?Lower - Middle up to Upper Miocene). Fluviolacustrine sediments, alter-
nating lenses of loose Sands, cobbles and gravel.

2. Triglia Fm (Upper Miocene, Vallesian – Early Turolian). Continental sediments, Red beds.

3. Trilophos Fm (Uppermost Miocene, “Pontian”, Turolian). Well stratified beds of fossilifer-
ous sands, sandstones, clays, limestones, containing a brackish mollusc fauna of Paratethyan
origin.

4. Gonia Fm (Pliocene, Ruscinian). Fluviolacustrine sediments consisting of lenses and beds
of sand, clay, sandstone, marl and massive marly limestone.

Fig. 1: Rock falling phenomena along the Nea
Moudania – Kassandria road on 16th and 21st
December, 2009.
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5. Moudania Fm (Villafranchian and later). Continental sediments, Red beds.

6. Eleochoria Fm (Pleistocene – Holocene). Tuffaceous limestones and travertines deposited by
the action of carstic or thermal springs, with a restricted occurrence south of Katsika mt.

The above sediments dip ~2-3o towards SSE in the area of West Chalkidiki, but in Kassandra the dip
direction is generally opposite, towards NNW. In northern Kassandra 4 of the above sedimentary for-
mations appear:

• Moudania Fm covers the area from Nea Potidea up to Kallithea and Kassandria villages.

• Gonia Fm appears only in the west side of the peninsula at Sani area.

• Trilophos Fm appears as a hard fossiliferous limestone along the east coast while at the west
coast (Sani) it outcrops as sands, clays and sandstones.

• Triglia Fm is exposed just below the Trilophos Fm which actually covers and protects the
softer red beds.

The steep coastal terrace along the east coast, from Nea Potidaea up to Kallithea villages, forms a nat-
ural section ~ 15 km long that allows a good view of these sediments. Red beds of both Triglia & Mouda-
nia Fms dominate the whole section. The limestone of Trilophos Fm is interbedded between them,
allowing the distinction between each other. Due to the slight NNW dipdirection, this limestone firstly
appears at sea level in Nea Fokea village but southwards gradually rises up the top of the terrace.

Coastal erosion undercuts the terrace, favouring rock fall of large blocks of limestone; the latter is
very characteristicsouth of Nea Fokea. 

A stratigraphic column (Fig 2a) for the sediments exposed in the area of Nea Fokea – Athytos vil-
lages is given by Syrides (1990), 

1. Red beds of Moudania Fm

2. Fossiliferous limestone consisting of numerous badly preserved shells of Limnocardiids and
Dreissenids. 2a is oolithic with sparitic cement, 2b contains sand, 2c is a thin(~20cm) bed
of cohesive grey-white clay, 2d contains more sand that increases towards the base and con-
tains also small pebbles and gravel the last well visible embedded at the base of this layer.

Fig. 2: A) Stratigraphic column of the sediments
in Nea Fokea – Athytos area (Syrides 1990) and b)
stratigraphic column of the study area.
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3. Reddish brown sandy loam. 3a is more sandy with thin lenses of gravel, 3b is more fine
grained with thin bedding.

4. Fossiliferous sandy limestone contains also numerous badly preserved shells of Limno-
cardiids and Dreissenids. 4a reddish-brownish sandy limestone, 4b grey-whitish limestone
more sandy at the base, 4c lose sand with sandstone concretions, 4d yellowish-grey to red-
dish yellow sandy limestone with Limnocardiids and Melanopsidae with more sand and em-
bedded large cobbles at the base.

5. Red beds of Triglia Fm.

4. Evaluating the triggering factors of the rock falls 

On Wednesday 16th and Monday 21st of December 2009, rock falling took place on the Nea Mouda-
nia – Kassandria country road, between the 20th and 21st kms. Both of these slope instabilities for-
tunately caused only structural damages and no casualties. 

More specifically, on Wednesday, December 16 at 21:30, two large size boulders of 6-8 m3 detached
from a height of 8 m and fell onto the road. This rock fall event forced the local authorities to tem-
porally close the road for few hours in order to remove the fallen blocks and construct a new pro-
tective metal barrier along the steep slope of the road cut. 

However, few days later, on Monday morning of December 21st, a larger scale slope failure happened.
As shown in figure 4, boulders with volume ranging from 2 to 15m3 fell on the road form a height of
10 meters, causing the permanent closure of the country road. A few hours after the second slope fail-
ure, a field survey  took place in order to examine the rock falls and evaluate the triggering factors.

The present study focuses on the heavy rainfall activity that took place on 15th and 16th of Decem-
ber, a few hours before the first event, as well as on the rainfall that was recorded during Sunday,
20th of December. Furthermore, the stratigraphy of the site was studied, since a soil layer (sandy
loam) is present beneath the source area of rock falls and finally, the structural status of the area and
the discontinuities that created the blocks of limestone are analyzed.

5. Rainfall activity

Initially, the monitored precipitation at the Kassandra weather station was examined. The weather

Fig. 3: Source area of the rock falls occurred on De-
cember 16, 2009.

Fig. 4: Source area of the December 21, 2009 rock falls.
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station of Kassandra (40º03’N, 23º 25’E, altitude = 37 m) was established by the Aristotle Univer-
sity of Thessaloniki (AUTH) only very recently (since 2007), thus the precipitation records of the
period under investigation in Kassandra were compared with the normal values of the same param-
eter for the period 1961-1990 of AUTh (40º37’N, 22º57’E, altitude = 32 m). In particular, the
monthly total rainfall in Kassandra in December 2009 was 68 mm (distributed in 15 days) (Fig. 5),
28% more than the normal amount (53 mm) AUTh received for this month during 1961-1990. The
relatively wet December followed the severely dry months of October (6 mm vs. the normal value
of 40 mm) and November (3 mm vs. the normal value of 56 mm) of 2009. However, from the above
mentioned total amount Kassandra received in December, more than 81% of rainfall (or 56 mm)
dropped in one single day (16/12/2009). Although this specific rain episode lasted all day (Fig. 6),
more than 80% (45mm) of rain was measured from 21:00 to 22:00 local time.

6. Stratigraphy

The stratigraphy (fig 2b) of the sediments along the rock falls is very similar with that (fig 2a) of Syrides
(1990) for the wider area, while differences are observed due to the lateral changes of the various beds. 

From a stratigraphic point of view, three “weak horizons” of low strength are defined in this column
(fig 2b); a thin layer of grey-whitish cohesive clay (bed 2c) pointed as grey line, a second layer of
reddish-brown sandy loam (bed 3) (red line depicts the contact between 2 and c beds) and a third
layer defined as the contact (violet line) between the base of the Trilophos Fm limestone and the
Triglia Fm red beds.

It is remarkable that within the limestone numerous vertical cracks allow the percolating water to
pass downwards, but the intercalation of reddish-brown sandy layer (bed 3) between the limestone
beds causes the drying up of the water from the superimposed limestone along this contact. As a re-
sult, thick reed vegetation appears along and below the contact. It is also remarkable that this bed
of reddish sandy loam prevents water from percolating in the lower strata, resulting to the dryness
of contact between the base of the limestone (Trilophos Fm.) and the top of the red beds (Triglia Fm.).

Regarding the influence of stratigraphy to the triggering of rock falls, Kotze (2007) stated that any
soil stratum that intercalates between or appears below a thick hard rock bed can be considered as
a “weak horizon” that is subject to preferential weathering and erosion with ongoing exposure to the
elements. Thus, the overlying more resistant limestone beds become undercut. As undercutting ad-
vances, the overlying limestone eventually collapses, due to sudden brittle failures occurring along
prevalent rock mass defects that act as release planes. 

In our cases, the above conclusion precisely describes one of the triggering factors (stratigraphy) and

Fig. 5: The daily precipitation in Kassandra from Oc-
tober 1st  to December 31st 2009. The normal precipi-
tation values (1961-90) of the weather station in AUTh
are also presented.

Fig. 6. The hourly precipitation in Kassandra at
16/12/2009.

6 (3)
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the unstable conditions that were created these specific two days (16th and 21st of December 2009),
thus concluding that in both cases the rock falls were generated by the undercut of the reddish brown
sandy loam bed.

7. Structural setting

The main structure of the study area is a WSW – ENE trending normal fault, which causes the dis-
placement of the strata by about 12-15 metres. The amount of displacement is not clear, because of
the lack of outcrops. The fault dips towards the NNW and the visible fault zone has a width of about
20 m. The actual fault zone however is much wider, as is indicated by the intense relief just on the
north of the site: a transverse valley of the same WSW – ENE trend is formed due to the erosion of

Fig. 7. The layer of reddish-brown sandy loam is slowly washed out by the percolating water from the overly-
ing limestone (note the beginning of undercutting). The water favors thick reed vegetation. It is a matter of
time this slow process to undercut the limestone causing a rockfall in this place in the future.

Fig. 8. a) Rose diagram, b) joints stereoplot, c) bedding stereoplot and d) contour plot in the source area of the
rock falls. The bold line in the contour plot represents the general orientation of the slope.
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the main fault zone, which is probably located along this valley. The observed normal fault is there-
fore a synthetic footwall secondary fault, and it is characterized as possibly active since its strike is
perpendicular to the extensional axis of the local stress field.

The strata appear to have a gentle dip towards the SSW (fig. 8), while their strike is similar to the
road cut direction; dip direction however is opposite to the road cut’s one, reducing the possibility
of water saturation to the road cut. The dip direction of the strata can be associated to footwall re-
bound backtilting, which is typical in areas adjacent to a fault zone. 

The dominant joint system has a strike of 075o - 080o, parallel to the above mentioned normal fault,
while a conjugate secondary system of much less importance trends at about 030o. All joints are of
high angle (>75o) and most of them almost vertical (fig. 8). They are open joints, typically filled with
fine-grained material and calcite, while at their uppermost part they sometimes appear eroded and
have a heave of up to 3 cm.

The joints appear to affect the pavement of the connecting road to the nearby hotel. A set of cracks
is aligned in deformation zones in en échelon and overlapping pattern. These zones are parallel to
the main fault and they have formed as a result of both the pre-existence of joints, as well as the soil
creep towards the road cut (hence their “strike-slip” appearance).

8. Conclusions-Results

On the 16th and 21st December 2009, rock falls occured at the eastern coastal area of Kassandra
peninsula in northern Greece. This study aims to describe the characteristics of the slope failures and
evaluate their triggering factors. In particular, we examined the rainfall activity, the stratigraphy and
the tectonic regime in the area. According to data from the weather station in Kassandra, more than
81% of rainfall (or 56 mm) of the total amount for December, dropped in one single day
(16/12/2009). Moreover, the dense system of discontinuities in combination with the subhorizontal
bedding plane, under the effects of weathering, divided the limestone bed into a series of contigu-
ous blocks or slabs. All the fallen blocks of rocks originate from the layers above a layer of reddish
sandy loam. The outcome provided by this study is that the rock falling phenomena in Nea Fokea
were generated due to the undercut of a specific layer of reddish brown sandy loam bed, as conse-
quence of extremely high precipitation. 
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Abstract

In August 2007 Ilia Prefecture suffered one of the most devastating wildfires that have ever
happened on European level. Approximately 870km2, mainly forest and agricultural land, were
lost, more than 60 people were killed, hundreds were injured and many villages suffered ex-
tensive damage. Heavy rainfall and human activities, favoured by the loss of vegetation and the
overall susceptibility of geological formations in landsliding, induced the manifestation or re-
activation of various scale landslide phenomena. In order to investigate and mitigate the prob-
lem University of Patras was commissioned by the Region of Western Greece to undertake an
Engineering Geological and Geotechnical investigation. Site investigation accomplished in
seven municipalities focusing on several landslide events with serious socio-economic impact
and as a result many small scale cases were identified. In each one of these cases large scale
engineering geological mapping was conducted and remedial and protection measures were de-
signed.

Key words: Wildfires, Landslides, Geotechnical Investigation, Ilia Prefecture, Western Greece

1. Introduction

Few months after the devastating wildfires of August 2007 that affected Ilia Prefecture the Uni-
versity of Patras was commissioned by the Region of Western Greece to undertake an Engi-
neering Geological and Geotechnical investigation, aiming at the treatment of landslide
phenomena particularly in seven municipalities that had suffered extensive damage.

The inquiring project titled “Engineering Geological and Geotechnical investigation in wild-
fire affected Municipalities of the Ilia Prefecture for the identification and treatment of land-
slide phenomena – Design of landslide hazard mitigation measures“ and was supervised by the
Department of Transport Works/Directorate of Public Works/Region of Western Greece.

The project was completed in September 2008 and comprised the followings:

a) Identification of all landslide phenomena and failures that occurred in the seven mu-
nicipalities of the project: Amaliada, Andritsaina, Iardanos, Skillountos Oleni, Pineia,
and Foloi.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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b) Evaluation of landslide hazard and selection of the most serious cases for further investigation.
c) Engineering geological and geotechnical investigation of forty six (46) landslide cases

that seriously affected the human environment.
d) Identification of landslide causes and trigger.
e) Production of technical reports and geotechnical maps as well as design of landslide

hazard mitigation measures.
f) Submission of proposals for further investigation.

2. Investigation area

The investigation area comprised the Municipalities of Amaliada, Andritsaina, Iardanos, Pinia,
Skillountos, Oleni, and Foloi (Fig. 1), occupying a total area of approximately 1115km2. The
total area of the Ilia Prefecture is 2618km2 and the burnt land estimated to be 870km2 (ap-
proximately 33% of the total area). The most affected Municipalities were those of the project
as well as the Municipalities of Zaxaro, Alifeira, Figalia, and Ancient Olympia (Fig. 1). From
the burnt land the bigger percentage included forest and agricultural land as well as residential
districts. Further investigation is needed in the Municipalities of Zaxaro, Alifeira, Figaleia, and
Arxaia Olympia that were not included in the inquiring project.

3. Identification of landslide phenomena in the investigation area

3.1. Landslide types and causes of movement

Zaruba and Mencl (1969, 1976) and Varnes (1978) have developed the most well known land-
slide classification Tables. Table 1, was adopted for landslide identification and classification
during the project, illustrates a schematic landslide classification (Varnes, 1978) taking into ac-
count the modifications made by Cruden and Varnes (1996). Some integration has also been
made by using the definitions of Hutchinson (1988), Coates (1977), and Hungr et al. (2001).

According to up to today studies in the Ilia Prefecture have been identified (from 1950 until

Fig. 1: Investigation area – Municipalities of
the Ilia Prefecture.
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2005) fifty eight (58) landslides (Fig. 2) of intermediate and high vulnerability. Thirty seven (37)
of them (percentage 64%) are located in the investigation area, affected by the wildfires of Au-
gust 2007. Therefore, many of them were expected to be reactivated with bigger intensity, be-
cause of the unfavourable conditions that prevailed after the wildfires.

During the current investigation forty six (46) landslide cases (Fig. 2) that seriously affected the
human environment, of intermediate and high vulnerability, most of them existed before, were
thoroughly investigated and an identification of the main types and causes of movement was
made (Table 2) by using the previous landslide classification of Table 1.

Fig. 2: Landslides identified in the Ilia
Prefecture (1950-2005) & (2008).

Table 1. 

Type of movement

Type of material
Bedroc Engineering soils

Predominantly
fineg

Predominantly
coarse 

Falls Rockfall Earth fall Debris fall

Topples Rock topple Earth topple Debris topple

Slides

Rotationa Rock slump Earth slump Debris slump

Transla-
tional

Few units Rock block slide Earth block slide Debris block slide

Many units Rock slide Earth slide Debris slide

Lateral spreads Rock spread Earth spread Debris spread

Flows

Rock flow Earth flow Debris flow

Rock avalanche Debris avalanche

(Deep creep) (Soil creep)

Complex and compound Combination in time or space of two or more principal types of movement
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Table 2. 

No Location Main types of movement Main causes of movement

Amaliada

1 Keramidia village Road embankment failure/
Earth Slump and Flow

Weathering of soils/
Undercutting

2 Peristeri village road entrance Earth Slump - Soil Creep Weathering of soils

3 Peristeri village Road embankment failure/
Earth Slump and Flow

Weathering of soils/
Loading

4 Peristeri Elementary school Soil Creep Weathering of soils

5 Provincial road Peristeri-Inoi Road embankment failure/
Earth Slump and Flow

Weathering of soils/
Undercutting & Loading

6 North of Pinios Lake - Earth dam Earth Slump Undercutting & Excavation

Andritsaina

7 Miloi village Rock Falls and Flow Weathering of jointed rocks

8 Sikies village Earth Slump Fluvial erosion

9 Provincial road Andritsaina-Sekoulas Debris Flow Fluvial erosion

Iardanos

10 Mun. road Vounargo-Fragkopidima Rock Falls/Earth Slides Weathering of soft rocks/
Steep slopes & Excavation

11 Provincial road Vroxitsa-Korifi Earth Flow Weathering of soils

12 Provincial road Vroxitsa-Korifi Road embankment failure Weathering of soils

Pinia

13 Latta village Earth Slump and Flow Weathering of soils

14 Valmi village Earth Slump Weathering of soils

15 Municipal road Valmi-Apidoula Earth Slides and Falls
Debris Slides and Falls

Weathering of soils/
Undercutting

16 Provincial road Valmi-Xenies Debris Slides and Falls Weathering of soft rocks/
Steep slopes & Excavation

17 Provincial road Valmi-Agrapidoxori Earth Falls Weathering of soils/
Fluvial erosion

18 Agrapidoxori village road entrance Road embankment failure/
Earth Flow

Weathering of soils/
Undercutting

19 Simopoulo village road entrance Earth Flow Undercutting

20 Agnanta village Earth Slides and Flow Weathering of soils/
Steep slopes

21 Kotrona hamlet Soil Creep Undercutting

22 Mazaraki village Earth Slides and Flow Weathering of soils

23 Kalo Paidi village Earth Slumps and Flow
Debris Slides and Flow

Weathering of soils/
Undercutting & Loading
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No Location Main types of movement Main causes of movement
Skillountos

24 Graika village Earth and Debris Flow Weathering of soils

25 Grillos cillage Soil Creep Weathering of soils

26 Platiana village Rock Slides and Falls
Earth and Debris Slides

Weathering of jointed
rocks/Steep slopes

27 Municipal road Platiana - Archaeolog-
ical site

Rock Slides and Falls
Earth Slumps - Debris Falls

Weathering of jointed
rocks/Steep slopes & Ex-
cavation

28 Municipal road to Tripiti Road embankment failure/
Earth Slump and Flow

Weathering of soils/
Undercutting

29 Provincial road Krestena-Graika Road embankment failure/
Earth Slump

Fluvial erosion/
Undercutting

30 Frixa village Earth Slumps and Flow
Earth Slides

Weathering of soils/
Fluvial erosion & Loading

31 Frixa village road entrance Road embankment failure/
Earth Slide

Weathering of soils/
Excavation

Oleni

32 Rural road Goumero-Askitis Rock Falls
Earth Slides and Flow

Weathering of soft rocks/
Steep slopes & Excavation

33 Municipal road Goumero-Agia Anna
(Vrisi)

Road embankment failure/
Earth Slump and Flow

Weathering of soils/
Excavation

34 Municipal road Goumero-Agia Anna
(Koukos)

Road embankment failure/
Debris Slump

Weathering of soils/
Excavation

35 Goumero village road entance Earth Slide Weathering of soils

36 Agia Anna village Debris Slide Weathering of soils

37 Agios Georgios village Earth Slide Weathering of soft rocks/
Loading

38 Municipal road Koutsoxera-Mouzaki Road embankment failure/
Earth Flow Weathering of soils

39 Koutsoxera church Earth Slide Weathering of soft rocks/
Loading

40 Koutsoxera Primary school Earth Flow - Soil Creep Weathering of soils/
Loading

41 Provincial road Oleni-Magoula Earth Slide and Flow Weathering of soils/
Excavation

Foloi
42 Doukas village Earth Slump and Flow Weathering of soils

43 Milies village Earth and Debris Flow Weathering of soils/
Excavation

44 Provincial road in Avra springs Rock and Debris Falls Fluvial erosion/Undercutting

45 Neraida village Rock Slides & Falls Weathering of jointed rocks

46 Nea Persaina village Earth Flow - Soil Creep Weathering of soils
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The primary cause of movement in most of the cases of Table 2 was the loss of vertical vege-
tative and forestry structure after the wildfires. In shallow and poor soils the removal of deep-
rooted vegetation was crucial and destabilized the already fragile slopes and as a result many
landslides that existed before reactivated. The main trigger of landslide reactivation was either
the intense rainfall or in some cases (7, 15, 16) a combination of rainfall and seismic activity.

Concerning the main causes of movement, according to Table 2, was the intense weathering of
soils, soft rocks and hard rocks as well as:

• Excavation created by human activities mainly for the construction of roads and houses.

• Undercutting created either by human activities or physical processes.

• Loading created by human activities or excess pore water pressure after an intense rain-
fall

• Fluvial erosion created by rivers and streams causing loss of support on the toe of gen-
erally steep slopes or along the river/stream banks.

All landslide cases were located with precise coordinates in maps of suitable scale and the forty
six (46) of them are presented in Fig. 2 along with those occurred during the period 1950-2005.

Fig. 3: Landslides identified in the Ilia Prefecture (1950-2005) & (2008).
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3.2. Effect of Engineering Geological conditions on landslide movement

The identified 46 landslide cases were occurred mainly with a complex type of movement (falls,
slides, and flow) and affected by the prevailed geological formations. Earth flow, slumps, slides,
and soil creeps were occurred mainly in the fine Neogenic sediments which dominate in the
area. Debris slides and flow were occurred mainly in the coarse Neogenic sediments, whereas
rock falls and slides as well as debris falls were activated in limestones and sandstones (Fig. 3).

All these landslides were triggered by heavy rainfall and/or seismic activity favoured by the loss
of vegetation after the wildfires and the overall susceptibility of the prevailed geological forma-
tions in landsliding (Fig. 4). The geological formations of the Neogenic sediments constituted by
weathered soft rocks of sandy-silt constitution, friable sandstones, and poor soils of sandy-silt
constitution are prone in earth flow, slumps and slides as well as rock and debris falls and slides.
In addition the jointed rocks of the limestone bedrock produce heavy rock falls and slides.

The prevailed engineering geological conditions combined with the loss of vegetation, the de-
forestation and the intense rainfalls contributed in the deterioration of landslide problem. How-
ever, in many cases the horizontal stratigraphy combined with the prevailed low relief produced
landslides in such a scale that can be treated with protection measures economically and tech-
nically feasible provided that they will be faced in time.

4. Proposed remedial and protection measures

The proposed remedial and protection measures aiming at the treatment of landslide phenom-
ena in the Ilia Prefecture can be summarized in the following paragraphs and Table 3:

a) Surface drainage works with the construction of surface or shallow drains, as well as di-
version ditches of rain-storm waters along the road network. Surface drains includes concrete

Fig. 4: Engineering Geological condi-
tions and landslides in the Ilia Prefecture.
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Table 3. 

No Location Main types of movement Main causes of movement

Amaliada

1 Keramidia village Road embankment failure/
Earth Slump and Flow

Drainage works/Gabion wall/
Ground improvement

2 Peristeri village road entrance Earth Slump - Soil Creep Surface drainage

3 Peristeri village Road embankment failure/
Earth Slump and Flow

Drainage works/Driven-pile
wall/Ground improvement

4 Peristeri Elementary school Soil Creep Surface drainage/Gravity wall

5 Provincial road Peristeri-Inoi Road embankment failure/
Earth Slump and Flow

Drainage/Gabion wall/
Ground improvement/Un-
loading

6 North of Pinios Lake - Earth dam Earth Slump
Surface drainage/Gabion
wall/Driven-pile wall/
Rescaling

Andritsaina

7 Miloi village Rock Falls and Flow Surface drainage/Rockfall
barrier/Rock scaling

8 Sikies village Earth Slump Drainage works/Gabion wall

9 Provincial road Andritsaina-Sekoulas Debris Flow Surface drainage/Gravity wall

Iardanos

10 Mun. road Vounargo-Fragkopidima Rock Falls/Earth Slides Surface drainage/Geogrids

11 Provincial road Vroxitsa-Korifi Earth Flow Surface drainage/Vegetation

12 Provincial road Vroxitsa-Korifi Road embankment failure Drainage works

Pinia

13 Latta village Earth Slump and Flow Drainage works

14 Valmi village Earth Slump Surface drainage

15 Municipal road Valmi-Apidoula Earth Slides and Falls
Debris Slides and Falls

Surface drainage/Gravity
walls/Driven-pile wall

16 Provincial road Valmi-Xenies Debris Slides and Falls Surface drainage/
Gravity wall/Geogrids

17 Provincial road Valmi-Agrapidoxori Earth Falls Surface drainage/Geogrids

18 Agrapidoxori village road entrance Road embankment failure/
Earth Flow

Surface drainage/
Gabion wall

19 Simopoulo village road entrance Earth Flow Surface drainage/Gabion
wall

20 Agnanta village Earth Slides and Flow Surface drainage/Vegetation

21 Kotrona hamlet Soil Creep Surface drainage

22 Mazaraki village Earth Slides and Flow Surface drainage

23 Kalo Paidi village Earth Slumps and Flow
Debris Slides and Flow

Drainage works/Gabion
walls/Gravity walls/Dri-
ven-pile wall
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No Location Main types of movement Main causes of movement
Skillountos

24 Graika village Earth and Debris Flow Surface drainage

25 Grillos cillage Soil Creep Surface drainage

26 Platiana village Rock Slides and Falls
Earth and Debris Slides

Surface drainage/Gabion
wall/Rockfall barrier/Rock
scaling

27 Municipal road Platiana - Archaeo-
logical site

Rock Slides and Falls
Earth Slumps - Debris Falls

Surface drainage/Gabion
wall Gravity walls/Unload-
ing

28 Municipal road to Tripiti Road embankment failure/
Earth Slump and Flow

Surface drainage/
Gabion wall

29 Provincial road Krestena-Graika Road embankment failure/
Earth Slump

Surface drainage/
Gabion wall

30 Frixa village Earth Slumps and Flow
Earth Slides Moving of population

31 Frixa village road entrance Road embankment failure/
Earth Slide

Surface drainage/Gabion
wall/ Ground improvement

Oleni

32 Rural road Goumero-Askitis Rock Falls
Earth Slides and Flow

Surface drainage/Unload-
ing/Rock scaling

33 Municipal road Goumero-Agia Anna
(Vrisi)

Road embankment failure/
Earth Slump and Flow

Drainage works/Gabion
wall

34 Municipal road Goumero-Agia Anna
(Koukos)

Road embankment failure/
Debris Slump Surface drainage

35 Goumero village road entance Earth Slide Surface drainage

36 Agia Anna village Debris Slide Rescaling

37 Agios Georgios village Earth Slide Surface drainage/Ground
improvement

38 Municipal road Koutsoxera-
Mouzaki

Road embankment failure/
Earth Flow

Surface drainage/Ground
improvement

39 Koutsoxera church Earth Slide Gravity wall

40 Koutsoxera Primary school Earth Flow - Soil Creep Drainage works/Gabion
walls

41 Provincial road Oleni-Magoula Earth Slide and Flow Surface drainage/Gabion
wall

Foloi
42 Doukas village Earth Slump and Flow Surface drainage

43 Milies village Earth and Debris Flow Surface drainage/Vegetation

44 Provincial road in Avra springs Rock and Debris Falls Rock scaling/Gabion wall/
Suspended netting

45 Neraida village Rock Slides & Falls Rockfall barrier

46 Nea Persaina village Earth Flow - Soil Creep Surface drainage
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diversion ditches, whereas shallow-interception drains includes perforated tubes covered by
granular material in trenches up to 2m deep lined with geotextiles.

b) Subsurface drainage works with the construction of drainage trenches up to 3m deep and
1m wide, as well as drainage blankets up to 1m thick on top of the base of road embankments
in order to reduce water infiltration and divert quickly subsurface water away of the problem.

c) Construction of retaining walls, usually concrete gravity walls and gabion walls. Gravity
walls were proposed to be constructed on small slopes or small parts of large slopes in cases of
solid ground. Gabion walls were proposed in cases of small slopes and road embankments as
toe weight. Driven pile-walls were proposed to be constructed in cases of deep slide problems.

d) Rockfall barriers were proposed for construction in cases 7, 25, 45, where steep rocky slopes
of a great height prone to rock falls and slides were existed, in order to protect residential areas.

e) Ground improvement which includes development of vegetation, geotextiles, geogrids in
soil slopes or road embankments that have failed due to poor substratum conditions. Vegetation
cover was proposed to reduce water infiltration and provide tensile strength in surface layers.
Anchored geotextiles or geogrids were proposed in cases to fix fragile surface slopes and allow
plant growth.

f) Slope modification by unloading or rescaling soil slopes and scaling rock slopes.

5. Conclusions

All landslide cases activated or reactivated mainly with a complex type of movement (Fig. 5).
Earth flow, slumps, slides, and soil creeps were occurred in the fine Neogenic sediments. De-
bris slides and flow were occurred in the coarse Neogenic sediments, whereas rock falls and
slides as well as debris falls were activated in limestones and sandstones.

All landslides were triggered by heavy rainfall and/or seismic activity. The prevailed engi-
neering geological conditions combined with the loss of vegetation, the deforestation, the in-

Fig. 5: Main types of landslide movement.
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creased weathering and the intense rainfalls contributed in the deterioration of landslide prob-
lem. Human activities and fluvial erosion in some cases increased the landslide problem.

All remedial and protection measures proposed for landslide treatment are illustrated in Fig. 6
and mainly include surface and subsurface drainage works combined in many cases with the
construction of retaining walls. The other main type of remedial works includes ground im-
provement and rockfall barriers for the protection of residential areas.
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Abstract 

This paper presents the excavation of Kallidromo railway tunnel in clay and clay-marl forma-
tions. During the past years various approaches were considered both at the design and con-
struction level, for the completion of this difficult part of the tunnel. Finally a method has been
selected and successfully applied which combines the principles of yielding and double support.

Key words: Kallidromo tunnel, clay formations, yielding support, double support.
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1. Indroduction

The paper presents the excavation of Kallidromo
twin-tube single-track tunnel in clay – clay-marl
formations. The excavation was based on a method
which combines the yielding and double support
principles, modified according to the approved de-
signs, instrumentation measurements and the tun-
nel conditions that were encountered.

2. Project description

The twin-tube single-track tunnel of Kallidromo is
part of the New High-Speed Railway Line Tithorea
– Lianokladi, in the section from Tithorea Railway
Station Ch. 0+000 to Ch. 19+000. The said line is
a subsection of the railway line connecting Athens
to Thessaloniki (Fig. 1). The railway tunnel has two
tubes 9.034m long each, a net cross-section of
58m2, a design speed of 250km/hour, cross-cuts
every 500m, elevation approx. 200m and a longi-
tudinal decrescent gradient of 6‰ towards north.
It runs in a general North– South direction and it is
going to be the longest tunnel in Greece. The proj-

Fig. 1: Greek railway net.
Location of the Kallidromo tunnel.
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ect is a continuation of a previous contract (No 100/1997) under which 1.300m were excavated
from the South drive and 1.430m from the North drive in each tube and final lining was installed
in 1.300m of each drive respectively.

3. Geology of the tunnel area

The area of interest (Fig. 2) mostly consists of Alpine formations of the Pelagonian zone, which
also constitute the bedrock of the area, and the overlying Post-Alpine formations and deposits.
Maximum overburden is 540m, approximately in the middle of the tunnel. Alpine formations
are divided as follows, from bottom to top:

• Carbonate bedrock unit: Bituminous limestone dating back to the Upper Triassic – Upper
Jurassic (kj)

• Tectonic cover of volcano-sedimentary formations: Shale, chert, sandstone, marly limestone
and basaltic pillow lavas (vo)

• Ophiolitic tectonic cover from bottom to top:

— Schistose serpentinite (se.s)

— Serpentinite (se) 

— Serpentinized hartzburgite (ha)

Based on their structure and composition, schistose serpentinites are described as ophiolitic mélange.

Post-Alpine formations are divided as follows, from bottom to top:

• Upper Pliocene – Upper Pleistocene formations

Fig. 3: Cross section of initial design S6.1c.

Fig. 5: Displacements close to collapsed area.

Fig. 4: Collapsed area in the right tube.

7 (3)
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— Conglomerate-breccia (br)
— Clay-marl formation (ml)
— Calcitic marl (mk)
— Limestone conglomerate (cg)

• Formations and deposits of the Upper Pleistocene – Holocene
— Terrace Deposits (RT)
— Scree & Talus Cones (SC)
— Alluvial Deposits (AL)

The area referred to below is the area of the clay-marl formations (ml) of the south drive from 
Ch. 6+470 to Ch. 7+115 (645m long, see Fig. 2), where the height of the overlying formations
starts from 120m and reaches about 230m. This formation is very heterogeneous and mainly
consists of alternating intercalations of tenacious blue-grey schistose clay, locally containing 
grey-white calcitic concretions, and intercalations of tenacious dark brown clay. There are also
encountered lenses and intercalations of medium to coarse-grained sand with an average thick-
ness ranging approximately from 0,20m – 2,00m. More rarely the formation contains lenticu-
lar intercalations of conglomerates. At its base there are interbeds of organic material. 

In terms of grading, the formation is mostly classified as lean (CL) and fat (CH) clay, whereas
the sandy intercalations as silty (SM) and clayey (SC) sand. Locally there are intercalations
characterized as clayey-sandy silt (ML). The formation has a medium to high plasticity and a
high swelling potential.

4. Description of temporary support measures implemented in the past

The tunnel excavation from the South drive started under an older contract (No 100/1997) and
about 1.400m in total were excavated from each drive. In the “ml” formation (from Ch. 6+470 to
Ch. 6+665 in the right tube) support measures (category S6.1c) included 30cm thick shotcrete,
steel sets HEB 140, wiremesh and self-drilling anchors with a bearing capacity of 300kn and
600kn. Excavation was performed in three phases. Phase A (top heading) included the enlarge-
ment of the steel set foundation (elephant foot), foot micropiles and primary reinforcement of the
tunnel face with fibreglass anchors (see Fig. 3). In addition, in order to minimize displacements
during Phase A the working floor was closed with a temporary invert, reinforced with double
wiremesh. The convergences measured were in the order of 70cm (see Fig. 5), which lead to re-
peated reconstructions of the cross-section. However, approximately at Ch. 6+625 in the right
tube the tunnel collapsed (Fig. 4) over about 40m and as a result excavation works were stopped.

We note the following issues in order to show the extent of adverse conditions affecting this par-

Fig. 6: Rehabilitation cross section S3.A. Fig. 7: Old colapsed tunnel during re-excavation.
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ticular part of the project: 

— The area is characterized by recent lacustrine deposits with inherently unfavourable techni-
cal-geological characteristics.

— Formations have a clayey, clayey-marly composition with slickensides and local intercala-
tions of sandy lenses.

— Clays mainly consist of minerals such as montmorillonite, and in general they are highly
swelling.

— Formations have low strength in relation to the stresses imposed by the overburden, thus 
creating squeezing conditions. 

— The layout of the tunnels (twin tunnels) provides for a small axial distance between the two
tubes (35m) and creates negative interactions during the excavation and support phases. 

— The tunnel overburden is high for this type of geological formations.

In addition to the above, the following unexpected disfavouring factors were also identified, and
are summarized below:

— Wandering flows were observed and the groundwater table was not easily detectable due to
the low primary water permeability of the formations.

— Clay strength reached extremely low levels (residual – ultimate strength) under continuous
loading and slow deformation (strain-softening behaviour).

— Water influx was facilitated by increased permeability zones (sandy intercalations) as well
as by the loosening caused by the tunnel excavation on surrounding formations.

— The strength of the formations was further degraded due to the impact of the water mainly
on the slickensides as well as on the main clay mass (softening).

The creep effect of the clay, which preserves the squeezing - compression on the shell 
(25th Report of Prof. P. Marinos 1/07/2002). After some balance was temporarily restored in
the shell, the continuous deformation (secondary creep) lead to uncontrolled deformations.

“The combination of the aforementioned conditions which exist in Kallidromo tunnel makes
this case particularly interesting and unique. Even at the international level there is limited ex-
perience in construction and especially in dealing with emergency situations when all the above
conditions are present” (Technical Site Report of Dr. Evert Hoek 3/06/2002).

The area was successfully restored with the stiff cross-section S3.A (Fig. 6, 7) which provided for
1m full-face boring, 0,6m thick steel fibre reinforced shotcrete, spiles 600Kn 12m long/ 6m of tun-
nel length, fibreglass anchors in the tunnel face, self-drilling anchors 12m (300-600)Kn, 1 steel

Fig. 8: Yielding cross section Y45.g
Fig. 9: Yielding cross section
Y45.g – primary support.
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set HEB 160/m of tunnel length, 4 lattice girders/ m of tunnel length, and  two rows of wiremesh.

The retendering of the project provided the opportunity to conduct a wide-range 
geological – geotechnical plan, and a new final design was performed, which provided that in
the “ml” formation the tunnel would be constructed with the yielding support method (Fig. 8,
9). The philosophy of this method is to allow the “soil mass” to converge in a radial direction
up to 1m by using ten longitudinal gaps in the shotcrete shell (support class Y45g) and special
design yielding anchors, before applying a uniform closed ring for the temporary support of the
tunnel. This method was applied in two parts of the tunnel, 10m long each. The main problems
that occurred during construction with the yielding support method are as follows:

— extended face collapses,
— less than anticipated convergence,
— difficulty in placing the yielding anchors,
— fractures in shotcrete segments,
— insecurity of personnel due to unsafe working conditions.

5. Description of the yielding – double support method

Based on the experience gained in the previous period, recording and interpreting the behav-
iour of the “ml” formation and the support class cross-sections, after a series of modifications
we have arrived at a new cross-section, combining the principles of the yielding & the stiff
support (double support).The tunnel is excavated in two phases (Fig. 10, 11), the distance be-
tween them being over 6,00m. During the A phase (top heading) the advance step is (0,70 - 1,00)m,
a coating of category C30/37 35cm thick shotcrete is applied, 3 steel lattice girders type Pantex
100/20 /m of tunnel length are placed, as well as 2 sets of wiremesh and 8pc 12,00m long /m of
tunnel length, self-drilling anchors, with a bearing capacity of 300Kn. The tunnel face is rein-
forced with fibreglass anchors with a capacity of 200Kn every 5,00m of tunnel length or five
days advance, and the roof is secured with spiles {6,00m long self-drilling anchors with a bear-
ing capacity of (300 or 600)Kn every second round}. The behaviour of the support is closely
monitored with closely-spaced sets of instruments consisting of convergence points every (5-
15)m, anchor load cells, shotcrete load cells every (20-30)m and extensometers every about 100m.

Based on all the information gathered it was decided that the excavation bench would follow
the top heading at a distance of about 18 m or a time-distance of about 5 days, in order to allow
for the partial unloading of the soil mass with displacements of up to approximately 15 cm. It
is noted that anchors are only placed in the tunnel sides (4 items per tunnel side) in order to min-
imize convergences and facilitate settlements, since no prevention measure was taken (elephant

Fig. 10: Yielding - double support cross section. Fig. 11: Yielding - double support.
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foot, micropiles, temporary invert etc).

Once the allowable settlements and convergences are completed, we proceed with the excava-
tion of B phase (bench & invert with an advance step of 3m), during which the same support
measures are applied as in the top heading, except for the placement of anchors. Then a second
support ring is constructed, made of strong wiremesh, one steel lattice girder type 
Pantex 100/20 per running meter and 65 cm thick steel fibre reinforced shotcrete of category
C30/37, thus fully completing the temporary support of the tunnel.

Moreover, after the completion of the internal ring, an allowance of 0,2m is taken into account, in case
additional support measures need to be applied. However, such measures have not been necessary.

With this method the progress rate achieved is (30 – 35)m of excavation and temporary sup-
port per tunnel tube per month, working 24 hours a day 7 days a week.

6. Instrumentation monitoring

Instrumentation monitoring both during construction and after completion of the temporary
support has revealed interesting information about clay behaviour.

First of all, during top heading construction the rate of lateral displacements (convergences) was
relatively low, namely 1cm per day, as opposed to vertical displacements, which reached up to
3cm per day. When the temporary support was completed displacements practically disap-
peared, as shown in the displacement diagram (Fig. 12). It is also worth noting in the diagram
the impact on the cross-section caused by the excavation bench and the invert, as well as by the
adjacent tube. Extensometers indicated a loosening zone extending over 15,0m, which loosened
within 3-4 days from the excavation of the face. Anchor load cell measurements have shown
that initially the load of anchors placed at the vertical benches exceeded their strength (over
300Kn), where as anchors placed higher were barely or not loaded. For this reason it was de-
cided not to install anchors higher than 3m of the A phase working level. Instead the cross-sec-
tion was reinforced at the vertical benches by installing four anchors per running meter in each
side, placed in triangular grid configuration. As a result, anchors were evenly loaded and the
load did not exceed anchor limits. Following the completion of the internal support ring, anchors
were quickly unloaded until the load almost reached zero. This behaviour is compatible with
the indications taken from the extensometers.

Fig. 12: Vertical Displacements during excavation and primary support.
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7. Problems in the application of the method

During the application of the support method described above, the following problems have oc-
curred: 

Problems caused by “ml” behaviour uncertainty both during excavation and after the comple-
tion of the support. Before the sequence of works could be stabilized, the excavation procedure
was modified both in terms of timing and with respect to the type of support used, and as a re-
sult progress rate was very low. Moreover, it was deemed necessary to open an additional cross-
cut and install the final lining, in order to secure the first 270m of the 645m that were driven in
total in each tube inside the clay-marl formation.

Problems caused by the instability of the excavation faces. Frequent collapses of the excava-
tion faces due to circular or plane slips that caused overexcavations and delays in the progress
of works. This problem was adequately addressed through partial excavation, face buttress,
and installation of spiles and fibreglass face anchors.

Another major challenge was the presence of large quantities of water (70m3/hour) in the sand
layers that were inside the “ml” mass, resulting in the creation of instable conditions in the ex-
cavation face, combined with the presence of abundant mud on the work floor, which made con-
struction works difficult. 

The difficulty of placing large quantities of very thick shotcrete (in the order of 65cm) was
overcome through the use of appropriate concrete compositions.

Finally, construction costs were rather high due to the large quantities of shotcrete; however, it
is noted that this cost is lower than the cost of the tunnel sections that needed to be repaired or
reconstructed.

8. Conclusions

It can be concluded that the yielding support – double ring method has been proven success-
ful. During the tunnel excavation and support, as well as after the completion of the primary lin-
ing, the ring behaviour was predictable and showed minimum deviations, mainly at the
excavation face.

With this method approximately 1100m of the tunnel have been completed, admittedly under
very difficult geological conditions, and the project’s technical staff is optimistic regarding the
completion of the biggest tunnel in Greece.
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Abstract 

Restoration of abandoned quarry sites has been for quite a few years practiced in various places in
Greece, mainly in the broader district of Athens, a wide range of rehabilitation solutions has been used
by the local authorities in order to cover basic needs of the population (cultural and athletic centres,
municipal storage and parking facilities for heavy vehicles, open theatres, municipal waste facilities,
cemeteries etc.). Still restoration of abandoned quarries (aggregate material, marble, industrial min-
erals etc) remains a major problem for almost every prefecture and has to be solved gradually due
to lack of the necessary funds, solving the most acute environmental problems and covering basic
needs of the population for municipal facilities.

In this paper the development of a methodology is presented for the elaboration of a priority list for
the restoration/rehabilitation of numerous abandoned quarries comprised in a geographical or ad-
ministrative entity. Using multi-criteria analysis and geographical information system we have con-
cluded in a quick and cost effective method for the hierarchical classification of restoration sites. The
establishment of an adequate set of criteria for the priority list is of main importance for the suc-
cessful application of the method.

Key words: Restoration, abandoned quarry, rehabilitation, multi-criteria analysis, hierarchical clas-
sification.

1. Introduction

Restoration of abandoned quarry sites has been for quite a few years practiced in various places in
Greece, mainly in the broader district of Athens, a wide range of rehabilitation solutions has been
used by the local authorities in order to cover basic needs of the population (cultural and athletic cen-
tres, municipal storage and parking facilities for heavy vehicles, open theatres, municipal waste fa-
cilities, cemeteries etc.). Still restoration of abandoned quarries (aggregate material, marble,
industrial minerals etc) remains a major problem (Figs 1 & 2) for almost every prefecture and has
to be solved gradually due to lack of the necessary funds, solving the most acute environmental
problems and covering basic needs of the population for municipal facilities (Fig. 3.).

In this paper the development of a methodology is presented for the elaboration of a priority list for
the restoration/ rehabilitation of numerous abandoned quarries comprised in a geographical or ad-

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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Fig. 1: Uncontrolled waste dump in an abandoned quarry (Kozani).

Fig. 2:Visual disturbance from abandoned quarry excavation (Ioannina).

Fig. 3: Alternative plans
for abandoned quarry re-
habilitation (a. theatre,
b. reforestation/recre-
ation park, c. litter tran-
ship station, d. athletic
centre.
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ministrative entity. Using multi-criteria analysis and geographical information system we have con-
cluded in a quick and cost effective method for the hierarchical classification of restoration sites. The
establishment of an adequate set of criteria for the priority list is of main importance for the success-
ful application of the method.

2. Scope

Taking into consideration all the aforementioned, a project was formulated, within the Third Com-
munity Support Framework, aiming to provide a methodological tool for use by the local adminis-
tration authorities, at any level, in order to acquire a priority intervention list and select the most
appropriate rehabilitation solution for abandoned quarries located in their region, taking into ac-
count environmental, social and economic criteria based on their priorities and their economic and
technical potential.

3. Methodology

It is well known that there is no systematic recording of the quarrying activity at central level and
for the granting of operating concessions a number of public authorities are involved (Prefectures,
Mining inspectorate Agencies, Dpts of Industry and Mineral Wealth of the Regional Administra-
tion), varying according to the ownership status of the land (public of private) and the commodity
produced (Marble, aggregates etc.). Thus, abandoned quarries, especially  if they are more than a
decade old, are often of “unknown identity”, that is to say it is almost impossible to find concrete
elements for the period of operation, the exploiter or their property arrangement. That made neces-
sary a first phase for the survey of abandoned quarries and the localization of the quarry sites.

4. Selection of pilot areas

The following five representative districts were
selected taking into account, besides the former
extensive quarrying activity, the size of the urban
centres, namely the following:

Prefecture of Achaia
Prefecture of Ioannina
Prefecture of Drama
Region of Western Macedonia
Prefecture of Attica

Phase I: Survey of abandoned quarries -
Creation of a Data Base  

In the selected regions, with the assistance of the
Regional Administration, the Prefectures and
local Municipalities, a survey of abandoned pub-
lic quarries was carried out. A questionnaire was
drawn up with data related to the geographic site,
the area, the access and the orientation of each
quarry, its morphology, as well as data on the soil,
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the climate, the fauna and flora of the region. Furthermore, geological, mineral, hydro geological,
hydrological, geotechnical and ground characteristics, land uses in the direct and wider environment
of the quarry were also recorded, as well as the population (size, economic activity etc) and the defi-
ciencies in communal facilities.

Phase II: Hierarchical classification of abandoned quarries for restoration

The application of, well established or most up to date, rehabilitation solutions for quarry sites, can
not be carried out simultaneously, due mainly to luck of the necessary funds. Therefore the selec-
tion of specific criteria is necessitated for the compilation of a priority list concerning the most ur-
gent intervention for quarry sites rehabilitation.

Using multi-criteria analysis and GIS we concluded in a quick and cost effective method for the hi-
erarchical classification of restoration sites. The establishment of an adequate set of criteria for the
priority list is of main importance for the successful application of the method.

The application of criteria, with determined factors of importance, can set the quarries of a district in
order of precedence and consequently lead to the rational planning of feasible rehabilitation solutions. 

The following criteria were set for the establishment of a priority list (Table 1., Figure 6.) of inert
quarry sites restoration/ rehabilitation, at any administration level, with the corresponding meas-
urement index:

A. The intensity of the pollution problem

Three criteria were used, ground water pollution hazard, safety hazard and visual disturbance, for
the calculation of the environmental problem caused by abandoned quarries:

Ground water pollution /Health hazard
• The use of the site as a waste dump and the sort of the deposited waste (inert, municipal or

industrial/dangerous)
• The permeability of the quarry rocks 

Safety hazard
• Quarry site hazard (slope and face stability etc.)
• Accessibility of the site (protective fencing, distance from roads and populated areas)

Visual disturbance (Figure 4)
• Extent of visibility

Fig. 4: Calculation of the visual disturbance
indicator with the use of Geographical In-
formation System.
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• The population included in this extent
• The length of national roads network included in this extent
• The presence of special protection areas (NATURA, archaeological sites etc 

B. The adequacy of the quarry site for communal facilities

Two criteria were considered adequate for the evaluation of quarry sites as far as their competence
for communal facilities is concerned:

• The area of the quarry site
• The distance and the accessibility from neighbouring settlements as well as the population size

that could be possibly serviced (figure 5.)

PHASE III: Selection of the optimal rehabilitation solution for specific quarry sites

For this purpose a methodology of gradual approach was followed, including the following 5 steps:

1. Detailed examination of the quarry site, legal status, ownership status, topographic chart, geo-
metrical characteristics, geological, hydro geological, geotechnical and environmental data.

2. Recording of deficiencies in infrastructure and communal facilities at local and peripheral level.
Initial approach of feasible alternative solutions, based on permissible land use

3. Limitation of the number of alternative solutions based on restrictive/prohibitive conditions, for
every solution under consideration, and the specific conditions of the quarry site under examina-
tion.

4. Modulation of distinct alternative rehabilitation plans and their detailed description.
5. Assessment of the alternative plans with Multi-criteria Analysis. Consultation with the directly in-

volved parts (citizens, municipality, local organizations and associations). Formulation of the final
list of alternative plans and their scores.

Fig. 5. Calculation of the population indicator with the use of Geographical Information System.
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Table 1. Quarry site scoring according to environmental and population indicators

QUARRY GR.WATER
HAZARD

SAFETY 
HAZARD

VISUAL
DISTURBANCE

TOTAL
1

AREA POPULA-
TION

TOTAL
2

TOTAL RANK

A_Vr1 0 6 0,002 1,80 10 5,94 7,97 4,27 3
A_Vr2 0 1 0,002 0,30 4,5 5,94 5,22 2,27 7
A_K1 0 10 0,492 3,10 1,5 0,96 1,23 2,35 6
A_K2 0 2 2,762 1,15 0,3 0,88 0,59 0,93 15
A_K3 0 2 2,542 0,96 0,2 0,92 0,56 0,80 16
A_K4 0 6 0,225 1,85 2 0,86 1,43 1,68 10
A_K5 1 6 1,834 2,67 1,5 1,51 1,50 2,20 8
A_K6 0 6 0,416 1,88 0,2 1,52 0,86 1,47 12
A_La1 0 2 0,168 0,63 2 1,00 1,50 0,98 14
A_La2 0 6 3,428 2,49 10 1,02 5,51 3,70 4
A_Le 0 2 0,368 0,67 0,4 0,63 0,52 0,61 19
A_M1 0 10 3,684 3,74 2,4 9,25 5,83 4,57 2
A_M2 4 10 4,185 5,84 3,5 9,80 6,65 6,16 1
A_P 0 2 0,464 0,69 0,5 0,61 0,55 0,64 18
A_F1 0 2 0,187 0,64 1 5,03 3,01 1,59 11
A_F2 0 2 1,591 0,92 0,6 5,59 3,10 1,79 9
A_F3 0 2 5,486 1,70 3,2 6,16 4,68 2,89 5
A_O1 0 2 3,301 1,26 2 1,00 1,50 1,36 13
A_O2 0 2 0,321 0,66 0,3 1,30 0,80 0,72 17

Fig. 6. Abandoned quarry sites in
Achaia prefecture and their ranking with
environmental and population criteria.
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The selection criteria for the optimal rehabilitation plan for each quarry site under examination are
presented in Table 2.

4. Conclusions-Results

A great number of abandoned quarries (aggregates, decorative rocks and industrial minerals) are lo-
cated, more or less, throughout the country. Some renters continue their suspended operation under
the pretext of site restoration. Other quarries have been abandoned in the restoration capabilities of
the nature. Quite a few have been used as uncontrolled waste dumps, thus becoming a major focal
point for severe environmental pollution.

During the last 30 years, a growing interest for the rational management of the quarrying activity, as
well as the restoration of the abandoned quarries, appears by the local authorities. It became at last
common belief that the operation of a quarry has severe impact on the natural environment and can
damage the environmental balance (natural relief, water resources, soil, flora and fauna). The legis-
lation for quarry exploitation takes into account the protection of the natural environment and be-
comes stricter all over Europe, establishing more environmental restrictions for the quarrying activity. 

The gradual restoration/ exploitation of abandoned quarry sites with local intervention can con-
tribute to the amelioration of the environmental quality into and in the surroundings of the cities
and towns and can be included in the regional development planning.

The abandoned quarry excavations indicate recent irrational quarry exploitation. Very high and steep
slopes and irregular levels are a very common image leading in safety hazards (rock falls mass
movement).The adverse impact on the environment is obvious, while the problem is enlarged in the
vicinity of large urban centres, in the boundaries of which many aggregate quarries are often found.

Apart from the excavation activity a major aesthetic violence of the landscape is caused by the
residues of the processing plants, especially the fines, as well as during the construction of the roads
networks.

The proposed methodology on adequate quarry sites selection and determination of the most suit-
able rehabilitation solution proposed in the present study can constitute a useful tool for the local ad-
ministration at any level. The compiled database can be enriched with new data, concluding from
the materialization of the proposed solutions.

Table 2. Selection criteria for optimal quarry rehabilitation planning.

Local/ peripheral needs

Requirements of each solution in space and infrastructure

Operating cost/ Maintenance cost

Investment cost/economic limitations of the operator

Technical requirements/ capabilities

Environmental impacts

Legal framework limitations

Possibility of combination of different solutions

Compatibility  with the development plan of the district
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Abstract 

The aim of this paper is to determine the elastic parameters of some rocks and especially limestones,
schist, sandstones, conglomerates, peridotites and granites using a large number of laboratory tests per-
formed on intact  rock samples. The range of values for Young`s modulus and uniaxial compressive
strength is evaluated, while the relationship between elastic and strength parameters is defined. Regres-
sion analyses were applied to define relations among these parameters and the range of values of mod-
ulus ratio (MR) is estimated for each rock type.

Key words: Young’s modulus, uniaxial compressive strength, modulus ratiodeformability, laboratory
testing.

1. Introduction 

Deere and Miller (1966) proposed the classification of intact rock based on the ratio of tangent mod-
ulus of elasticity, Et, to unconfined compressive strength (σc) in five classes, from A (very high mod-
ulus ratio, Et/σc >500) to E (very low modulus ratio, Et/σc <50) respectively.  

Hoek and Diederichs (2006) used this modulus ratio, calling this MR, along with the GSI value of
the rock mass classification in order to estimate the rock mass deformation modulus, Erm, giving gen-
eral guidelines for the selection of MR values in the case of lack of experimental data. 

In this paper the range of MR values for some representative Greek rocks is estimated and the obtained
values are compared with those proposed by Hoek and Diederichs (2006) regarding GSI application.

2. Test procedure

A number of block samples were obtained from different outcrops of rocks formations. The sampling
locations were widely distributed around the Greek territory. Laboratory core drill and saw machines
were used to cut the samples and end faces in order to provide cylindrical specimens in size, shape
and ends geometries according to testing requirements. The specimen size was 54 mm (NX) to 80
mm in diameter with a length to diameter ratio of 2.0 to 2.5. The execution of laboratory tests on in-
tact rock material was in accordance with I.S.R.M. suggested methods (1981) and A.S.T.M. standards
(D 3148-93). More specifically, the parameters of rocks specimens determined by tests carried out
in laboratory, in dry conditions for a better comparison of the results, were uniaxial compressive
strength ( UCS-σc), and Et (elastic Young`s modulus). Finally, laboratory tests were conducted in
more than 200 intact rock specimens.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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3. Test results – correlations between rock properties

The values of the determined elastic and strength rock material properties are summarized in Table
1. As it shown in Table 1, the MR values for tested rock specimens range as follows: 134 to 920 for

Table 1. Results of intact rock elastic parameters

Results and statistical parameters σc (MPa) Εt (MPa) MR= Εt / σc

schist
Minimum value (Min) 5.2 2000 134
Maximum value (Max) 94.0 44000 920
Mean value (Mean) 32.5 12690 445
Standard deviation (Std dev) 20.2 10286 230
Number of samples (n) 31 31 31
peridotite
Minimum value (Min) 1.9 2050 152
Maximum value (Max) 100.0 66600 2235
Mean value (Mean) 31.2 21926 1082
Standard deviation (Std dev) 34.5 21361 676
Number of samples (n) 7 7 7
conglomerate
Minimum value (Min) 5.2 1700 124
Maximum value (Max) 76.0 41800 962
Mean value (Mean) 25.5 13043 473
Standard deviation (Std dev) 13.9 11117 264
Number of samples (n) 21 21 21
sandstone
Minimum value (Min) 13.5 3420 120
Maximum value (Max) 205.7 71750 727
Mean value (Mean) 80.9 26364 371
Standard deviation (Std dev) 56.4 17481 164
Number of samples (n) 36 36 36
limestone
Minimum value (Min) 11.8 4700 160
Maximum value (Max) 243.9 254470 1445
Mean value (Mean) 89.7 71868 766
Standard deviation (Std dev) 56.8 59194 323
Number of samples (n) 101 101 101
granite – gneiss
Minimum value (Min) 15.9 2590 147
Maximum value (Max) 116.6 88790 865
Mean value (Mean) 64.8 31874 455
Standard deviation (Std dev) 37.8 27410 285
Number of samples (n) 13 13 13
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schist (loading perpendicular to weakness plane), 152 to 2235 for peridotites, 124 to 962 for con-
glomerate, 120 to 727 for sandstone, 160 to 1445 for limestones, and 147 to 865 for granite.

Regression analysis was applied to define the relation among elastic rock properties. The regression
procedure was to fit a line through the points, which is computed so that the squared deviations of
the measured points from that line are minimized. The line in a two-variable space was defined by
the relevant equation, whereas the value of coefficient of determination or R-square value was also
determined. The R-square value is an indicator of how well the model fits the data.

Comparing the determined MR values with those suggested by Hoek and Diederichs (2006), it is
concluded that the MR values of the specimens tested and especially peridotite present a greater range.

Moreover, the relationships between Et and UCS for rock specimens tested are expressed by the
equations (Fig. 1): 

Et = 392 · σc  for schist (Et: MPa, σc :MPa), R2 = 0.60 (1)
Et = 400 · σc  for granites - gneiss (Et: MPa, σc :MPa), R2 = 0.50 (2)
Et = 452 · σc  for conglomerate – breccia (Et: MPa, σc :MPa), R2 = 0.60 (3)
Et = 303 · σc  for sandstones (Et: MPa, σc :MPa), R2 = 0.65 (4)
Et = 826 · σc  for limestones (Et: MPa, σc :MPa), R2 = 0.73 (5)
Et = 560 · σc  for peridotites (Et: MPa, σc :MPa), R2 = 0.50 (6)

Fig. 1: Correlation between elastic Young’s modulus E and uniaxial compressive strength σc for various rock material.

8 (3)
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The above estimated relations for limestone and sandstone (eq. 4 and 5) are quite similar to those
previously suggested by Sabatakakis et al (2009). It is noted that the eq. 5 in this study include a com-
plementary number of about fifteen data pairs. 

Tuğrul and Zarif (2000) suggested similar linear function for limestones, while power functions
have been reported by Duncan and Dunne (1967), Dearman and Irfan (1978), Irfan and Powell
(1985), Turk et al. (1994), Gupta and Rao (2000) for igneous, metamorphic and sedimentary rocks
having different degree of weathering.

4. Conclusions-Results

The evaluation of strength and deformability parameters of rocks obtained by laboratory test results
led to the establishment of regression equations among elastic rock properties. A linear function ex-
ists between Young’s modulus and unconfined compressive strength with RM values ranging a lot.
The mean MR values for tested rock specimens are as follows: 392 for schist (loading perpendicu-
lar to weakness plane), 560 for peridotites, 452 for conglomerate, 303 for sandstone, 826 for lime-
stones, and 400 for granite. The variability of deformability parameters is mainly related to the
textural characteristics and composition changes of the rock material.
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Abstract 

The fine grained sediments of the Plio-Pleistocene deposits of Achaia have been distinguished into
two geotechnical units, stratigraphically successive, the Upper and the Lower one. A number of
tests were performed in samples from both units in order to determine their mineralogical compo-
sition and fabric, as well as their CaCO3 content. From these it is shown that the two units present
main differences in mineralogical composition, type and percentage of clay minerals, concretion
ratio  and calcium carbonate  content, which directly affect their mechanical behavior in construc-
tion of technical  works.  

Key words: Upper Geotechnical unit, Lower Geotechnical unit, Mineralogical composition and fab-
ric, Calcium carbonate content.

1. Introduction 

The fine-grained facies of the Achaia Plio-pleistocene sediments (Kouki, 2006; Kouki and Rozos,
2010), which can be generally termed as “Marls” and belong to Neogene sediments, were distin-
guished into two separate units, the Upper and Lower one, based at first on engineering geological
– geotechnical criteria. However, there was the need to further confirm this distinction, concerning
their structure criteria. To this direction, detailed microscopic-mineralogical analysis was performed,
as well as determination of CaCO3 content, while laboratory tests (soil classification and mechani-
cal parameters tests) had already been performed in all samples.

The above analyses led to the determination of the mineralogical composition (semi-quantitative
analysis) and structure of both units, as well as to the identification of the type and percentance of
clay minerals, CaCo3 distribution and the role of aggregations. 

It has to be mentioned that in Greece, marls are mainly of Meiocene to Pliocene age, marine or la-
custrine origin and in many cases they contain macro and micro-fossils, as well as leaves and coal
beds, while their degree of diagenesis differs from site to site. 

Many researchers have studied the structure and engineering behaviour of marls in Greece (Kavouni-
dis, 1980; Lupini et al, 1980; Sotiropoulos, 1982;  Dounias et al., 1985;  Kavounidis, 1985;  Theo-
fanopoulos and Theofanopoulos, 1985; Gasios and Christodoulias, 1988; Kavounidis, 1988;
Kavounidis et al., 1988; Tsiambaos and Christoulas, 1988; Rozos, 1989; Tsiambaos, 1988; Tsifou-
tidis, 1993; Christodoulopoulou, 2000).

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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Table 1. Laboratory tests results for all samples.

Sample
No

w
(%)

Wet unit
weight

(gr/cm3)

Grain size
distribution Atterberg Limits Triaxial test

UU UCS
(KPa)

CaCO3

%

AUSCS
Classifi-
cationSand

(%)
Silt
(%)

Clay
(%)

LL
(%)

PL
(%)

PI
(%)

c 
(ΚΡα)

φ˚

D1 23.2 2.16 47.0 25.0 28.0 NP - - 78 9.7 ML

D2 - - 47.0 24.0 29.0 NP - - - 9.0 ML

D3 11.7 - 12.0 79.0 9.0 25.0 18.0 7.0 150 39 - 20.5 CL

D4 18.0 2.25 3.0 78.0 19.0 38.0 21.0 17.0 370 16 634 21.5 CL

D5 18.1 2.32 10.0 70.0 20.0 36.0 20.0 16.0 410 13 870 13.0 CL

D6 25.0 2.14 12.0 72.0 16.0 NP 80 22 133 7.5 CL

D108 29.8 - 7.0 93.0 50.0 25.0 25.0 400 26 - 37.5 CL

D109 - - 7.0 93.0 24.3 2.09 - - 1358 35.0 CL

D110 23.0 2.22 3.0 67.0 30.0 35.0 18.0 17.0 350 14 579 6.5 CL

D111 - - 6.0 72.0 22.0 55.0 28.0 27.0 - - - 37.5 CH

D112 - - 6.0 57.0 37.0 56.0 26.0 30.0 - - - 25.0 CH

D113 - - 4.0 60.0 36.0 51.0 27.0 24.0 - - - 21.0 CH

D114 - - 4.0 66.0 30.0 50.0 27.0 23.0 - - - 25.0 CL

D115 - - 4.0 67.0 29.0 55.0 27.0 28.0 - - - 38.0 CH

D116 - - 5.0 64.0 31.0 59.0 28.0 31.0 - - - 29.0 CH

2. Petrographical - mineralogic analyses and physico-mechanical properties of the
formations

2.1 Research - Results

The first attempt to determine the mineralogical composition of these formations was made along
with the construction of Bozaitika Tunnel. Fifteen (15) soil samples (D1-D6 and D108 – D116) were
collected from two sites (ch. 2+380 and ch. 2+640) and tested. Soil classification tests were per-
formed in all these samples, along with some mechanical tests to estimate shear strength parameters.
Mineralogical analysis was applied in three of these samples, while CaCO3 content was determined
in all of them. The results are shown in Table 1.

From the evaluation of these laboratory test results the following conclusions can be drawn:

• According to their texture (grain size distribution) and the Atterberg Limits the formations can be
classified in the following categories (Table 2).

• Based to the results shown in Tables 1 and 2 it can be concluded that there is correlation between
CaCO3 and clay minerals content, as well as sand content. It was observed that CaCO3 content is
reduced as we go from marls – clayey marls (CH, CL) to more sandy – silty formations (CL-ML,
ML) and even more to sandy horizons (SC, SM)

• By correlating CaCO3 content and cohesiveness it can be shown that more cohesive soils present
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higher contents of carbonate minerals. In this case, shear strength parameters (c and φ), as well as
uniaxial compressive strength are relatively higher.

• As far as their mineralogical composition is concerned, samples classified as clayey marls or
argillaceous marls - marls mainly consisted of calcite, clay minerals and quartz. On the contrary,
in more sandy or silty samples (sandy silts to sands) quartz dominates, where it is found in the
form of small grains of equal size to very small grains in sand material. In the so called clayey
marls, rarely relatively bigger grains of quartz can also be found, arbitrarily dispersed in the soil
mass.

• Calcite’s content decreases as sand’s increases, but is also relatively high in the clayey materials.

• The dominant clay minerals are illite and in a smaller percentage montmorillonite. These miner-
als along with calcite constitute the main matrix of the formations. The clay minerals content de-
creases as sand’s portion increases.

• Finally, chorite, micas (moschovite, serikite and less often biotite) and albite are also present in
small quantities, while in more sandy samples Fe-hydroxides can also be found, due to increased
permeability and easier therefore infiltration of water. 

After the distinction of these sediments into two separate geotechnical units, the Upper and the
Lower one, there was the need to repeat the mineralogical analyses in samples from both units. For
that purpose seven (7) samples were used, two (2) from the Upper unit (D24, D27), one from the In-
termediate unit (D17) and four from the Lower unit (D121, D125, D130 and D134). In all samples
More specifically, mineralogical and petrographic analyses were performed in the Mineralogy –
Petrography Laboratory of IGME and the Laboratory of Minerals and Rocks of Patras University,
by using: a) the optical method under polotic and stereoscopic microscope and b) the X-ray perith-
lasimetry method (XRD). Semi-quantitative analysis was done by using EVA 6.0 software and
ICPDS database. Calcite’s content was measured after removing content of carbonates, while mont-
morillonite content with the method of methylene blue.

In Table 3 the results of mineralogical analyses are presented, while in Table 4 the physical and me-
chanical properties of the tested samples.

From all the above analyses and the tests performed the following can be recorded for each sample:

Sample D17
According to soil-classification tests this sample is classified as CL, while from the mineralogical
analysis as marly clay. It belongs to the Intermediate unit (from the Lower to the Upper unit) and
according to CaCO3 content, it is classified as a clay-marl (Photo 1).

Sample D24
It is classified as ML, while from the mineralogical analysis as silicaceous micro-sandstone. It be-

Table 2. Laboratory tests results of Table 1 samples, summarized in three soil classification cate-
gories (CH, CL, ML).

Sand % Silt % Clay % LL PL PI CaCO3 %

CH 4-6 57-72 22-37 51-59 26-28 24-31 21-38

CL 3-12 67-79 9-30 25-50 18-27 7-23 7.5-37.5

ML 47 24-25 28-29 ΝP NP NP 9-9.7
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Table 3. Mineralogical composition of the samples (semi-quantitative analysis)

Table 4. Results of soil materials laboratory tests.

Sample Quartz Calcite Albite Illite Kaolinite Chlorite Montmorillonite

D17 23 20 6 26 13 4 8

D24 39 11,6 14 16 7 5 6,8

D27 37 15 12 16 8 6 5,2

D121 18 35 5 10 18 3 10,8

D125 22 30 6 15 14 3 9,6

D130 32 22,6 6 14 13 4 8,4

D134 31 21,6 13 15 9 5 5,2

Sample w
(%)

Spec.
weigh

Unit weight Grain size distribution Atterberg Limits Triaxial test UU

Wet
(gr/cm3)

Dry
(gr/cm3)

Sand
(%) Silt (%) Clay

(%) LL (%) PL (%) PI (%) c (ΚΡα) φ AUSCS

D17 17,73 2,68 21,50 18,26 1,76 73,13 25,11 32,83 20,95 11,88 648,7 4,74 CL

D24 14,76 2,64 20,90 18,21 1,90 83,22 14,88 31,82 20,69 11,13 207,3 23,54 CL

D27 10,78 2,63 20,20 18,23 34,22 58,04 7,74 20,09 16,43 3,66 182,6 13,77 ML

D121 17,82 2,72 1,89 1,6 1,4 63,46 35,14 33,89 15,87 18,02 141,6 16,6 CL

D125 15,17 2,72 2,11 1,83 1,21 58,55 40,24 32,97 15,43 17,54 106,1 31,2 CL

D130 14,87 2,71 2,22 1,93 1,77 76,78 21,25 28,6 18,77 9,83 182,9 28,45 CL

D134 8,58 2,67 2,05 1,89 10,55 71,4 18,05 23,1 17,56 5,54 42,61 22,97 CL-ML

Photo 1: Sample D17. Quartz and zircon in calcite (Nicols+, length 250μ).
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longs to the Upper Geotechnical unit and according to CaCO3 content, it is classified as a marly
clay (Photo 2).

Sample D27
It is classified as ML, while from the mineralogical analysis as silicaceous micro-sandstone. It be-
longs to the Upper Geotechnical unit and can not be classified according to CaCO3 content as a non
argillaceous sediment.

Sample D121
It is classified as CL, while from the mineralogical analysis as marly clay. It belongs to the Lower
Geotechnical unit and according to CaCO3 content, it is in the limit between clayey marls and marls
(Photo 3).

Sample D125
It is classified as CL, while from the mineralogical analysis as marly clay. It belongs to the Lower
Geotechnical unit and according to CaCO3 content, it is classified as a clayey marl.

Sample D130
According to soil-classification tests this sample is classified as CL, while from the mineralogical
analysis it is classified as silicaceous mudstone. It belongs to the Lower Geotechnical unit and ac-
cording to CaCO3 content, as a clayey marl.

Photo 2: Sample D24. Quartz, moschovite, calcite and feldspar.  Matrix material is calcite (Nicols+, length 250μ).

Photo 3: Sample D121. Micrite, chlorite, moschobite, clastic quartz, calcite grains (Nicols+, length 250μ).
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Sample D134
It is classified as CL-ML, while from the mineralogical analysis as silicaceous micro-sandstone with
thin mudstone sub-layers. It belongs to the Lower Geotechnical unit and according to CaCO3 con-
tent, it is classified as a clayey marl.

By assessing all the above it can be concluded that:

• All samples tested are cohesive, with small to medium porosity and with few small fissures.

• Samples D24 and D27 of the Upper Geotechnical unit have a light yellow color, fine -sandy tex-
ture and increased content of quartz (37-39%), which is also illustrated in the grain-size analysis,
where the total contents of sand and silt are 85% and 92% respectively, while the clay percentage
is 15% and 8%. On the contrary, according to the mineralogical analysis (semi-quantitative analy-
sis) the clay minerals content for each sample is approximately 35%, which confirms the presence
of aggregations. It is noted that sample D27, with higher sand content and lower silt content than
sample D24, presents greater aggregation. More specifically, the Aggregation ratio (Ar) is 2.62
and 4.52 for the two samples respectively.

As far as the clay minerals are concerned, illite is the dominant one (16%), while kaolinite (7-8%),
montmorrilonite (5-7%) and chlorite (5-6%) are also present. Calcite’s content is between 11.5% and
15%. In general, these samples contain more quartz and albite and less calcite and clay minerals
than the rest of the samples.

• Sample D17 belongs to the Intermediate Geotechnical unit and therefore has properties from both
units, Upper and Lower. It has light yellow color, smooth, non-brittle texture and leptocrystallic-
pelitic structure. It doesn’t have clear bedding, while it contains fossils and shell fragments and
presents signs of bio-disturbance. Quartz percentage is less (23%) in comparison to the previous
samples, which in the grain-size analysis corresponds to high silt content (73%), when sand is only
1.76%. Clay content is also high (25%), while from the mineralogical analysis the clay minerals
content is 51% and the aggregation ratio Ar=2.0. Calcite’s content is also high (20%). The domi-
nant clay mineral is illite (26%), kaolinite is 13%, monmorillonite is 8% and chlorite 4%. 

• Samples D121, D125, D130 and D135 of the Lower Geotechnical unit not only have significant
differences comparing to the samples of the Upper Unit, but also present differences among them,
which clearly shows that in marls, clay-marls and clayey marls that belong to the Lower unit there
can also be found intermediate types at places, mainly of silty composition or with silty intercala-
tions. The existence of these intermediate types does not in any case alter the clayey marly nature
of the Lower unit formations

Thus, samples D121 and D125 are of light gray color and belong to the typical clayey marls, with
small sand percentages (1,4 and 1,2%), reduced silt content (63.5% and 58,5%) and higher clay one
(35% and 40% respectively). Quartz percentage is only 18% and 22% for the two samples, while cal-
cite is 35% and 30% respectively. Kaolinite is the dominant clay mineral (18 and 14%), followed
by illite (10 and 15%), montmorillonite, which presents greater values than the rest of the samples
(10,8 and 9.6% respectively) and at last chlorite with around 3%. The total clay minerals content for
both samples is approximately 42% and thus the aggregation ratio is 1.20 and 1.05 respectively. It
has to be mentioned that these samples differ from sample D17 of the Intermediate unit, as far as Ar
and clay minerals content are concerned, even though they have the same structure (klastic) and
texture (solid). 

Samples D130 and D134, of the Lower also unit, differ from the typical clayey marls (D121 and
D125) and are characterized as clay-marls, mainly due to the increased silt content (77% and 71.5%
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respectively) and the smaller clay one (21% and 18%) and therefore  the increased quartz content
(32% and 31%) and decreased clay minerals content (32% and 31%), as shown from the miner-
alogical analyses. The Aggreration ratio is 1.84 and 1.88 respectively. Calcite content is also low
(21.6% and 22%). The dominant clay mineral is illite, followed by kaolinite and montmorillonite ac-
cording to their relative contents. The above declare that samples D130 and D134 belong basically
to the intermediate types in the Lower unit mentioned above. 

From the above it is concluded that the clear division of these fine-grained sediments into separate
geotechnical units, of distinct composition, structure and mechanical behavior can only be done by
the correlation of field observation, microscopic - mineralogical analyses and laboratory soil mate-
rials tests.

3. Conclusions

There is a correlation in the percentage of calcium carbonate content with the clay and sand content,
as this decreases from marls-clayey marls (CH, CL) to sandy-silts (CL-ML, ML), and further more
in the sandy layers SC, SM.

From the correlation of the percentage of calcium carbonate content with the cohesiveness of the sam-
ples it can be seen that the most cohesive samples present increased contents of carbonic minerals. 

As far as the mineralogical composition is concerned, samples which are classified as clayey marls-
marls mainly contain calcite, clay minerals and quartz. On the contrary, samples that contain high
percentage of sand and silt (from sandy silts to sands) present increased quartz percentages, in a
way that quartz can constitute their main component. 

As far as the clayey minerals are concerned, mainly illite and in a smaller content montmorillonite
are recorded, which compose, along with calcite, the conjunctive material of these sediments. The
percentage of these minerals decreases with the increase of sand content. 

Upper Geotechnical unit samples have light-yellow color and fine grained sandy texture, increased
quartz content, and clay fraction from mineralogical analysis roughly around 35%, indicative of the
existence of concretion (the concretion ratio ranges among 2.62 to 4.58). 

Lower Geotechnical Unit samples are noticeably differentiated both from those of the Upper Unit,
as well as from those of their own unit, since intermediary types of silt composition or silt layers pre-
vail at places. Thus, the common clayey marls appear with decreased sand contents and increased
clay contents. Samples from Lower unit that comprise intermediate types and are characterized as
clayey marls have higher percentages of silt, lower percentages of clayey fraction, while from min-
eralogical analysis quartz percentage was found higher, clayey mineral percentage lower, and the
concretion ratio ranges from 1.84 to 1.88. 
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Abstract 

The fine grained Plio-Pleistocene sediments encountered along the Patras Ring Road project (PRR)
were distinguished into two lithological units, the Upper Geotechnical and the Lower Geotechnical
Unit, based on the detailed engineering geological – geotechnical mapping, at a scale of 1:5000, on
fieldwork, as well as on data gained from the boreholes drilled during the design and construction
of the project. These units are distinguishable, stratigraphically successive and present basic dif-
ferences in lithological composition, consistency and permeability and therefore different mechan-
ical behaviour during construction.

Key words: Patras ring road, Pliopleistocene sediments, fine grained, Upper Geotechnical unit,
Lower Geotechnical unit.

1. Introduction 

By taking into account site investigation data for Patras Ring Road (RPP) the findings from the con-
struction of the project (Efpalinos Techniki, 1996, 1997, Edafomechaniki 1995, 1997 & 1998, Kastor,
1998, 1999, OMETE 1998 and Pangea, 1998, 1999 & 2001), other studies (Attewell, 1993, Rozos, 1989,
Koukis & Rozos, 1990, Tsiambaos & Koukis1990, Koukis et al.,2005), and the results of our research,
an inceptive suspicion was confirmed. This was that the fine-grained facies of the Pliopleistocene sedi-
ments, in which the project was mainly hospitalized, are formulated in two distinguishable and succes-
sive units: (a) the Upper Geotechnical unit and (b) the Lower Geotechnical unit (Kouki, 2006). An
intermediate Transitional zone of small thickness can be separated at places, between these two units. 

It is pointed out that the Lower unit is not easily recognized on the surface, since it is stratigrafically
covered by the Upper one. Its presence was firstly acquainted during the excavation of the under-
ground works, when its different geotechnical behavior was realized. Thus, it was mainly sought in
deep gorges of the wider area, during the field work. It has to be mentioned here that the presence
of these distinguishable geotechnical units was not evaluated during the geological - geotechnical
investigations for the design of the PRR.

The field characteristics of these units are described in detail in the engineering geological - geot-
echnical map at a scale of 1:5000, that was compiled for the study area (Kouki, 2006, Kouki and
Rozos, 2010), while in Photos 1, 2 and 3, their presence is documented.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
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2. Evaluation of the data from the geotechnical study 

Beyond the field work findings, further investigation regarding the segregation of the above units in the
fine grained Pliopleistocene sediments, was also facilitated, by the data from boreholes drilled for the
design of Patras Ring Road (Kastor, 1998, Edafomechaniki,1995,1997 & 1998, Pangea 1998, 1999). In
every log of the 169 boreholes examined, there was an effort to group the various litho-facies that were
recorded, in order to find out whether these distinguishable Upper and Lower units do exist in the wider
study area or whether this is a unified formation with small differentiations. For that reason, the field ob-
servations and description of borehole logs, such as color, composition, cohesiveness, were basically ex-
amined along with in situ tests, such as SPT, and laboratory tests (i.e. grain size distribution and Atterberg
limits). Characteristic logging of a geotechnical borehole is given in Figure 1.

Photo 3: Characteristic stratigraphic sequence
of the fine-grained facies of Pliopleistocene
sediments, with the grayish blue deeper hori-
zons (Lower unit), that progressively is devel-
oping in the grayish brown transition zone and
the light gray horizons of the Upper unit.

Photo 1: Southern portal of tunnel SB (left
branch). The two units (Upper and Lower
ones) are distinguished, due to color and struc-
ture. Their continuity is interrupted by faults
that considerably change dipping.

Photo 2: Northern portal of tunnel SA (left
branch). The Pliopleistocene sediments are
characterized by almost horizontal dipping.
The Lower unit, grayish blue in color, is pro-
gressively changing, through the transitional
zone, into the light gray Upper unit. In the cen-
tre of the Figure a normal fault is presented,
that has substantially change the previous se-
quence and thus the slope (in the left hand site
of the figure) is only occupied by sediments of
the Upper unit.
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3. The compilation of the geotechnical cross sections along the two branches of
Patras ring road

For better understanding of the Upper and Lower units, the geotechnical cross sections for both
branches (right and left) of Patras ring road were drawn (Figures 2 and 3). For the compilation of
these, the topographic sections from the design of Patras Ring Road were used, supplemented with
both the surface mapping, engineering geological and tectonic data, as well as those derived from
borehole logs.

Thus, the segregation of the units was achieved with accuracy and the thickness was estimated rang-
ing for the Upper unit from 2 to 37m, for the Transitional zone up to 8m, while the Lower unit has
quite a significant thickness of over 60m. 

Additionally, from the above sections it is shown that in the region of the Archaeological site of the
area (Tunnel S1- Cut and Cover - Tunnel SG) and southwards, clayey marly horizons with coarse-
grained materials of Pliopleistocene sediments were mapped, overlying the Upper unit, with a thick-
ness fluctuating from 10 to 40m. Also, the Cut and Cover in Mpozaitika site, was opened in Dilluvial
conglomerates.

Concerning the problems related to the Upper unit during construction, these are mainly due to the
frequent alternation of beds with different lithological composition, such as brownish yellow to
brownish gray clayey marls, sandy marls, sandy silts - sands, sandstones and conglomerates. The
sandstones and conglomerates present differences in cohesiveness, fracturing and weathering, as
well as in permeability. Thus, the sandy layers – sandstones are usually saturated and can create
confined aquifers of small capacity, which can cause serious problems during the construction of
technical works. Moreover, the formations of the Upper unit usually create thick weathering and
fracturing zones, which lead to instability problems, especially in the case of tunnels with overbur-
den of small thickness.

On the contrary, the Lower unit (usually stiff marls to clayey marls with thin coarse grained inter-
calations) is practically considered as impermeable and cohesive formation, which generally demon-
strates uniform and very good geomechanical behaviour during the construction of underground
works. It is pointed out that, this formation is distinguished for its dense bedding, which at places
becomes foliar. This positively acts in conditions of regular moisture content (increased cohesion)
and negatively when this formation is saturated, where the absorbed water in their structure leads pro-
gressively to collapse. This is mainly observed when the Lower unit formations are constantly wa-
tered in depth from overlying permeable layers of the Upper unit, as well as along structural
discontinuities (faults and fractures).

4. Conclusions-Results

Based on the evaluation of all collected data, the following conclusions can be made: 

• The discrimination of individual units was achieved in all borehole logs examined. Moreover, in
some of the logs the limits between the units are not clear, due to the presence of an intermediate
transitional zone of small thickness. 

• The formations of Lower unit, as well as those of the transitional zone present high cohesiveness
and characteristic bedding with frequent alternations of layers, which makes the discontinuities
intersecting the formation visible. So, normal and reversed faults were observed due to tensile and
compressive stresses on these sediments. On the contrary, these characteristics do not exist in the
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Upper unit, due to its lithology and cohesiveness. 

• There was an absolute match of the surface mapping observations with data from boreholes, which
confirmed the presence and the segregation of the two units. Thus, this discrimination reflects both
the surficial and the in-depth growth of the units, facilitating the confrontation of the geotechnical
problems, which can arise during construction of technical works.

Based on all the above peculiarities, it is obvious that every further research for technical works
under design should be focused on a detailed imprinting of these formations, both surficialy and in-
depth. This will also enable the evaluation of their individual characteristics. With the confirmation
and acceptance of this consideration and based on the fact that the Pliopleistocene sediments and in
general the Neogene sediments in many regions of the Greek territory present an equivalent struc-
ture (in terms of lithology and stratigraphic sequence), it would be useful the geological and geot-
echnical research to be conducted towards this direction from the initial stages of the design. In this
way the potential geotechnical problems will be pointed out at the early stage of the design, result-
ing to most optimal planning of technical works.
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Abstract 

In order to evaluate the geotechnical parameters and the mechanical behavior of the Plio-Pleis-
tocene sediments encountered along the Patras Ring Road, the lithology, the structure, the hydro-
geological regime, the hydro meteorological data and the seismicity of the wider area were firstly
examined.

More specifically, the morphological relief map and the map of slope inclination were compiled on
the digitized topographic map, along with the engineering geological – geotechnical map of the
area, at a scale of 1:5000, where the distinction of the Plio-Pleistocene deposits is shown. This dis-
tinction was based on geological criteria, as far as lithology and  stratigraphic sequence are con-
cerned, as well as on engineering geological – geotechnical criteria.

Key words: Patras Ring Road, Pliopleistocene sediments, Geotechnical units, Eng. Geological –
Geotechnical mapping.

1. Introduction 

Regarding the mechanical behavior of the geological formations that belong to the category of “Hard
Soils – Soft Rocks”, the Plio-Pleistocene sediments of Achaia were studied, focusing on the area of
Patras Ring Road (Kouki, 2006). The above formations have also been studied in the past, respect-
ing their geological, engineering geological and hydrogeological features, (Doutsos et al, 1987,
1988; Rozos, 1989; Kontopoulos & Zelilidis, 1992, 1997; Voudouris, 1995; Tsiambaos et al, 1997;
Koukis et al, 2005, 2007).

The investigation of these formations is of great importance, as there was no previous experience on
tunneling through them. Therefore, data from the geological and geotechnical reports for the proj-
ect were used, along with field investigation and the detailed engineering geological and geotech-
nical mapping. All data helped to have a general view and a good approach of these formations and
led to the division of their fine grained facies into two separate Geotechnical Units, the Upper and
the Lower one. These Units are characterized by their different lithology, mineralogical composition,
physicomechanical features and mechanical behavior. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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2. Location and geomorphologic setting of the study area

The wider study area is located at the NW part of Achaia County, with an average elevation of 600m
and an average slope inclination between 6.0 and 15.5%. The morphological relief is a result of
combined action of lithology, tectonism, weathering and erosion processes. Especially, the present
morphology of the area has been formed by post-Alpine tectonic movements, as well as the evolu-
tion of the various morphological cycles, that continue to the present time.

Geologically, the wider area consists, from the west to the east, of formations of Gavrobo-Tripoli and
Pindos Geotectonic zones. The hilly areas that surround the high mountains consist of post-alpine
sediments. The summits of these hills are usually round-shaped and not sharp-shaped, indicating
intense erosion processes (Photo 1). 

Hydrographic network has been developed as a result of combination of lithological features, tec-
tonics and morphology, as well as climate. It is mainly oriented along main faults zones.

The engineering geological map of Figure 1 shows, in more detail, the geological conditions along
the alignment. It can be concluded that the Ring Road is mainly founded on Plio-pleistocene sedi-
ments, coarse and fine – grained and less on Quaternary deposits. The later can be divided into
mixed-phase loose, loose mainly coarse-grained, coherent coarse-grained and mixed-phase coher-
ent formations.

After revising and processing of aerial photos and field investigation it was concluded that the main
faulting directions are NE-SW and NW-SE.

Due to the tectonic activity, the area is characterized by intense seismicity. The most recent earth-
quakes of the broader region are the earthquake of Alkyonides in 1981 (Ms=6.7) and of Aigion in
1995 (Ms=6.2). These magnitudes are relatively high and since they are close to the study area, it is
possible that future earthquakes can cause there damages (Sokos, 1998). It is noted that Achaia be-
longs, according to the Greek Seismic Code (NEAK, 2004) to the zone of seismic hazard II (a=0.24g)

3. Hydro meteorological data – Hydrogeological regime

For the investigation of distribution and fluctuation of climatic parameters, meteorological data from
the National Meteorological Service were used and especially data from Patra’s station, covering the
period 1931-2004. 
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Photo 1: General view of the Plio-
Pleistocene sediments in the hilly area
behind the bridge Γ5. The Alpine for-
mations are visible in the upper part
of the photo (Panahaikon Mountain). 



The lower temperatures dominate during the winter (10,6oC) and the higher during the summer
(25.8oC), while autumn temperatures are about three degrees higher than those of spring period.

Annual rainfall heights show large fluctuation from 350mm in dry periods (e.g. 2000) to 1350mmm
during wet periods, such as 1993 or 2003. Based on these data and the fact that these geological for-
mations are susceptible to erosion, it is concluded that it is the combined effect of thermal weather-
ing and mechanical erosion that causes further loosening and strength reduction. This leads to locally
unstable conditions and the manifestation of landslides.

From the hydrogeological point of view, the geological formations were divided into different cat-
egories, according to their estimated permeability. They were classified as pervious (e.g. loose Qua-
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Fig. 1: Engineering geological map of Patras Ring Road wider area.



ternary deposits), permeable with secondary porosity (Karstic limestones), semi-pervious (Plio-
pleistocene sediments, coarse-grained, Plc and fine-grained, Plf), and impervious (Flysch and
Cherts).

According to the above and by taking into account the possible effects on the Ring Road construc-
tion, special attention was given to the Plio-Pleistocene sediments, because the majority of under-
ground excavations took place in these formations. In Plc formations the lithology and stratigraphy
result to the creation of aquifers and springs of medium to high discharge, located along the contacts
of pervious and impervious beds. In Plf sediments, successive confined or perched aquifers are
formed, usually inside coarse lenses. These conditions caused, in some cases, water flow during un-
derground excavations, but the typical clayey and marly facies of these sediments are considered as
impervious formations.

Furthermore, after analysis of piezometric curves in the lowland areas it was concluded that even in
the most permeable alluvial deposits the water table was very low, so groundwater could not affect
the Ring Road. 

4. Engineering Geological – Geotechnical mapping at 1:5000 scale

After scanning of the hardcopy map, digitizing was performed in GIS environment. Digital data, such
as elevation contours every 20m, rivers, inhabited areas, as well as Ring Road alignment was clas-
sified in thematic layers. All data were projected to the Greek Grid (ΕΓΣΑ 87).

Based on the alignment final design drawings two cross-sections along the road axis were drawn at
a scale of 1:5000 (length) and 1:1000 (height) that correspond to the left and right branch (Kouki,
2006; Kouki & Rozos, 2010).

By using the digitized maps, Digital Elevation Models and slope maps were created. These maps
show that the Road crosses areas with fully developed hydrographic network, with main directions
perpendicular to the alignment. The elevation ranges from 20 to 240m. The greater part of the road
crosses relatively plain areas (inclined up to 10o), while the underground works are located in areas
of intense relief (inclination from 10 o up to more than 30o).

From geological point of view, these Plio-pleistocene sediments have been so far presented in the
IGME Geological Sheets of Nafpaktos, Patras and Chalandritsa at a scale of 1:50,000 (IGME, 1971,
1980, 1984), while their engineering geological properties are described by Rozos (1989) and Kouki
(2006). The geological and geotechnical studies that were conducted before and during the project
of Patras Ring Road did not further divide these sediments. Their geotechnical assessment was based
on the results of soil classification tests and data from numerous boreholes, drilled for this purpose.

The present study was focused on the Ring Road wider area, first of all through the engineering ge-
ological mapping, using topographical maps at a scale of 1:5000. Previous data was taken under
consideration (Rozos, 1989, Koukis and Rozos, 1990; Rozos et al, 2006), as well as data from the
169 boreholes drilled along the project (Kouki, 2006). Mapping was assisted by aerial-photo inter-
pretation, using recent (2002) large-scale aerial photos (at a scale of 1:5000).

The legend of the map provides a rather comprehensive description of the geological formations
(Kouki, 2006), as far as lithology, sedimentation type, distribution of different soil facies, degree of
digenesis and cohesiveness, type of soil matrix, color, permeability, as well as fracturing and weath-
ering degree are concerned. Based on the above geological and geotechnical criteria. and the expe-
rience gained from the construction of the project, there was a distinction of the fine-grained facies
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Fig. 2. Engineering Geological - Geotechnical map of Patras Ring Road site.

Photo 2: South part of
Girokomion tunnel (Σ2), right
branch. The Diluvial con-
glomerates cover with uncon-
formity the Upper
Geotechnical unit.
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of the Plio-pleistocene sediments into two geotechnical units, the Upper and Lower one. In Figure
2, a simplified version of the engineering geological - geotechnical map is given.

It is concluded that the project is mainly hosted in the fine-grained Plio-Pleistocene sediments (Upper
and Lower Geotechnical units). Also, a part of it was constructed in the argillaceous marls with
coarse grained materials, while the first Cut and Cover of the project in the diluvial conglomerates
(Photos 2, 3 and 4).

It is pointed out that the Lower Geotechnical unit appears only in a few places and it would not have
been recorded unless it was met during underground excavations. It should be mentioned, that dur-

Photo 4: Gray-blue marls horizons
of the Lower Geotechnical unit at a
slope near a Cut & Cover at the exit
of Bozaitika tunnel. The almost hor-
izontal layers and the high fractur-
ing of these weak rocks are shown.
The fracturing is due to joint sets al-
most vertical to the bedding.

Photo 3: Exit of SG tunnel. Stratigraphic column of
the Upper Geotechnical Unit at the base, over lied
by conglomerates with distinct bedding (Unit of
Argillaceous marls with coarse-grained material).



ing the geological and geotechnical investigations prior to construction, the Plio-Pleistocene sedi-
ments were studied geotechnically as a whole, without any further subdivision. 

More specifically, the Upper Geotechnical unit is characterized by frequent alternations of brown-
yellow to brown-gray clayey marls, sandy marls, sandy silts, sands and sandstones. The Lower unit
consists of beds of gray-blue marls, usually stiff, clayey marls with some sparse coarser phases,
mainly sands or sandy silts. Problems that are connected to the Upper unit can be attributed to this
alternation of horizons with different lithology, cohesiveness, fracturing and weathering degree, as
well as permeability. On the contrary, the Lower unit is considered to be an impervious and very co-
hesive formation, with homogenous and generally very good mechanical behavior during under-
ground excavations.

5. Conclusions – Results

This paper studies the Plio-Pleistocene sediments in the area of Patras Ring Road in Achaia, Greece.
It aims to a better knowledge of their mechanical behavior and response during the construction of
engineering works of large scale and particularly underground ones.

The area that these formations cover is generally hilly, while the mountainous areas that surround
them consist of Alpine bedrock rocks, (i.e. formations of Olonos - Pindos and Gavrobo –Tripoli
Geotectonic Zones).

The investigation of these Plio-Pleistocene sediments, which are geomechanically classified as “Hard
Soils-Soft Rocks”, was based on their surface appearance and on samples from numerous boreholes.
This resulted to the division of their fine-grained facies into two separate Geotechnical units, the
Upper and the Lower one, with a Transitional zone between them at places. Both units are charac-
terized by their different lithology, mineralogical composition and physicomechanical properties. It
is noted that for the design of Patras Ring Road, the two units, Upper and Lower one, were not dealt
as distinct formations with different geotechnical behavior, but were considered as a uniform one.

Aiming to a better understanding of the extent of both units and the importance of their distinction
for the design of underground works, engineering geological mapping at a 1:5000 scale was per-
formed. Their vertical extent was presented in two geotechnical cross-sections along the alignment
of each branch, including faults and the Transitional zone. The Upper unit formations can cause
problems during construction, due to their frequent alternation of different lithological types, frac-
turing, weathering, as well as due to their locally increased permeability. On the contrary, the Lower
unit is an impervious and very cohesive formation, with very good behavior during tunnel excava-
tion and construction. The problems related to this unit are basically located in areas where the for-
mations are saturated (mainly along fault zones), which leads progressively to the loosening of their
structure.
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Abstract 

The investigation results of the geological environment’s condition in an areas marked by high an-
thropogenic load are described in this paper. In the southern East Siberia the strategy of key sites
monitoring is used for this purpose. The selection of key sites is determined by the specific charac-
ter of geological environment, as well as by the intensity and relationships of developing geologi-
cal processes. In the studied territory the great variety of exogenic processes can be observed, the
majority of them being activated by technogenic factors. To the inherited processes the gravitation,
cryogenic and those induced by surface and subsurface water activity belong. In order to estimate
the actual condition of the territories and to ensure the undisturbed exploitation of engineering
structures, the specific features of lithosphere, the development of exogenic geological processes
and the evolution of the anthropogenesis should be taken under consideration.

Key words: geodynamical territory conditions, engineering structure influence area, inherited ex-
ogenic geological processes, karst landslide deformation, abrasion-accumulation process, processes
interaction 

1. Introduction 

Over the last 100-year period the role of human activity in the detrimental influence on the envi-
ronment substantially increased, that is expressed as transformation of the natural conditions. The
development and use of new technologies and engineering structures presents the definite intrusion
into the laws of nature. The complicated relationships between the technical objects and the natural
conditions manifest themselves in the form of radical changes in the geological environment, influ-
encing the character of development of exogenic geological processes.

The southern area of East Siberia has experienced a series of growing anthropogenic activities dur-
ing the history of the economic development of the region. Growing population, big cities with di-
verse infrastructure, exploitation of the Angara cascade hydro-electric stations with large artificial
water reservoirs are the considerable contributors to activation of and origination of additional
processes in the territory. The inherited geological processes are processes which were engendered
in different geological environment and currently are labilized in connection with change of condi-
tions (including anthropogenesis) (Trzhtsinsky et al., 1999).

Big industrial cities of the region such as Irkutsk, Angarsk, Bratsk, Ust-Ilimsk and Usolie-Sibirskoye
are located primarily in the south of the territory (Fig. 1). The biggest part of population (~88%) ag-

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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glomerates in this area, with the residents numbering about 0.6 mln. in Irkutsk, 0.25 mln. in An-
garsk, 0.25 mln. in Bratsk, 0.1 mln in Ust-Ilimsk and 0.1 mln. in Usolie-Sibirskoye;  according to
the census conducted in January 1, 2005. The industrial development of cities tends to concentrate
near the transport ways such as the Trans-Siberian railway and the western part of the Baikal-Amur
railway which bind the described region with the European territory of Russia (The general charac-
teristic…, 2005).

In the territory of East Siberia the mining industry (coal, native gold, iron, salt, building materials
etc.) develops over the long time; its detrimental effect on the geological environment manifests it-
self primarily in the form of damage to the morphometric characteristics of the land surface and the
tension of soil. 

The construction and exploitation of hydro-electric power plants (HPP) on the Angara-river such as
the Irkutsk HPP (since 1962), Bratsk HPP (1967) and Ust-Ilimsk HPP (1977) with their water stor-
age reservoirs have radically changed the geological environment of southern East Siberia. The
changes occurred in the form of activation of inherited exogenic geological processes, and the orig-
ination of a new phenomenon (formerly not typical of the area), i.e. the change of shores. Abrasion
of reservoir shores accompanied by other genetic group of processes benefits to the formation of var-
ious shore types (Kozyreva et al., 2004).
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Fig. 1: Location of the study area, showing the basic elements of anthropogenic load.



2. Brief historical view of the southern East Siberia; the geological setting of the territory

The evolution of the anthropogenic load on the environment of Siberia is to a large extent associated
with the history of its colonization by Russian people. The troops of Russian Cossacks fought their
way to Siberia, being often attacked by Siberian nomadic tribes. After the defeat of the Siberian
Khanate (the Tatar Principality that existed in West Siberia in 16th century), the territory of Siberia be-
came a part of Russia. Within the history of Siberia, the territory of southern East Siberia belongs to
the regions of large economical and administrative importance. In 1620, the first settlement of Irkutsk
was founded on the left shore of the Irkut-river. The period of 1625-1650 was marked by the inten-
sive economic development and the population of the territory was stimulated by the search for min-
erals (silver, gold etc.). In the course of time, the temporary Siberian settlements became the large
towns. Irkutsk was built at first as a stockaded town (1652), since 1661 Irkutsk has the statute of the
city. The growing population, intensive commercial development of mineral deposits benefited to in-
creasing of the importance of Irkutsk and other Siberian towns (Brief Siberian chronicle, 2003).

The southern area of East Siberia occupies the considerable part of Siberian platform and the Baikal
rift zone. The region is marked by continental climate, composite geological structure, specific ge-
omorphologic features, permafrost and high seismicity (up to M9); all these features attribute to
specific engineering-geological conditions of the region. The Siberian platform’s base has the two-
stage structure, the lower stage being presented by metamorphic and igneous rocks of Archean and
Early Proterozoic. The sedimentary cover of the platform is marked by three structural stages of
sedimentation: 1) Lower Middle –Paleozoic, 2) Upper Paleozoic-Mesozoic, and 3) Cenozoic. Dur-
ing Perm and Triassic periods, the active volcanic and magmatic processes stimulated the develop-
ment of extensive trappean formations in the platform area (Trzhtsinsky et al., 2007). The
south-eastern area of Siberian platform abut on the Lake Baikal is marked by high seismicity, whose
age ranges from Archean to Quartenary, with dominating occurrence of granitoides.

3. Methods

The estimation of geodynamical condition of the territory is based on both the qualitative and quan-
titative analysis of the dynamics of most typical exogenic geological processes. The quantitative
characteristics (such as degree of land damage by exogenic processes, depth of effects and intensity
of processes etc.), identify the changes that occur within the rock massif and the ecological-geody-
namical trends in the development of investigated territory. Our investigations revealed the most
important factors that influence the dynamics of exogenic geological processes with the purpose to
determine the access to their monitoring. 

The strategy of comprehensive survey and standard computer programs were used for the first time
for investigation of shore areas of artificial reservoirs; currently this strategy is used also in other key
sites of investigations in East Siberia. 

The methodology of investigation comprises 3 procedures: 1) selection of the key site for investi-
gation using the data on the general trends of development and activation of geological processes in
the areas of influence of engineering structures in different periods of time; the analysis of condi-
tions and factors responsible for development of sub-systems prior and after the construction of en-
gineering structures, and the interpretation of airphotos; 2) monitoring and topographic survey in the
observation sites; 3) the analysis of investigation data and construction of 3-dimensional carto-
graphic models to define the qualitative and quantitative relationships within the geo-system.

The comparative analysis of models provides the estimation of the character of processes, compar-
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ison of their dynamics in the context with the natural and anthropogenic factors, and the definition
of relationships between the system elements and influence of the factors upon the development of
the whole system and each particular element. 

Currently, the GPS-technology of survey is used in kinematic regime in key sites of shore areas of
reservoirs. This provides the efficient processing of field data for the estimation of quantitative char-
acteristics of exogenic geological processes. In the laboratory, the digital 3-dimensional cartographic
models of particular sites, the composite index maps and the maps of engineering-geological zon-
ing of the territory are prepared.

4. Exogenic geological processes as the indication of development of the territory

In the territory of southern East Siberia, a great variety of exogenic processes can be observed; the
majority of them are labilized naturally, or have the anthropogenic analogs. To the inherited processes
belong the gravitational, cryogenic and those induced by the action of surface and subsurface wa-
ters.

The areas of developing exogenic processes are marked by different potentials of geodynamical
hazard and social-economical risk. This is determined primarily by quantitative and qualitative char-
acteristics of process development, as well as by the extents of economical development and popu-
lation of the territory. This paper deals with the processes of wide occurrence, and particularly those
marked by grave consequences. 

In the course of construction of the Baikal-Amur railroad, the friable frozen rocks such as compo-
nent moraines were stripped on a number of hillsides due to the slope undercutting and construction
of embankments. Deposition of warm soil during the construction of the railroad embankment ini-
tiated the defrosting and degradation of frozen layer, which entailed the origination of landslide dis-
tortions ranging from typical solifluction to fluid soil creep and formation of rotational slides.

The degradation of permafrost is accompanied by formation of the water bearing stratum confined
to permafrost, which drains in the area of embankment base as numerous springs scattered over the
slope area. In some slopes with steep benches, the inundation of the friable sandy-argillaceous rock
formations underlying the water-bearing stratum, initiates the fluid soil creep, in places together
with shrub and small trees, resulting in formation of typical hummocky land with sliding forest.

The occurrence of permafrost is the determining factor of the peculiar character of the territory. In
the context of economical development of the region, the varying conditions of heat exchange on the
land surface stimulated the degradation of permafrost and activation of cryogenic processes (such
as icing, thermokarst, thermoerosion, solifluction, frost heave etc.). Besides, the presence of hy-
drophilic argillaceous rocks within the terrigene deposits benefited to the origination of landslide.
The cutting of slopes or deep steep-sided excavation present the real cause of considerable techno-
genic deformations. As the case, the Kazankan landslide area can be cited, where a definite part of
the railroad was laid on the sand and sandy-loam moraine deposits at the south-eastward slope (12-
17°), of the North-Muya ridge; in the case of inundation the deposits assume the features of plas-
ticity and thixotropy (Geology and seismicity of Baikal-Amur railroad zone, 1985). At the 15-20%
moisture, the slopes creep even at a small load or shake (Fig. 2).

In the territories of negative relief the construction and exploitation of the railroad bridges induced
the intensive development of deformations that entailed the displacement of the roadbed towards the
valley of the Muyakan-river. To improve the situation, the whole bridge structure was shifted for 15-
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Fig. 2: Diagrammatic plan of Kazankan site: 1 – natural slope; 2 – accumulative terrace of Okusikan river; 3
– outlier of moraine; 4 – zone of railroad construction; 5 – steep slopes; 6 – station; 7 – railroad bed with
bridges; 8 – roads; 9 – zone with positive (negative) amplitudes of horizontal deformations; 10 – culvert; 11 –
spring; 12 – steep benches; 13 – ravines with steep thalwegs; 14 – rotational slides; 15 – small landslide body.

Fig. 3: (a): The railroad section displaced along the lines of the river valley, as a result of the slope deforma-
tions; (b): The open fissure in the abutment of the bridge.

20 meters towards the mountain slope (Fig. 3a). This measure, however, did not solve the problem
as the displacement of the bridge structure proceeded. This was evidenced by the manifestation of
fractures 15-18 m in length, up to 6 cm in width and with up to 20 cm visible depth in the mountain
slope along the roadbed. Besides, the open fissures appeared in the abutment of the middle and the
eastern bridges; in the base of abutment of the middle bridge the cavities appeared as the conse-
quence of soil subsidence (Fig. 3b).



The thickness of sliding body is determined by the thickness of the defrosted zone. The upper bor-
der of the permafrost layer lying in a depth of 6-8 m, serves as the impermeable bed of the aquifer,
confined to sandy-loam intercalations whose inundation benefits to formation of the slide zones.

In the case described, the relationships between two engineering-geological phenomena are dis-
cussed: 1) the degradation of frozen rocks, and 2) the landslide dislocations. The permafrost degra-
dation was concerned as the primary phenomenon, and the landslide dislocation as the secondary.
At present, however, the main hazard of the roadbed deformation and shifting of bridges is menaced
by landslide, i.e. there is a direct evidence of the synergetic effect of both phenomena.

The karst process in the described territory is due to the occurrence of carbonate and sulphate de-
posits in ~40% of its area. Development of karst occurs both in the sedimentary deposits of car-
bonate and gypsiferous rocks of Cambrian and Ordovician, and in the deeply metamorphosed
carbonate layers of Archean and Proterozoic. According to the lithologic features of karsting rocks,
the occurrence of carbonate, sulphate and sulphate-carbonate karst is recorded, with domination of
carbonate karst bound up with limestones and dolomites of Cambrian and Ordovician. However,
the largest technogenic effects are attributed to the activation of sulphate karst process which is typ-
ical of the Angara-Lena region and is bound up with gypsum anhydrite rocks of Middle-Lower Cam-
brian and the lows of Verkholensk Suite of Upper Cambrian. 

The anthropogenic changes in the character of process development manifest in larger extent within
the influence zone of southern area of Bratsk reservoir, where the sulphate-carbonate deposits occur
at absolute elevation marks of 380-400 m. For example, these changes occur in the zones of vari-
able water saturation, and in the top area of the zone of complete water saturation, which provides
the high rate leaching and karst activation in the reservoir’s backing zone. Below the 10 m-thick layer
of Quaternary deposits, the presence of karst forms was plotted. With the aid of symmetrical elec-
tro-profiling (SEP) the occurrence of inherited karst was revealed. By drilling, the karst cavities of
different depth (up to 63 m) filled with wet loose material of high capacity were found. 

The comparison of karsting gypsa and dolomites in laboratory and in situ revealed that the annual rate
of gypsum bleaching in the studied region is 0.02-0.08 mm, which is by 2-3 orders of magnitude
higher than that of dolomite (Filippov, 1988). So, the sulphate rocks are most susceptible to variations
of hydrodynamical conditions, typical of the backing zone of Bratsk reservoir, whose amplitude of
water level fluctuation is 10 m, as recorded during the 40-year period of reservoir exploitation.

In the course of exploitation of the reservoirs, the rates of karst development rose by one order of
magnitude. So, the territories defined as formerly stable and low-stable (marked by formation of
0.01-0.1 karst hole/km2 annually) are actually defined as unstable (with annual caving 0.1-1.0 karst
hole/km2) and greatly unstable (with annual caving of 1.0-10.0 karst hole/km2). The zone of even-
tual activation of the gypsum karst incremented up to 6 km width; the territory covered by karst
forms also increased (Fig. 4). Due to the deformation of land surface within the Khadakhan-Melkhi-
tui karst massif more than 550 hectares of the territory of agricultural land use were lost, and a num-
ber of buildings were damaged (Trzhtsinsky et al., 2005).

The activation of karst landslide deformation in the shore area is evidenced by the origination of ad-
ditional caverns, suffosional karst funnels, as well as the well-defined landslide elements, such as
cracks, joints, trenches, etc. In the zones of variable water level, the horizontal solution caverns
filled with friable material (dolomite meal) develop at the base of shore slopes. The laboratory analy-
sis of this material (dolomite meal) has shown its low mechanical strength: under the inundation
conditions it acquires the plasticity and fluidity features. The slackened state of filling material is the
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cause of the plastic deformation, stimulating the displacement of overlying rock layers towards the
erosional channels. The dynamics of development of karst landslide areas depends upon the leach-
ing rates of carbonate rocks in the slope base. One of the sites in the cape area of the Shaloty bay of
the Bratsk reservoir can be considered as the typical case of intensive development of the karst land-
slide deformation. Within this area, the evident karst and landslide relationships regulated by the
reservoir’s water regime can be observed. In this area, the shore slopes are affected by two rota-
tional slides; actually this is the technogenic landslide of blockglide type. The interpretation of aer-
ial photos made in 1953 shows, that this was formerly a stable area located on the steep slope over
the Angara-river’s water level, and separated from the river channel by the low terrace with faint re-
lief. The aerial photos made after the reservoir impounding show the well-defined landslide forms
close to the brink. The systematic yearly investigation of the deformation-affected slopes and the
analysis of field materials revealed the occurrence of landslide trenches and the starting formation
of additional fissure zone aslope; this demonstrates the high dynamics of landslide process ascer-
tained by the annual land surface grading. The washout of deluvial deposits at higher water level in
the reservoir (recorded during the period of 2003–2004) leads to the 3 m-deep retreat of the slope
base. Within fissure zones the subsidence of land surface (15 cm/year) occurs. The mechanism of
this block-type landslide is the slow depth creep of slope. The permanent high rate of karst devel-
opment exists within the massif, and the intense landslide deformation in the influence zone of the
reservoir occurs.

The origination and intense development of the abrasion-accumulative processes (which are new for
the discussed territory) were induced principally by anthropogenic factors. The construction of reser-
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Fig. 4: Zoning of the area of Bratsk reser-
voir (Khadakhan-Melkhitui karst massif)
by the stability against karst processes;
areas: 1 – greatly unstable (1 to 10 karst
holes/km2 annually); 2 – unstable (0.1 to 1
karst hole/km2 annually); 3 – low-stable
(0.01 to 0.1 karst hole/km2 annually); 4 –
stable (< 0.01 karst hole/km2 annually); 5
– the zone of prognostic activation of the
karst; 6 – the site of intensive development
of the karst landslide deformation in the
cape area of the Shaloty bay.



voirs of the Angara cascade hydroelectric stations entailed the radical change in the environment of
the territory, particularly the morphometric conditions of the slopes and interfluve areas. In the
course of exploitation of reservoirs, many river terraces got entirely submerged; the changed water
table caused the extensive decrease of stability of steep slopes. The abrasion process spread over the
large area of shore zone: ~3000 km in length and 200 m in width (Ovchinnikov et al., 1999).

One of the basic factors that influence the dynamics of abrasion-accumulation processes is the water
level regime, whose instability and large-amplitude variations determine the active stage of the shore
slope failure, the initial stage of formation of shoals and along-shore banks. The actual regimes of
reservoir exploitation benefits to formation of accumulative and abrasion-accumulative banks that
serve as wave dampers and impede the shore abrasion, particularly in the Bratsk reservoir.

The original character of shore zones of artificial reservoirs is attributed to close interaction of def-
inite processes within shore slopes. In the Rassvet-site of the Bratsk reservoir’s shore area, the ero-
sion process intensely develops aslope from the shore edge. The rate of erosion development is
currently (after the 40-year exploitation of the reservoir) is 8 m/year at maximum water level. High
intensity of erosion development is evidenced by increasing number of erosion cuts and the total vol-
ume of gully forms. At present, development of 36 erosion forms with the total volume of 1959 m3

within the 2 km-long shore area is recorded. The current observations reveal that the gullies have in-
creased in number (by 20 gully forms) and volume (by 916 m3) against the data of 2004. 

The current development of gully forms is attributed to the influence of recurrent water level fluc-
tuations in the reservoir, as well as the abrasion process. These are the basic factors of the modern
gully activity. The shore cliff undercutting at high water level entails its upslope displacement and
the destruction of major gentle mouth parts of gully forms that decreases their length and impedes
the formation of longitudinal profile of equilibrium (Fig. 5a). Lowering of the water level stimulates
the vertical erosion in gully bottoms and the activation of backward erosion (Fig. 5b,c). Destruction
of gully mouth parts at higher water level, and intensification of the vertical and backward erosion
at low water level induce the formation of the stepped profile of gully thalwegs (Mazaeva et al.,
2006). 

This is the consequence of recurrent prevalence of the high rate shore abrasion over the vertical ero-
sion. The seasonal variations of the reservoir water level also influence the cyclic changing of the
ground moisture irrespective of the climate conditions. It should be noted that the lithological vari-
ability of deposits presented by the underconsolidated loess-like sandy loams, overlying the sand lay-
ers, as well as their properties (such as dusty condition, sulphate salinization of sandy loams and
sands) make the grounds erosion-pliable. In the condition of high humidity the ground acquires the
characteristics of fast water soaking, instability and shrinkage-strain (Khak et al., 2008).

The gully forms of complex genesis developing currently in shore areas of the Bratsk reservoir, dis-
play the diverse relationships between the natural environment and the human activity (construction
of reservoirs and the manner of their exploitation). The formation of longitudinal profile of equi-
librium for the above mentioned forms is impossible at the actual regime of exploitation of the Bratsk
reservoir and the incessant process of shore abrasion.

5. Conclusion

Development of exogenic geological processes in the territory of East Siberia is determined by the
general historical factors, the inherited condition of the region and a group of external factors, par-
ticularly by human made actions. In the context of current engineering-geological investigations, the
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principal trends in the development of different genetic groups of exogenic processes, and the in-
variable mechanisms and forms of their occurrence have been determined. The variations concern
the dynamics of processes, the extents of damage to the territory, and the activity and intensity of
developing processes. In connection with increasing anthropogenic load some territories of East
Siberia achieve status of bad social-economical risk area.

For estimation of the present-day conditions in the described territory, and ensuring of the undis-
turbed exploitation of engineering structures, the natural peculiarities of lithosphere, development
of exogenic geological processes and the evolution of anthropogenesis should be taken into con-
sideration.
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Abstract 

Horemi village is located in Central Peloponnesus, at the western margins of Megalopoli basin.
For several years failure phenomena on the village buildings have been reported, causing problems
related both to the safety of the inhabitants, as well as to the development of the area.

For the above reasons a geotechnical investigation program was carried out, to study the origin of
the failures and lead to certain conclusions for the mitigation of the phenomena.

In situ exploratory works, with reference to the investigation of litho-stratigraphy, ground founda-
tion conditions, as well as laboratory testing, provided the necessary data for further research test-
ing of the soil physical and mechanical parameters.

Building failure recording, trial pits description, sample collection and laboratory testing, pointed
out that failure phenomena are due to geotechnical rather than geological effects. 

The detection of a clayey horizon, presenting high to very high plasticity and swelling behavior, re-
lated to the significant montmorillonite proportion in the surface or shallow geological formations,
showed good correlation to building damages. The aforementioned observations are considered to
clarify the case presented in this paper.

Key words: swelling, montmorillonite, damage on buildings, Horemi, Greece

1. Introduction

Damage of common buildings founded on sediments, resting by the margins of Post-alpine basins,
occurs frequently in the Greek territory. This leads to long-lasting problems, social rather than tech-
nical, related to citizens’ and property’s safety, finally affecting the urban development.

The specific location of these areas, in terms of morphological characteristics, lithological setting,
geodynamic regime, hydrogeological conditions, particular geotechnical properties and construc-
tion details of the buildings, should be studied in order to evaluate the significance of each factor to
the damage observed.

Nevertheless, various other causes (human activity etc), could be involved in buildings’ damage and
must be encountered according to the in situ evidence.

The present paper is a contribution to cases, where local geotechnical conditions, is believed to rule
the phenomena, while tectonics play also a role. This is judged to occur, due to lack of any field data,
indicating broader movement effects.    
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Thus this study focuses on the examination of the geotechnical behavior of the soil formations, bear-
ing the constructions.

2. The study area

2.1 Location and morphology

Horemi village is situated, at roughly 5km straight line distance, SW of Megalopolis town in cen-
tral Peloponnesus (Fig.1). It is found at the western margins of Megalopolis basin at an approxi-
mate mean altitude of 380 metres. The basin is surrounded by four mountains, namely Mainalo to
the north, Lykaio to the west, Taygetos to the south, Parnonas to the east and occupies the western
part, of the in between the aforementioned mountains, formed low area. 

At this section of the basin’s margins, westwards to Alfios river, low hills are observed, separated to
each other by streams. The streams present a SW to NE direction of flow and create ravines of vari-
ous depths and almost vertical slopes. This low relief configuration, is related to the low, generally,
dips of the geological formations and the predominance of soft horizons, in the geological structure. 

The residential area of Horemi (Fig.1, is developed, at the top, almost flat part of the hill, while
slopes with generally smooth morphological dips (5-10ο), are formed mainly at the eastern section.
Locally only, medium dipping slopes are observed. 

Regarding the hydrographical network, Megalopolis basin is drained by Alfios river, his tributary
Elissonas and several streams. The position of Alfios river is asymmetrical as for the long axis of the
basin and this axis coincides with the general flow direction of the river that is from the SSE to the
NNW. Alfios enters the basin at the south-eastern part of the basin, at an altitude of 410 metres, and
further on, joins Koutifarina stream. It exits the basin of Megalopolis at the north-western edge, near
Karitaina village at an altitude of 350 metres. Westwards from Koutifarina, Xerilas stream enters the
basin following the SE to NW fault zone direction of Falaisia (Taygetos) region.

2.2 Geological structure – lithological composition

Megalopolis basin is a tectonic graben, with long axis having an approximate length of 15km and
direction from NNW to SSE, whereas short axis presenting a length of about 10km. The basin is oc-
cupied by Pleistocene formations, of lacustrine and fluvial origin. Neogene sediments outcrop mainly
at the eastern margins of the basin and at places in the northern, while the basin’s borders are occu-
pied by the Alpine formations of Pindos Zone, Tripolis Zone and the Phyllite – Quartzite series,
which is tectonically underlying Tripolis Zone and / or Pindos Zone.

More specifically in the north-eastern, eastern and southern sections of the basin, geological for-
mations of Tripolis Zone prevail, while  limestone tectonic segments  of Pindos Zone and parts of
the Phyllite – Quartzite series appear at places. Furthermore, on the western and north-western
boundaries of the basin, layers of Pindos Zone are present.

Below are given, the horizons that constitute the abovementioned geotectonical Zones, according to
the Geological Map of IGME of 1:50.000 scale (“Megalopolis” sheet, Papadopoulos et al., 1997).
The formations are listed from the oldest to the newest and are as follows:

— Phyllite – Quartzite series
— Tripolis Zone carbonate sediments and flysch.
— Pindos Zone tectonized materials, members of the ophiolithic series, cherts, first flysch, lime-

stones and flysch transition beds.
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As regards the Post-alpine formations, sediments of Pliocene, Pleistocene as well as Holocene de-
posits can be encountered. Analytically:

Pliocene formations: Two units of lacustrine as well as fluvial phases are met, with total thickness
60 to 120m, namely from base to top:

Makryssion formation: marls, clays with lignites and conglomerates.
Trilofo formation: marls, clays, loose conglomerates 

Pleistocene sediments:
Apiditsa formation: terrestrial phases, consisting of red clayey sands with slightly cohesive
conglomerates and scree with red clays. Thickness 50 to 100m.
Horemi formation: sediments of lacustrine and fluvial phases, deposited during hot and cold pe-
riod of Pleistocene, respectively. They have total thickness of 200m and include the following:

—Marathoussa beds: lacustrine horizons (marls, clays, lignites) in alternation, with fine
grained sands and loose conglomerate intercalations (Fig.1). 

—Megalopoli beds: fluvial formations consisting of marls, clays, sands and slightly cohesive
conglomerates laterally passing to Marathoussa beds (Fig.1). 

Thoknia – Potamia formation: they constitute the two basin’s terraces and consist of silts, clays,
sands, gravel, loose conglomerates and mixed phases in the form of scree. Total thickness of
10 to 40m.

Holocene deposits:
Recent and old talus cones and scree: silts, loam and loose conglomerates.
Alluvial deposits: Loose clayey-sands with gravel and cobbles in the river and stream beds, as
well as terraces of small extent.
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Fig. 1: Geological Map of Horemi
(“Megalopolis” sheet, 1:50.000
scale, I.G.M.E., 1997). Inset: Map
of Greece, triangle indicates the
Horemi area.



Referring to the strict Horemi village area, according to the Geological Map of Figure 1, the urban
area is founded on the Pleistocene aged Horemi formation and to be exact in Marathoussa beds.

2.3 Geodynamic regime

2.3.1. Tectonics

Megalopolis basin was created as a tectonic graben, between Oligocene and Upper Pliocene age.  It
was formed after the overthrust movement of Pindos Zone over Tripolis Zone, during the en eche-
lon faulting phase that followed. 

The basin was initially filled with lacustrine sediments, while deposition of lacustrine, and river ma-
terials in alternations, followed. This was the result of the continuing sinking of the basin, the uplift
of its margins, the circles of erosion and deposition, as well as of the alternation of hot and cold pe-
riods. It is also related to the speed of rise of the water level in the interior of the basin. The contin-
ual sinking of Megalopolis basin and uplift of its marginal zones, is connected to the earthquake
potential of the region.

Regarding the structure of the Alpine basement, at the marginal zone and at the interior of Mega-
lopolis basin also, geophysical researches (Papadopoulos, 1985) showed the following: starting from
the eastern part of the basin, the basement gradually passes from higher to deeper horizons until
Perivolia village to the west. Afterwards it falls abruptly to the west, up to a depth of about 500m.
In the western part of the basin, the basement falls rapidly to the east and sketches out a fault zone,
with direction NW/SE, almost parallel to the flow of Alfios river. This fault zone along the west
margins of the basin is crossed by E-W directing faults. Finally in the central part of the basin, no
features of particular tectonic interest are observed.

2.3.2. Seismicity

The region of Central Peloponnesus presents intense seismic activity since the antiquity (Galanopou-
los, 1955). Earthquakes which occurred during the historical years and are reported as catastrophic
for the region of Megalopolis, are the following:

— 1783, earthquake felt in Gortynia region caused failure in churches, as well as collapse of
houses in Stemnitsa village.

—1897 and 1898 two earthquakes sensed in all Southern Greece and Italy caused damage in
Tripoli. 

Afterwards, during the modern period, the following earthquakes are characterized as the most dis-
astrous for the region of Megalopolis: 

— 1952, 13 June, a strong earthquake caused damage in Horemi.
— 1965, 5 April, a severe earthquake occurred in Central Peloponnesus and caused deaths and

injuries, created ground failure and destroyed completely 1.426 houses. Among the most
damaged villages are Horemi, Apiditsa, and Tripotamo (intensity X Mercalli).

— 1966, 1 September, a disastrous earthquake took place in the region of Megalopolis, where
injuries and building collapses were recorded (intensities VII-VIII Mercalli). The most se-
rious building damages were well correlated with the foundation conditions, morphology
and tectonics of the site.

In the bibliography (Papadopoulos, 1985), is pointed out that the seismic activity of Megalopolis
basin seems to be mainly expressed at the margins, along or near tectonic lines, with directions
NNW-SSE and E-W respectively.
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Also in conclusion, the above researcher marks out that high seismic intensities in the basin of Mega-
lopolis, are owed mainly to the physical and mechanical properties of the Pleistocene formations,
as well as to the geometry of the geological basement. Thus, despite the significant thickness of
these sediments (up to 500m) at the western margin, the severe destructions caused by the earth-
quakes are related to the intense slope of the geological basement, as a result of faulting.   

3. Site investigation 

For the needs of the present research, in Horemi village, one (1) geotechnical borehole, up to 40.50m
in depth and in situ testing (SPT, permeability) have been carried out, while seven (7) trial pits have
also been excavated. According to the (Ν) value of blows, the fine grained soils met are character-
ized as stiff and the coarse grained as dense. In addition, the permeability of the formations, was
found to be low, in general.

4. Laboratory testing

Soil mechanics laboratory tests (Soil Mechanics Lab of IGME) were implemented in selected sam-
ples, for the measurement of their physical and mechanical parameters. Also, mineralogical studies
(Dept. of Mineralogy and Petrology, IGME), for the quantitative and qualitative determination of
their mineralogical composition, were also conducted. Below, the results of the as above laboratory
analyses are specified:

4.1 Soil mechanics

Fifteen samples, chosen from the borehole cores, as well as the trial pits’ materials, were tested, for
the determination of their grain size distribution, consolidation, shear strength and unconfined com-
pression strength parameters.

In the samples taken from the shallow horizons, the existence of a fractured, stiff clay, was found
out. It presents high to very high plasticity, smooth slikenslide surfaces covered by Mn oxides, mean
thickness of 2.00m and was observed in a depth varying from 0.40m to 3.60m. The swelling pres-
sure measured, ranges from 50 up to 400kPa. 

4.2 Mineralogical studies

Given that the clayey formations met during the investigations at Horemi, present expansion, four
samples from the borehole drilled and three samples from the trial pits, were chosen for mineralog-
ical analyses. These analyses revealed high percentages of quartz and (Na, Ca) montmorillonite in
all the samples examined, as well as absence of calcite in the mineralogical composition of the sam-
ples taken from the trial pits.

Montmorillonite belongs to smectites, which constitute one of the chief swelling clay minerals group,
while Na-montmorillonite presents the greatest potential for expansion, of all the clay minerals. It
forms crystals very small in size, characterized by intense moisture uptake (Gillot, 1987). 

5. Geotechnical evaluation

The activity of clays has a direct relationship with plasticity index and clay fraction of whole sam-
ple (%<2 μm). Activity ranges between 0.50 and 0.80 for all samples corresponding to normal clays,
with only one sample being no active (activity 0.20).
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Concerning the swell seven samples have very high, five samples high – medium and one sample
low swell potential (Van der Merwe, 1964, chart modified by Grabowska – Olszewska 1998 for the
evaluation of potential expansiveness, Fig.2).

For quantitative evaluation of the swell according to Seed et al (1962) it was estimated that five (5)
samples have very high (>25%), six (6) samples have high (5 – 25%) and only two (2) samples have
low degree of expansion (1.5%, Fig.3).

6. Buildings’ failure assessment.

Three in situ investigations at Horemi village between May 2007 and April 2008 aimed to record
damage on buildings and other structures. Recorded damage involved fractures on the walls of sev-
eral houses and yards located at areas indicated on the map of figure 4. All fractures share the fol-
lowing characteristics: they are either diagonal, breaking the house walls (Fig.5), or horizontal and
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Fig. 2: Activity and swell potential of examined soils, Van der Merwe (1964) modified by Grabowska -
Olszewska (1998).

Fig. 3: Degree of expansion (DE) classification
chart according to Seed et al. (1962).



vertical unjoining the walls from the structure skeleton (Fig.5). Both types of fractures reveal shear
stresses due to differential settlement of the building. 

Besides damage on buildings, extensive failure was found at cement yards, as for instance around
the church of the village (Fig.5). Those fractures, locally showing vertical dislocation, are obviously
due to ground settlement.
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Fig. 4: Aerial photo of Horemi village. Areas with damaged buildings are drawn. The dot indicates the house
with most important damage and the triangle indicates the church of Horemi (see also Fig. 5).

Fig. 5: Top: Photos from the house with most important damage (dot on map of Fig. 4), showing extensive
fractures (diagonal, vertical and horizontal) on the walls. Bottom: A sketch showing allocation of fractures
on the cement yard of the church (triangle on map of Fig. 4).



7. Discussion

Laboratory tests revealed that clays at Horemi undergo significant swelling when water content in-
creases. Inevitably, when water is removed, i.e. due to seasonal changes of the ground water, shrink-
ing phenomena take place. Swelling and shrinking occur at successive circles generating small
fractures in the clay and locally, at relatively higher loadings - for instance beneath two-store build-
ings as shown above (Fig. 5) - sliding along these fractures is triggered. This seems to be the most
likely reason for damage observed at heavier, though newer, houses founded on the clay.

The mechanism of swelling and shrinkage seems to be responsible also for detachment and break-
ing of cement yards around the church (Fig. 5) and houses at Horemi village.

8. Conclusions

Horemi village is founded on Pleistocene aged lacustrine, thick formations, situated at the western
part of Megalopolis basin, where the geological basement falls rapidly to the east, as a result of the
NW/SE fault zone, crossed by E-W directing faults. The seismic history of the area, mainly ex-
pressed at the margins of the basin, is characterized by high seismic intensities due to the physical
and mechanical properties of the Pleistocene formations, as well as to tectonics. 

Site investigation and lab testing revealed, at shallow depths, the existence of a fractured, stiff clay,
presenting high to very high plasticity. Slikenslide surfaces were observed while a significant high
percentage of montmorillonite was determined. Thus, high swelling potential and degree of expan-
sion were detected.

The above engineering geological characteristics, in relation to the mineralogical composition, seem
to indicate the mechanism causing the buildings’ damage: swelling and shrinking successive cir-
cles, generating small fractures in the clay and locally sliding along these fractures.
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Abstract 

On the 8th of June 2008 an earthquake of magnitude Ms=6.5 occurred in Western Greece, affect-
ing Achaia and Ilia Prefectures. According to state reports 2 casualties occurred, 214 people were
injured and more than 15 villages and towns suffered extensive damages in properties and infra-
structures. Among the secondary phenomena that were reported were extensive rockfalls that af-
fected Santomeri village; a small village located on the western slope of the Scolis mountain.
Large-sized limestone boulders, some reaching a volume up to 10m3 stroke houses and blocked
roads, fortunately without casualties. The village was temporarily evacueated and the Laboratory
of Engineering Geology was commissioned to undertake an Engineering Geological appraisal in
order to investigate the extent of the rockfall events, assess the rockfall hazard and propose reten-
tion and protective measures so the area to be soon re-inhabited. After conducting a detailed engi-
neering geological and geotechnical survey which included large scale engineering geological
mapping, rockmass characterization and laboratory tests the inhabited area was initially divided in
two zones of different rock fall risk level. By performing rockfall analyses in critical traverses a rock
fall retention system, 325m long in total, comprising rock fall barrier was finally proposed.

Key words: Earthquake-induced rock fall, rock fall analysis, Achaia, Western Greece

1. Introduction 

On the 8th of June 2008, 15:25 local time, a strong earthquake of magnitude Ms=6.5 stroke Western
Greece, affecting mainly Achaia and Ilia Prefectures. According to state reports two people were
killed, 214 were injured and more than 15 villages and towns suffered extensive damages in prop-
erties and infrastructures. Among the earthquake’s secondary phenomena, apart from surface rup-
tures, some liquefaction phenomena, slope failures etc there were large scale rock falls. In particular,
extensive rock falls manifested at “Skolis” mountain. Some roads were blocked by the rockfalls,
houses were destroyed, fortunately without casualties. As a result, three villages were temporarily
evacuated (“Haraygi”, “Portes” and “Santomeri”) as a measure to protect inhabitants from proba-
ble reactivation during an after-shock. After field reconnaissance from the Department of Geology
it was decided that only Santomeri village faces serious rockfall risk and so the Department of Ge-
ology was commissioned to undertake an engineering geological appraisal in order to assess rock-
fall hazard and to propose retention-protective measures so the area to be soon re-inhabited.
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This paper focuses on estimating the critical rockfall parameters such as kinetic energy, bouncing
height, rock endpoints and coefficients of restitution, in order to propose the appropriate design
specifications of the required retention measures.

2. Geological setting

Santomeri village is founded on the western slope of “Skolis” mountain (Fig. 1) at an elevation of 400-
500m. This mountain is a long morphological feature with N-S orientation with maximum elevation
of about 970m. It is characterized by steep slopes, especially at its western part. Steepness is closely
related to the geological and tectonic features. At higher elevations Cretaceous and Eocenic lime-
stones of Gabrovo-Tripolis Geotectonic Zone (Dercourt, 1964, Fleury, 1980) form slopes inclined up
to 90 degrees and up to 80 meters high, while the eastern and western slopes which are composed by
Flysch of the same Zone and scree, form gentler slopes that incline at about 45-50 degrees.

The main tectonic feature of this area is the overthrusting of Cretaceous limestones on the Flysch
(Fleury, 1980). This has caused intense deformation and fracturing of the rockmass making it more
susceptible to slope instability phenomena.

3. Methods

3.1 General 

The research included engineering geological mapping at a 1:1000 scale, rockmass characterization
and classification, recording and classification of fallen rocks according to their estimated volume and
finally rock fall statistical analyses in seven (7) selected traverses. Along each traverse rockfall sta-
tistical analyses were done, in order to compute kinetic energy, bounce height and maximum travel
distance. The coefficients of normal and tangential restitution were estimated from back calculation
of known rock paths and rock endpoints according to field observations of the rockfall events.
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Fig. 1: Simplified map showing the location of the study area and the epicentre of the 8th of June 2008 earth-
quake.



3.2 Engineering geological conditions

In order to investigate the engineering geological conditions and the factors that control slope sta-
bility, engineering geological mapping at 1:1000 scale was conducted. Due to the absence of recent
topographic data mapping was based on the existing maps of 1:5000 scale and on satellite images.
These maps were georeferenced to the Greek Geodetic Referencing System (GGRS 87) and digi-
tized. The map’s data, concerning newly constructed houses and road network was updated after
field work.

Three engineering geological units were mapped, as shown in the corresponding engineering geo-
logical map (Fig. 2). From the most recent to the older these are:

Recent rockfall debris 
They are loose deposits of rockfall debris consisted of grey and white limestone blocks of var-
ious size. They were deposited on the slope’s surface after weathering of the limestones and dur-
ing previous earthquakes. The area that they cover was extended during the 2008 earthquake.

Scree
They are loose to semi-cemented Quaternary deposits which consist of white and gray lime-
stone fragments of various size mixed with brown sandy or clayey matrix derived from the
weathering of limestone and flysch basement rocks.

Flysch
It has Oligocenic age and belongs to the Gavrovo-Tripoli Geotectonic Zone. It consists of suc-
cessive medium-bedded fine-grained sandstones and mudstones of brown or gray colour. They
are susceptible to weathering processes and, as a result, they are characterized by up to 1-meter
thick weathering mantle. Besides, along the thrust zone with the limestones, flysch is intensely
deformed, fractured and folded.

Limestones
Grey and white gray limestones interbedded with marly limestones of Cretaceous and Eocene
age that belong to the Gavrovo-Tripolitsa Geotectonic Zone. They are formations of high
strength with continuous bedding, inclined opposite to the slope.

The engineering geological map also depicts the main rockfall path that destroyed a house and the
traces of the seven rockfall analysis traverses.

3.3 Rock fall recording

In order to estimate the most “possible” rock fall traces fallen rock boulders were recorded, mainly in-
side and near the inhabited area, even if scarce rock boulders of various size were also found in the
broader area as a result of older rock fall events. Recording was done by locating each boulder by GPS
and classifying each one according to its source material, origin, and estimated volume. Recording fo-
cused on boulders of estimated volume more than 2m3 which were divided into four (4) volume classes.
As shown in Fig 3, the most recordings belong to the volume classes between 2 and 5m3. It must be
noted that many of the recorded volumes may not represent the original volumes of the detached blocks,
because many of them could have been broken during falling and crashing on the slope.

3.4 Rockmass classification – slope stability conditions

In order to estimate rockmass quality and assess slope stability conditions geomechanical descrip-
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tion of discontinuities according to ISRM (1981) was performed. The joint-wall compression
strength was estimated in the field by using Schmidt Hammer Test, while the limestone uniaxial
compression strength and shear strength parameters were measured with laboratory tests in rock
samples. It was found that rockmass is jointed by four (4) main discontinuity sets with mean dip/dip
directions as shown in Table 1.

Rockmass quality was estimated according to GSI (Hoek and Marinos, 2000) and RMR (Beniawski,
1989) classification systems. Based on the discontinuities’ properties and the bedding orientation
RMR was estimated in the range of 55-65, classifying limestones as rockmass of “Good” to
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Fig. 2: Engineering Geolog-
ical map of Santomeri area
also showing the seven rock
fall traverses and the course-
endpoint of a large lime-
stone boulder.

Table 1. 

Disc.
Type/Set

Orienta-
tion Aperture Spacing Persistence Roughness JRC JCS (MPa) Filling

Material

Bedding 
Plane/B 89/16 2,5-10 mm 200-600

mm 10-20m Rough 
undulating 10 - 12 130 ± 50 Clean -

Sandy

Fault/F 265/85 10-100 cm 600-2000
mm >20m Smooth 

undulating 8 - 10 110 ± 40 Clean -
Sandy

Joint/J1 266/54 10-100 cm 600-2000
mm >20m Smooth 

undulating 8 - 10 125 ± 50 Clean -
Sandy

Joint/J2 182/82 1-10 cm 200-600
mm 10-20m Smooth 

undulating 8 - 10 115 ± 45 Clean -
Sandy



“Medium” quality. GSI was estimated in the field in the range of 50-60.

Slope stability conditions were estimated by performing preliminary kinematic analysis after plot-
ting the discontinuity sets in Schmidt’s stereographs. As shown in the following Major Planes Plot
(Fig. 4) instability can potentially occur in the following cases

a. Planar slide along set J1.

b. Wedge failure along the wedge formed by sets J1 and J2 (wedge A).

It was finally concluded that stability is mainly governed by Joint set “J1” which is oriented almost
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Fig. 3: Distribution of rock blocks around San-
tomeri village and corresponding graph, showing
their estimated volume range.

Fig. 4: Major discontinuity sets and corresponding
Major Planes Plot in Limestone.



parallel to the slope, by major fault surface (Fault “F”) which has very high persistence and by Joint
set “J2” which is oriented perpendicularly to J1 and forms with it potentially unstable wedges.

Rock fall statistical analyses were performed in seven (7) traverses. The selection of the traverses
was based on field observations concerning the traces of the major rockfall events and on the fallen
rock recordings. Table 2 gives information about traverse length, average slope gradient and slope
height. The location of each traverse correlated with the observed rockfall rock fall courses are also
shown in Fig.5.

Rock fall analyses were performed by using Rocfall 4.0 (Rocscience Inc.). By using this software it
was possible to determine Kinetic Energy, Velocity, “Bounce Height” and location of Rock Endpoints
for the entire slope along each traverse. It also assisted to determine the most effective retaining
measures to protect the village from possible future rock fall events. By performing these rock fall
analyses coefficients or restitution (RN and RT) were also estimated for the specific site conditions.

For the design of each slope elevation data from the available maps was used with some modifica-
tions, if necessary. Because rockfall is strongly influenced by slope material (vegetation, soil cover
etc), different slope surface materials were assigned in every traverse, according to field observations
about vegetation type, scree cover, areas with clean bedrock etc. 

Each rock fall analysis included 2000 throws of a single rock. Initiation points (data seeders) were
assigned in each analysis, according to field observations and estimations regarding the most pos-
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Table 2. 

Traverse Length (m) Slope height(m) Average slope gradient (deg)

A-A’ 120 60 26.6

B-B’ 80 65 38.7

C-C’ 100 90 43.5

D-D’ 210 110 27.5

E-E’ 150 110 36.1

F-F’ 340 190 29.2

G-G’ 120 50 22.8

Fig. 5: Locations of the analysed Rockfall
traverses. The location of a house destroyed
by the rockfall is also shown.

11 (3)
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sible sites for rock falling. Each slope was further divided in different segments in order to assign
different slope materials. In every analysis rockfall parameters were calculated in 100 points along
each slope making possible to graphically view calculations along the slope.

Because RN and RT coefficients can not be directly measured, they were estimated by performing
back analysis calculations. Every analysis started by putting as input values suggested values of RN
and RT for every material, according to the literature. As a second step, each analysis was calibrated
in order to match the results with known rock paths and endpoints according to field observations,
estimating, finally, RN and RT coefficients for the specific site conditions. For slope friction angle
default values were used, while slope roughness values were based on the topographical accuracy
with a standard deviation of 2 degrees. 

Data collectors were finally put in selected points along the slope in order to get information about
the necessary absorption capacity of the required retaining measures.

4. Conclusions - Results

Rock fall analyses mainly aimed to assess rockfall hazard in Santomeri village and to propose re-
tention-protective measures so the area to be soon re-inhabited after the earthquake. Besides, with
this research it was possible to estimate critical rockfall parameters such as Kinetic Energy, Bounc-
ing Height, Rock Endpoints and Coefficients of Restitution.

Coefficients of normal and tangential Restitution were estimated for every material that covers the
slope surface along the traverses. Proposed values for similar conditions were initially used and then
the model was calibrated so that the results match to field observations regarding fall traces and
rock endpoints. The mean values of the finally estimated coefficients are shown in Table 3.

After performing the analyses in all traverses it was possible to estimate the distribution of every
computed parameter (Table 4). Computed results were collected by assigning in each analysis “data
collector” points located at sites where the construction of retentions measures had been initially
proposed. It was found that Kinetic Energy varies between 3000 and 8000kJ with the lower values
at north and the higher at south. Travel velocity and Energy were mostly affected by slope steepness
and slope surface material, especially in areas of clean limestone bedrock or by the presence of tall trees.
Very steep segments along the slopes favour free falling instead of bouncing or rolling, while the crush-
ing of rocks on tall trees results to sudden modifications of Kinetic Energy and rockfall course.

Table 3. 

Slope material RN (mean values) RT (mean values)

Limestone Bedrock 0.550 0.920

Soil with little vegetation 0.290 0.550

Soil with tree vegetation 0.300 0.800

Talus cover 0.320 0.820

Talus with vegetation 0.320 0.800

Asphalt 0.400 0.900



Bounce heights were generally found up to 4 meters. They were strongly influenced by the slope sur-
face materials and by intense changes in topography. Higher Bounce heights were calculated in sites
of exposed limestone bedrock.

Rock endpoints are generally between 100-300 meters from the start point of each traverse. The final
endpoint was strongly influenced by topography and steep modifications of slope gradient. Sudden
changes from steep to gentle slope segments and energy reduction due to crushing force sometimes
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Table 4. 

Traverse mass
(kgr)

Estimated
Volume (m3)

Total Kinetic Energy
(kJ)

Bounce height
(m)

Maximum
endpoints (m)

A-A’ 5200 2 ≤350 (90% of throws)
Maximum: 390

≤0.8 (80% of throws)
Maximum: 3 120

B-B’ 7000 3 ≤3000 (95% of throws)
Maximum: 3350

≤4 (80% of throws)
Maximum: 5 50-60

C-C’ 65000 25 ≤13000 (85% of throws)
Maximum: 16500 ≤1.5 80-90

D-D’ 5000 3 ≤4000 (80% of throws)
Maximum: 7500 ≤0.6 70-90

E-E’ 5000 2.5 ≤2300 (80% of throws)
Maximum: 2800

≤3 (90% of throws)
Maximum: 5 190

F-F’ 16000 6-7 ≤8000 (95% of throws)
Maximum: 10000 ≤2 300

G-G’ 10000 3.5-4 ≤2500 (90% of throws)
Maximum: 3200 ≤1.5 130

Fig. 7: Plan of the proposed Rockfall protection
barriers.

Fig. 6: Rock fall analysis results along traverse B-B’.



rocks to stop moving and rest on the slope, before reaching the maximum possible endpoint. The vil-
lage is within the above endpoint range since it is located within a distance less than 250m from rock-
fall affected zones. Fig. 6 shows an example of the analysis results, as calculated along traverse B-B’.

Rockfall protection barriers with absorption capacity of 3000 kJ, 5 meters high and having a total
length of 325 meters were initially proposed in selected places along the slope, as shown in Fig. 7.
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Abstract 

Land subsidence induced by the overexploitation of the aquifers in Kalochori village has been oc-
curring since 1965. The excessive water pumping led to the development of surface subsidence
reaching, in several areas, the maximum values of 3 to 4m. The evaluation of the geological, geot-
echnical and hydrogeological setting of the wider Kalochori region as well as the historical back-
ground of the subsidence phenomena provided variable data, which were finally used for the study
of the phenomenon by means of a finite element method simulation. The availability of the various
geodetic records allowed the cross-checking of the results and the conduction of all necessary back
analyses. Also, the knowledge of the land use distribution and the activities taking place in the wider
Kalochori region helped the rational interpretation of the phenomenon and the detection of its causal
factors.

Key words: land subsidence, FEM simulation, aquifers’ overexploitation, geo- hazards.

1. Introduction 

The increasing need for water, during the last decades, led to the overexploitation of aquifers in sev-
eral regions in Greece. The overexploitation of aquifers susceptible to compaction led to the mani-
festation of  land subsidence, in areas like Thessaly plain, Kalochori village, Megalopolis, Anargiri
region (on the southwest of Florina) and Messara valley. 

One of the first noticed land subsidence phenomenon in Greece is that in Kalochori region. Kalo-
chori village occupy the lowlands between the delta of Gallikos river and the west side of Thessa-
loniki (Fig. 1). In the 1960`s the wider Kalochori region became the main industrial centre of the area,
leading to the increasing need of water, covered by productive wells. The overexploitation of the
aquifers was also enchased by the excessive water pumping conducted by the Water Company of
Thessaloniki (Fig. 1). The subsidence phenomena in Kalochori region were first noticed in the early
1960`s. Since then, the morphological and the environmental setting of the region changed violently. 

The land subsidence phenomena in Kalochori region have been studied during the last 25 years by
many researchers. The majority of the researchers credit the subsidence mainly to the compaction

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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of the reservoirs (Andronopoulos et al., 1990 & 1991, Hatzinakos et al., 1990, Rozos et al., 1993),
although many other interpretations have also been expressed. Psimoulis et al. (2006) attributed the
subsidence phenomenon to a large scale natural effect on which smaller scale anthropogenic effects,
like water pumping induced compaction, are superimposed. Doukakis (2005) expressed the opinion
that the rapid sea intrusion, beside the land subsidence, is amplified by the coastline erosion and by
the sea level rising caused by the climate changes. Dimopoulos (2005) claimed that the subsidence
phenomena in Kalochori region are caused by the consolidation of the loose silty-clay deposits and
by the flowing sand phenomenon taking place close to the coastline. Stiros (2001) expressed that
apart from the reservoirs` compaction, possible additional causes of the ground subsidence are: a)
the consolidation of near-surface sediments, b) the oxidation of peat soils in the vadose zone, c) the
synsedimentatary deformation of the delta, and d) the sub-surface instability of the delta front mud.
The variety of the interpretations reveals the confusion that has been caused by the complexity of
the phenomenon. 

This study aims to coevaluate all available data provided by the numerouse studies conducted in the
area, in order to examine the land subsidence by means of a computational geotechnical engineer-
ing methods. The various geodetic records allow the cross-checking of the results and the conduc-
tion of all necessary back analyses, in order to calibrate and evaluate the geotechnical parameters as
well as the Finite element simulation model. 

2. Subsidence phenomena history

In 1965 a progressive marine invasion was noticed and finally, in 1969, during a period of intensive
rainfall, the seawater reached the village. For the protection of the village an embankment was con-
structed along the entire coastline. This construction collapsed in 1973 due to continuous deforma-

Fig. 1: Satellite picture (Google Earth) presenting the Kalochori Village in relation to Thessaloniki as well as
the land use distribution in the wider region. The outlines enclose the following areas: A: Kalochori village, B:
lagoon, C: waste dumping site, D: Water Company’s productive wells areas, E: industrial area until the 1980`s.
Today the industries occupy almost all the wider Kalochori area.
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tions. In 1976 a new barrier was constructed in a forwarded position. Unfortunately three years later
in 1979, after a storm, the embankment failed causing the re-flooding of the village. Finally, in 1980
a new larger dam was constructed. Since then several damages and extensions of the embankment
were recorded, but the main construction managed to resist the subsidence deformations and the dy-
namic loading of the waves. This barrier is combined with an extensive surface draining network and
several pumping-stations in order to prevent the inland from flooding. 

Through the years several signs referring to the total amount of the subsidence were reported.  An-
dronopoulos et al.  (1990, 1991) reported that between 1964 and 1990 several basements were filled
with gravels in order to prevent them from flooding, also the main square of Kalochori was recon-
structed about 1.2m higher for the same purpose. Further more, it was reported that in many wells
the pipes were extracted up to 2m over the surface. Some signs are still visible today (Fig 2). 

Many researchers estimated subsidence deformations to exceed 3m in several locations (An-
dronopoulos et al., 1990 & 1991, Hatzinakos et al., 1990, Rozos et al., 2004). This estimation was
finally supported by Stiros (2001), who compared the 1:5000 topographic diagrams for the period
1955 – 1980 (Fig. 3A). By means of that process, besides the total deformations values, Stiros proved
that, until the 1980`s, the maximum subsidence regions (subsidence >3m) were coinciding with the
areas containing the pumping wells of the Water Company of Thessaloniki (Fig. 1) and with the
south-western section of the industrial area containing the most water-consuming industries. Ac-
cording to geodetic measurements conducted during the last 20 years the rate of subsidence in the
wider study area varies from 2,8 to 13 cm/yr. particularly, based on measurements conducted by the
laboratory of geodesy of the A.U.Th. (Badelas et al., 1996), from September 1992 to July 1995,  the
subsidence rate in Kalochori region ranged from -3 to -13 cm/yr (Fig. 3b). Also, Doukas et al. (2004),
by measuring a leveling network consisting of 37 stations, for a period of ten years, 1992 – 2002,
estimated that the subsidence speed varied from -2,8 to -5 cm/yr. Note that, in both case studies the
greatest subsidence occurred in the SE area of Kalochori. So, during the last decade, due to the in-
activation of the Water Company’s wells, the deformed areas have moved to the SW section of the
old industrial area (Fig. 1). 

Concluding, taking into account the various studies conducted for Kalochori region, the total amount

Fig. 2: (Left) Submerged remnants of the old electricity network constructed along the side of a road, SW of
Kalochori, in1975. (Right) Emerged well`s pipes at a 100 m deep well located in the Institute of Wheat Culti-
vation (SW of Kalochori). The pipes have been extracted 0.8 m over the ground surface. The photos were taken
in 2008.
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of subsidence in the past 45 years must be reaching, in several areas, the maximum values of 3 to
4m. Furthermore, based on the same studies, the subsidence phenomenon keeps on developing at a
mean rate of -5 cm/yr. At the present time, extended areas along the coastline are located below the
sea level (Fig. 4)

3. Geological, Hydrogeological and geotechnical setting 

The upper formation of the study area (Hatzinakos et al., 1990, Rozos et al., 2000, 2004) is occu-
pied by loose quaternary deposits. According to the geophysical investigation conducted by Niko-
laou and Nikolaidis in 1987, those deposits extend down to a depth varying from 150 to 400m.
Furthermore, based on additional data coming from the profiles of petroleum investigation drills
(Demiris, 1988), carried out in the wider study area during 1962, the deeper strata are occupied by
neogene deposits reaching down to a maximum depth of 600-700m. The neogene formations con-
sist of silty sands and sands with silt, clay and infrequent fine gravel intercalations.    

Fig. 3: (A) Equal subsidence contours, in meters, for the period 1955 – 1980 (Stiros, 2001). The 4 m contour, at the
North of Kalochori, indicates an excavation. The -2, -1 and 0 contours, the south of Kalochori, indicates waste infill
or earth-fill deposition. (B) Equal rate of subsidence contours (in cm/yr), from September 1992 to July 1995 (Bade-
las et al., 1996). The contours were plotted on Satellite images taken from Google Earth.

Fig. 4: View of the main embankment constructed in the South of Kalochori. On the right side of the embank-
ment the sea level is about 0.5m below the road level. On the left (interior) side, the lagoon water level is 4 to
5m bellow the road level. Concluding, the inland is at least 4m below the sea level. 
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According to the profiles of eight (8) geotechnical boreholes drilled in the Kalochori region (An-
dronopoulos, 1979, Andronopoulos et al., 1990), reaching down to depths varying from 20 to 90m,
the quaternary deposits consist of clays, silty clays, sands and silty sands including organic mate-
rial. The various in-situ and laboratory tests conducted on the core samples have given sufficient in-
formation about the physical and the mechanical properties of the above mentioned formations
extended in the narrow study area

The lithostratigraphy of the sediments up to the depth of 90m consists of the following formations:
the top horizons, from the surface to a depth of 4.5 to 15m, are occupied by yellow-brown fine to
medium grain sands and silty sands. Under the sands and down to a varying depth of 26.5 to 35.3
m extends a black-gray silty sands horizon including organic materials. These impermeable silty
sands constitute a barrier between the deep artesian aquifers and the unconfined shallow aquifer ex-
tending in the overlaying sands. The deeper horizons consist of  brown sands and black-gray silty
sands in alternations. The thickness of the interchanging layers varies from 5 to 50 m increasing
proportionally to the depth. The brown sands are medium to coarse grain and in several depths thin
silty sand intercalations are located. The diagenesis and the compaction degree of the above de-
scribed sediments increase proportionally to the depth. Although there is not any available geot-
echnical information for depths over 90m, the geophysical investigation results and data coming
from water drilling profiles showed that the above mentioned alteration routine continues down to
the Neocene basement. A simplified typical cross section is presented in Fig. 9.  

In agreement with the above described geological setting the formations of the wide study area con-
tain one unconfined shallow aquifer extending in the overlaying sands and a system of successive
confined - artesian aquifers developing below the impermeable black-gray silty sand layer, located
under the top sand. At the deep confined, the aquiferous units are the brown sands, interrupted by
thick black-gray silty sands intercalations. 

The water table depth of the unconfined shallow aquifer fluctuates from 1.5 to 3m and the quality
of the water is very poor (Loupasakis et al., 1997; Soulios, 1999). This aquifer reaches down to a
depth of 10 to 15 m and is widely used for meeting the needs of the farmers for irrigation water or
occasionally as drinking water for cattle breeding purposes. 

The first wells discharging the deep aquifers were constructed by the industries and by the Water Sup-
ply Company of Thessaloniki in 1955. Since then, the Water Company has constructed about 30
productive wells and the Kalochori village authorities 7 more, some of them reaching down to depths
more than 200m. Further more, It is estimated that in the wider Kalochori area, during the last 50
years, more than 250 industrial wells have been operating. Most of these wells were drilled without
the proper state permits. The great number of deep drills, points out the excessive discharge that has
been taking place during the last decades in the wider area. 

The piezometric surface of the aquifers, in the majority of drills constructed in Kalochori region
during the 50s, was over the ground and the drills were artesian. Despite that, the overexploitation
of the aquifers over the years caused the intensive drawdown of the piezometric surface and finally
in 1981, it fell 37m (Andronopoulos et al., 1990). In the early 1980`s the water company abandoned
the majority of the drills. Unfortunately, the authorities could not control the industrial drills, which
were kept operating. Nevertheless, the reduction of the pumping wells led to the partial recovery of
the piezometric surface level. According to measurements conducted during the period of 1997 –
2000 for a study commissioned by the Water Company (Soulios, 1999), the piezometric surface’s
level in the Kalochori region varied from 20 to 30m. The extreme variation points out the dynamic
character of the aquifer caused by the continuous pumping.
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4. Simulation procedure of the subsidence phenomenon  

The gradual drawdown of the piezometric surface for about 40m definitely affected the pore pres-
sure distribution in the overexploited confined aquifer formations. The pore pressure reduction could
be considered responsible for the subsidence phenomenon. So, the simulation of the gradual piezo-
metric surface drawdown in a typical profile, by means of finite or discrete element methods, could
define the influence of the pore pressure reduction and could clarify the mechanism of the subsidence
phenomenon. The numerous studies conducted for the Kalochori region provided plenty of data
concerning the geological, the geotechnical, the hydrogeological setting as well as the historical
background of the subsidence phenomena. These data covered all the requirements for setting up the
polyparametric finite element simulation model applied in the present study. Furthermore, the avail-
ability of the various geodetic records allowed the crosschecking of the results and the conduction
of all necessary back analyses, in order to calibrate the simulation model. These data appeared to be
necessary and the model could not be applied without knowing them. Correspondingly, all these
data could not be valuable without using a sophisticated polyparametric numerical analysis method
as the one applied in this study.  Practically, this case study was considered as the perfect chance of
applying this FE method for the analysis of a water pumping induced subsidence phenomenon. 

The simulation was conducted by using the PLAXIS (V 8.6) two – dimensional finite element code
(Brinkgreve et al., 2002). This two – dimensional code could be considered sufficient as the pres-
ent study practically deals with the simulation of a typical cross section with no horizontal transi-
tions. The simulation procedure was applied in two characteristic profiles (Loupasakis & Rozos,
2009). Combining the geological and hydrogeological setting, the maximum depth of the overex-
ploited confined aquifers ranges between 150 and 250m. Therefore, the two typical profiles of 150
and 250m were considered for the simulation of the subsidence phenomenon. The alteration and the
thickness of the simulated geological formations is clearly presented in figure 5 and in table 1 and
it is identical in both profiles. The only difference is that in the 150m deep profile the bottom lay-
ers are missing. The width of the typical profiles was selected to be approximately three times big-
ger than their depth. Standard horizontal and vertical fixities were applied. The coarseness of the
mesh was also selected to be fine in order to fit the narrow geological layers (Fig. 5). 

The reevaluation of the available geotechnical data (Andronopoulos, 1979, Andronopoulos et al.,

Fig. 5: Cross section of the simulated 250m deep profile. The numbers correlate the soil data set parameters
presented in table 1 with the horizons. 
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1990) proved that the appropriate model for the simulation procedure was the elastic – perfect plas-
tic model based on the Mohr – Coulomb failure criterion (Mohr – Coulomb model). The final val-
ues of the mechanical parameters selected for the simulation of the geological formations are
presented in Table 1. 

As mentioned, the piezometric level in the majority of the deep wells constructed in Kalochori re-
gion in 1955 was over the surface. Therefore, for the configuration of the models’ initial pore pres-
sure the confined aquifers’ piezometric surfaces were set 5m over the ground surface. On the
contrary, the water table depth of the unconfined shallow aquifer was set 5m below the ground sur-
face and it was kept stable during the entire calculation procedure. Furthermore, a close flow bound-
ary was applied at the base of the profiles.

The simulation procedure was divided in five calculation phases. During the first calculation phase,
the piezometric level was reduced from +5m to -10m and during the next phases the level was in-
creasingly reduced 10m reaching down to the maximum depth of -50m. The maximum piezomet-
ric level drawdown recorded during the years was 37m. In addition, the models were set to calculate
the effect of an extra 10m piezometric level drawdown, from -40 to -50m, in order to study the ef-
fect of a hypothetical future development of the phenomenon. The calculations were carried out
using the ``plastic analysis`` procedure – a typical elastic-plastic deformation analysis defined by the
selected calculations model. Because of the slow deformation rates, it was considered that no excess
pore pressure conditions were generated so the ``drained behavior`` setting was selected. The grad-
ual reduction of the piezometric surface was applied by means of the ``stage construction`` routine. 

Table 1. Soil data sets parameters.

Parameter
Yellow-brown

sands 
(1)

Black-gray
silty sands 

(2) 

Brown sands
and silty sands  

(3)

Black-gray
silty sands 

(4)

Brown sands
and silty sands 

(5)

Brown sands
and silty sands 

(6)

Depth (m) 0-10 10-35 35-40
40-50, 

65-70, 110-
120, 170-180

50-65
70-110, 

120-170,
180-250

Type Drained Drained Drained Drained Drained Drained

γ (kN/m³) 18,50 16,00 19,50 17,50 18,50 19,50

γsat (kN/m³) 20,60 17,50 22,00 19,80 20,60 22,00

kx (m/day) 8,93 0,638 8,93 0,638 8,93 8,93

ky(m/day) 8,93 0,638 8,93 0,638 8,93 8,93

Eref (kN/m²) 16668 5400 19164 11250 16665 18570

v (-) 0,25 0,20 0,25 0,25 0,25 0,30

Gref (kN/m²) 6666 2250 7667 4500 6668 7142

Eoed (kN/m²) 20010 6000 22995 13501 19989 25005

cref (kN/m²) 10,00 60,00 35,00 80,00 10,00 40,00

φ (°) 38,50 7,00 40,00 15,00 38,50 40,00

Ψ (°) 3,00 0,00 5,00 0,00 3,00 5,00
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5. Simulation results

The simulation results indicated that piezometric surface downgrading to the depth of -40m caused
total deformations of -3.05 and -4.46m (Fig. 6) to the 150 and 250m profiles, respectively. The de-
formations are in good agreement with those observed in the wider Kalochori region. 

Except for the total displacements, the simulation procedure allowed the evaluation of the gradual
piezometric surface downgrading effect and provided a complete set of displacement, strain, stress
and pore pressure values for the various calculation steps (table 2). Regarding to the stress and the
pore pressure values, the gradual reduction of the piezometric level causes a proportional reduction
of the pore pressures and an increase of the effective principal stress. The preserved balance be-
tween the pore pressures and the effective stresses keeps the total principal stress stable. This helps
understand the difference between the subsidence and the consolidation mechanism; the subsidence
could occur without the application of additional external loads and it appears to be the result of the
balance kept between the effective stresses and the pore pressure, when the water level drops.  

Although the gradual reduction of the pore pressure led to an expected increase of the displacements
(table 2), the rate of those deformations decreases in respect to the piezometric level redraw. As a
result, although the deformations keep on developing, they gradually slow down as the formations
reach to their maximum compaction level. 

Despite the gradual decrease of the deformation rate, it was estimated that a 10m additional reduc-
tion of the piezometric level, from -40 to -50m, could cause extra deformations of -0.46 to -0.79m
to the wider Kalochori region. Those deformations will cause problems to the embankments as in
several sections they exceed the sea level less than 1m. 

The step – vertical displacement graphs (Fig. 7) drawn for the various depths of the profiles, point out
the expected gradual reduction of the displacements in respect to the depth. The differences occurred
between the displacements in the various depths and through the same calculation steps, can be re-
lated to the emersion of the wells` pipes occurred in the wider Kalochori area. Therefore, as presented
in the 250m deep profile (Fig.7), the deferential vertical displacements between the points located at
the -10 and at -110m are 2.2m. This displacement could definitely justify the 0.9m emersion of the
100m deep well’s pipes presented in Fig. 2. Note that the differences between the estimated deferen-

Fig. 6: Deformed mesh of the 250m deep profile after the drawdown of the piezometric level 40m under the
ground surface.



tial displacements and the occurred emersion of the pipes could be explained by the fact that, before
the extraction of the pipes and because of their considerable weight, they should have statically pen-
etrated the underlying formations maybe for more than one metre before they started emerging. 
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Table 2. Maximum (Extreme) displacement, strain, stress and pore pressure values for the various
piezometric level drawdown calculation steps in both simulation profiles.

Piezometric
surface level

(m)

Maximum total
vertical

displacement  
(m)

Total phase vertical 
displacement 

(m)

Maximum effec-
tive principal stress 

(kN/m²) *

Maximum total 
principal stress 

(kN/m²) *  

Maximum active
pore pressure 

(kN/m²) *
Simulation 

Simulation profile reaching down 150m

-10 -0.735 -0.736 -1.68 103 -3.07 103 -1.40 103

-20 -1.55 -0.825 -1.77 103 -3.07 103 -1.30 103

-30 -2.36 -0.820 -1.86 103 -3.06 103 -1.20 103

-40 -3.05 -0.705 -1.95 103 -3.05 103 -1.10 103

-50 -3.50 -0.458 -2.04 103 -3.04 103 -0.996  103

Simulation profile reaching down 250m

-10 -1.08 -1.08 -2.85 103 -5.24 103 -2.39 103

-20 -2.25 -1.18 -2.94 103 -5.23 103 -2.29 103

-30 -3.40 -1.16 -3.03 103 -5.22 103 -2.19 103

-40 -4.46 -1.07 -3.12 103 -5.21 103 -2.09 103

-50 -5.24 -0.7845 -3.20 103 -5.19 103 -1.99 103

* Compression = Negative 

Fig. 7: Vertical strain – calculation steps curves presenting the development of the deformations in critical
points appointed at the bases of the layers forming the 250m deep profile. The vertical dashed lines point out
the final calculation steps of the various piezometric level (P.L.) drawdown steps.   
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6. Concluding remarks

Taking into consideration the results of the simulation the occurred excessive deformations can be
attributed mainly to the overexploitation of the confined aquifers. Besides the encouraging results
of the simulation, there are many other indications weakening the main theories of the, claimed by
many researchers, near-surface deformations. The lack of deferential settlements, even in the oldest
and the heaviest residential and industrial buildings, the development of the deformations in areas
completely unloaded by manmade surface structures, the unchanged hydrological conditions of the
shallow unconfined aquifer through the years, are some of the most important indications or facts
weakening the above mentioned theories. If the near – surface sands or organic silty sands were sus-
ceptible to intensive settlements, this could have affected the surface constructions and the defor-
mations could had been more intensive in areas occupied by residential or even more by heavy
industrial buildings. 

Concluding, the only way to reduce the deformation rate of the subsidence phenomena and protect
the Kalochori region from further deformations, is to decrease and control the quantities of the ex-
tracted ground water.  
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Abstract 

The coastal Byzantine wall of Kavala is located at the Panagia peninsula and it is founded on the
Simvolou granite. The granite rock mass appears to be fractured by joint sets with very high per-
sistence (>20m) and very wide spacing (60cm – 2m), forming large rock blocks. Further more, the
Panagia peninsula is intersected by numerous parallel normal faults, forming extended zones of in-
tensively fractured rock mass. Along the coastline the granite appear to be eroded by the sea waves,
forming small gulfs around the faults.

The Byzantine wall is founded along the edge of the fractured slopes forming the coast line of the
peninsula, arising issues about the safety of the historical construction. The joint sets form numer-
ous rock wedges with unfavourable orientation, many sections of the slopes are undercut by the
wave erosion and in the majority of the fault zones the rock mass presents intensive fragmentation. 

The above described condition of the rock mass was recorded in detail along the entire coast line
and all unstable sections were located. A full set of support measures was proposed for all un-
favourable sections aiming to the improvement of the geotechnical behaviour of the rock mass, con-
stituting the foundation formation of the Byzantine wall.

Key words: Rock slope stability, rock wedges, Panagia coastal Byzantine wall, Kavala

1. Introduction 

Castles were constructed for ages in morphologically isolated locations providing the necessary ad-
ditional natural defence. These locations besides their defensive advantage they leave these con-
structions exposed to the destructive powers of the nature. Rock slope stability problems, earth

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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sliding problems, wave erosion, wind erosion are some of the most common phenomena damaging
these historical monuments (Loupasakis & Georgakopoulos, 2009; Topal et al., 2007; Greif, 2006;
Donnelly et al, 2005; Kamh, 2005; Vlcko, 2004; Kolait & Koumantakis, 1991; Ghosh, 1990).  

Intense public interest for safeguarding such historical structures, requires the application of reme-
dial measures. Several cases prove that these measures are usually focused on the preservation of the
architectural character of the monuments, underestimating or overlooking the before mentioned ge-
ological – geotechnical problems. The destructions manifesting in some of these monuments prove
that, comprehensive and detailed engineering geological and geotechnical investigations should be

Fig. 1: Geological map of the peninsula presenting the location of the numerous normal faults recorded along
the slopes. The gulfs excavated, by the wave erosion, along the faults` zones are clearly presented. The loca-
tions indicated by the P1 to P13 signs refer to parts where slope stability problems occur.  

12 (3)
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conducted before remedial and corrective measures are proposed and applied.

The coastal Byzantine wall of Kavala is a typical example of monument that, besides the contro-
versial static sufficiency of the structure, several geotechnical issues arise concerning the stability
of the rock slopes bearing the wall. The Byzantine wall of Kavala encloses Panagia’s settlement
which is sited at the homonymous triangular peninsula (Fig. 1). The settlement is located 60m over
the sea level and its boundaries are clearly distinguished by natural and artificial structures, such as
the coastal wall, the slopes, the terrestrial wall and the byzantine aqueduct.

The main factor affecting the morphology of the peninsula and as a result the slope stability is the
wave erosion. These erosive procedures combined with the tectonic fragmentation formed the ver-
tical slopes bearing the wall. In several parts the slopes are intensively undercut, especially along the
major tectonic faults intersecting the peninsula vertically (Fig. 1). The erosion along the coastline
led to the formulation of repeated gulfs, reaching the base of the wall. Along the  west side of the
peninsula the erosive procedures are suspended because of the construction of an extended pier.      

This paper is based on the results of an extended study conducted in Kavala, aiming to locate un-
stable slopes into the urban environment of the city and to propose measures for the improvement
of the geotechnical behaviour of the rock mass. During the study the slopes surrounding the Pana-
gia peninsula were analysed in details, providing substantial data for the condition of the rock mass
and for its effect on the integrity of the overlay monument.     

2. Geological setting

The wider study area is formed by Simvolou granite, part of the Rodopi plutonic mass. Simvolou
granite is a big plutonic body sited to the SW part of Kavala prefecture, occupying an area of about
150 km2. The plutonic rock has been transformed under greenschist metamorphic phase. It is a gran-
ite – granodiorite, medium granuled and penetrated by a dense system of pegmatite and aplite veins.
At places it shows a porphyritic texture with phenocrysts of K-feldspar (orthoclase) bigger than 5
centimeters. Two mineral phases can be noticed in the rock, one igneous and another metamorphic
(IGME, 1973). 

The main systems of faults of the Rodopic mass have SW – NE and NW – SE direction. Panagia
peninsula is intersected by numerous parallel normal faults (Fig. 1), forming extended zones of in-
tensively fractured rock mass. The sub-horizontal shearing, the dense systems of joints and the per-
pendicular faults intersect the rock mass forming numerous wedges along the slopes of the peninsula. 

3. Rock slope stability problems

The stability of the rock slopes surrounding Panagia peninsula was examined taking under consid-
eration the joint sets and the faults intersecting the rock mass, the morphology and the orientation
of the slopes as well as the wave erosion effect and the location of the wall in relation to the slopes.
Based on these data the slopes were divided in two major categories a) the slopes along the west -
southwest part of the peninsula, protected from the wave erosion by the pier and b) the slopes along
the southeast part exposed to the sea action. 

The western – south western slopes present dip ranging between 45° and 90° and height extending
10 to 20m over the pier level. The Byzantine wall along several sections was founded close to the
edge of the slopes and as a result slope failures can effect directly the integrity of the monument (Figs
2 & 4). The stability problems are more intensive along the faults. The rock mass is fractured and



XLIII, No 3 – 1233

the wall was constructed in direct continuity with the slope. Even worse, in some places the wall was
constructed forming a bridge across the two sections of the fault (Fig 3 & 5B,C,D). Figures 2 to 5
present typical examples of sections appearing slope stability problems capable of effecting the
Byzantine monument. 

The statistical analysis of joint sets measurements, conducted along the slopes, proved that the rock
mass was intersected by 3 major joint sets: a) J1: 305/72, b) J2: 203/86 and c) J3:240/8. J1 and J2
are almost vertical, forming the slopes, while J3 is almost horizontal rising to the slopes. As ex-
pected, the joint sets are parallel to the main fault direction, 200/77 & 283/81, intersecting the penin-
sula (Fig. 1). Referring to the slopes, they are distributed in two main directions 272-302/65-90 and
202-216/45-85. 

Stability analyses conducted for the slopes with a dip direction 272°-302°, revealed that joints sets J1
and J2 form rock wedges rising along the slopes. These wedges tend to slide along the axis formed
by the intersection of the before mentioned joints, with an angle of 73°. The slopes appearing a dip
angle smaller than 73° are safe, as the rock wedges are self supported. On the contrary, the slopes with
a larger dip angle are unstable. These wedge slides can threat the Byzantine Wall only in cases where
the foundation of the wall was constructed close to the slope edge. Precisely, in parts where the foun-
dations were constructed in a distance smaller than half the height of the slope (Fig. 5E). Signs of over-
sized wedges that have already failed are visible in several parts of the slopes (Figs. 2, 4 and 6).  

The corresponding analyses conducted for the slopes with a dip direction 202°-216° proved that
those slopes are stable; no oversized rock wedges are formed (Fig. 5A). The only stability problems
can be expected by the falls of small rock blocks sited along the slope face.

Fig. 2: Location P1. A fault intersects the slope form-
ing a huge rock wedge and a wide fractured zone.
The Wall fills the gap between the two sections of the
fault.

Fig. 3: Location P4. An intensively fractured zone
caused by a fault. The wave erosion caused intensive
underexcavation to the slope. 
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The South-eastern  slopes present dip ranging between 45° and 90° and height extending 20 to 30m
over the sea level. The lower parts of the slopes are found into the sea, effected by the marine ero-
sion. The longest parts of the Byzantine wall are protected from the marine erosion and from the rock
wedge failures as they are founded far from the edge of the slopes.  However, along parts where the
slopes are intersected by numerous faults, erosion processes have formed small gulfs and the sea has
approached the historical construction, putting its foundation in danger (Fig. 7).

The statistical analysis of joint sets measurements, conducted along the slopes, proved that the rock
mass along the SE slopes was also intersected by the 3, before mentioned, major joint sets. Their
slightly changed orientation data are: a) J1: 294/87, b) J2: 205/79 and c) J3: 112/15. Referring to the
slopes, they are distributed in two main directions 102-122/75-90 and 205-216/30-55 and they are
also effected by the orientation of the major tectonic structures and the joints sets. 

Fig. 4: Location P2. An oversized rock
wedge that probably failed during the ex-
cavation of the small tunnel appearing at
the base of the slope, on the left side of
the picture. The extension of the failure
could very easily damage the Byzantine
wall.  

Fig. 5: Part P5. View of the slopes below Imaret mon-
ument intersected by the faults presented in the map of
Fig. 1. The deterioration of the rock mass along the
major tectonic lines cause serious rock slope stability
problems threatening the monument. The letters point-
ing the various unstable locations correspond to the
homonymous pictures (5A to 5E). 



XLIII, No 3 – 1235

Slope stability analyses applied to 205°-216° inclined slopes proved that there is no danger for rock
wedges sliding. On the contrary, J2 combined with the other joint sets, form rock fragments prone
to toppling. Therefore, the Byzantine wall’s stability is in danger only at the sites where it is founded
close to the slope edge. Correspondingly, slope stability analyses to the slopes presenting 102°-122°
dip direction verified that there is no prospect for plain or wedge failure occurrence. However, de-
spite J3 joint set’s low dip angle and J2 perpendicular development to the slope, J1 joint set orien-
tation appoint the slopes unstable to toppling.

Fig. 6: Part P6. Several rock wedges are
formed, to prevent them from sliding the un-
derexcavated rock blocks were sub founded
by the use of masonry walls – fills (lower
right corner of the picture).

Fig. 7: Parts P9 and P10. View of the slopes along the SE part  of the peninsula. Along the parts where the slopes
are intersected by numerous faults the marine erosion processes have formed small gulfs and the sea has ap-
proached the historical construction, putting its foundation in danger. E: A collapsed section of the wall is presented.



XLIII, No 3 – 1236

Concluding, the slopes sited at the SE part of Panagia peninsula are not prone to rock sliding. On
the contrary, toppling is likely to occur. Rock fragments of 2-3meters maximum height could top-
ple, especially in parts where their foot is undercut (Figs. 7, 8). These phenomena could damage the
historical monument at those areas where marine erosion has excavated rupture zones reaching to
Byzantine wall’s foundation. 

4. Proposed support measures

Along the slopes were located thirteen (13) parts with serious stability problems, able to effect the
Byzantine wall (Fig. 1 Parts P1 to P13). These problems are a) wedge or plain failures (Varnes,
1978; Koukis & Sabatakakis, 2007), especially along the W-SW slopes and the fault zones, b) top-
pling failures (Goodman & Bray, 1976), along the SE slopes and c) extensive underexcavation prob-
lems, especially along the unprotected by the pier SE slopes. Further more, random rockfalls were
recorded all around the peninsula, even along the stable parts of the slopes, because of the rock
blocks sited along the slopes. Those blocks were formed by the joints intersecting the rock mass
and they were displaced by the marine erosion and/or by the human activities. 

The proposed support measures aim to efface the rock fall danger and to protect the Byzantine wall,
by taking under consideration the monumental character of the site and the request for its minimum
aesthetic destruction (Loupasakis et al., 2009). 

In order to avoid the wedge, plane and toppling failures spot bolting and sub-foundation construc-
tions were proposed. To be more precise, the overhanging blocks could be supported by grouted
rock bolts installed in selected locations. The underexcavated parts could be supported by filling
the void with reinforced concrete constructions (buttresses, gravity walls etc.) camouflaged by stone
coating. As presented in fig. 6, sub-foundation constructions were also applied in the past.

The marine erosion of the slopes can be effaced by the installation of seawalls. These breakwater
structures can be constructed by granite boulders, fitting to the surrounding bedrock and causing
the minimum aesthetic distortion to the site. As presented in figure 7, the shallow sea, close to the
coastline, allows the installation of the boulders by using barges. Unfortunately, these structures are
going to block the small beaches formed along the gulfs. Small piers or narrow passages through the
breakwater structures can provide solution to the problem.

Fig. 8: Part P13. Underexcavated
slope along a fault scarp. The wall
was founded close to the edge. The
toppling or the rupturing of the rock
mass could cause extensive damages
to the monument.
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The random rockfalls recorded especially along W-SW slopes can be encountered by installing a
safety fence or a wide hedgerow along the base of the slopes. This conventional solution does not
obstruct the activities taking place along the pier because a small flowerbed has already been con-
structed and it only has to be upgraded. 

5. Conclusions – discussion

This case study clearly presents that the geotechnical problems occurring at slopes used as founda-
tion formations of castles could cause serious damages to the monuments. So, it is essential these
problems to be effaced before applying any other reconstruction projects. 

The modern techniques for improving the geotechnical behaviour of the geological formations  and of the
rock mass, in particular, can provide solutions without causing serious aesthetic distraction to the sites. 

The general conclusion that, the geotechnical problems should be effaced according to priority, could
be proposed to all monuments appearing geotechnical problems of all kinds (slope stability, land-
slides, settlement, subsidence etc.). 
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Abstract 

The paper deals with the engineering geological behaviour of rock masses in underground excava-
tions. In general, the application of the well-known classification systems has the drawback of not
displaying necessary information concerning the behaviour of rock masses, especially the weak
ones, in tunnelling. Consequently, there are many cases in which the geological “identity” of the ge-
omaterial is lost since it is not involved in the analysis. In that way it is possible that its special
characteristics are mislaid. Within this framework, a system for assessing the failure type mecha-
nisms of the rockmass (i.e. deformation due to overstressing, overbrakes or wedge failure, “chim-
ney” type failure, ravelling ground) for unsupported tunnel-section is presented. These parameters,
used for this system, are the structure of the rockmass, the intact rock strength and the overburden
thickness. The experience gained by the recent tunnelling construction in the Greek territory, under
particularly difficult geological conditions, provided excellent and numerous data for this study.

Key words: rock mass classification, tunnelling, weak rock mass, failure type

1. Introduction 

A sound and economical design of an underground excavation is based on the compilation of a re-
alistic geological model, the engineering geological characterization of the rock mass and the ap-
praisal of the in situ stresses and the hydrogeological conditions. Tunnelling in rock masses requires
instinct knowledge of the geomaterial since the features of mineralogical composition, lithology,
structure, fracturing, tectonic disturbance, weathering, and groundwater presence, vary and change
frequently with tunnel depth and makes the design a procedure with great particularities.

Tunnel design is a complex procedure and is composed of several stages. In the last decades, there
has been a rapid growth on the computational analysis of tunnels. Regardless to these present cal-
culative tools and friendly software the results must be carefully reviewed due to possible lack of
precision and parameter uncertainties. Hence, a clear understanding of the rock mass tunnel behav-
iour followed by the proper parameter specification should be a basic concern before final tunnel de-
sign analysis.

There are no clear solutions on this approach. Nowadays, the role of the geological material in the
design is improved with the progress of the investigation methods, the advancement of the geot-
echnical classification systems and the consequent quantification of the rock masses. All these are
crucial to the tunnel design. On the other hand, the wide use of the well known classifications (GSI,
RMR, Q or others) may guide to reverse or misleading results, namely the by-pass of basic geolog-
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ical and mechanical principles, which consist the fundamental background for the geotechnical de-
sign. The use of the geotechnical classification systems, as proper as it may be done, is confined to
the quantification of the rock mass without any consideration on the behaviour that the geomaterial
“prefers” when excavated. The behaviour in tunnelling may differ from rock mass to rock mass,
even if they have the same characterization value, under the same stress field and hydrogeological
conditions. An example of two equally classificated rock masses with the GSI and RMR systems but
with completely different behaviour after their excavation, is shown in figure 1.

What is highlighted in this paper is that the classification “numbers” must be also supported, in an
engineering friendly way, by the engineering geological behaviour, namely the type and the mech-
anism of failure that “fits” best to the rock mass under consideration. Otherwise, the geological iden-
tity of the geomaterial is lost, while any in situ particularities which can be crucial to the tunnel
instability may be disregarded.

Rock mass behaviour appraisal in tunnelling and its connection to the design has been the subject
of significant research interest. Goricki et al. (2004), Schubert (2004), Poschl and Kleberger (2004)
and Potsch et al. (2004) study the rock mass behaviour from the design and construction experience
of the Alpine tunnels and Palmstrom and Stille (2007) of other tunnels.

In this context, a database named “Tunnel Information and Analysis System” (TIAS), was designed and
created (Marinos et al., 2006) for Greek tunnels. A huge number of geological, engineering geological
and geotechnical data from the site investigation, design and the construction of 62 tunnels of Egnatia
Highway in Northern Greece were considered. The data from this information, together with relevant
field work, were processed and evaluated by numerous correlations. This work resulted to a classifica-
tion and a tunnel behaviour system is proposed. The results of this research intend to assist to the selection
of the appropriate design parameters and the conceptual choice of the support measures.

2. Engineering Geological Behaviour in Tunnelling

2.1 General

Failures or instabilities are certainly an undesirable phenomenon to tunnel construction. Neverthe-
less, they express the most accurate “method” to confirm or re-evaluate the geotechnical model and
thus use the appropriate design tools. The term instability mechanism-behaviour as referred here in-
volves all the mechanisms that endanger the tunnel section either when the rock mass has not been
yet supported after its excavation or temporarily supported behaving together with the support shell.
In this paper, the reaction of the rock mass immediately after its underground excavation and before
the support implementation is examined. Thus, the engineering geological characteristics – keys to
the tunnel stability are of great importance.

2.2 Design methodology

A design methodology for this approach is proposed by Goricki et al. (2004) and Schubert (2004),
a section of which is studied here. The first step of this methodology involves the definition of rock
mass types, the second the evaluation of rock mass tunnel behaviour, the third step suggests the set-
ting of the tunnel excavation-support system based on the previous behaviour with the inclusion of
the geotechnical parameters, the fourth the detection of unified characteristics-sections of equal sup-
port requirements along the tunnel and final the fifth step the determination of the excavation and
support categories qualified to cost and time terms (organization of the tender documents). This
paper focuses on the second and third step.
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The rock mass behaviour, in a non urban environment, from the excavation of 62 tunnels in north-
ern Greece, was examined for the purpose of this research.

2.3 Tunnel Behaviour Types

A tunnel behaviour assessment in order to assist to the design parameter selection and the support
elements selection is presented hereafter. Τhe behaviour type must be precise and solid. This can be
achieved initially by the recognition of the general failure category, referred mainly as gravity and
stress controlled and then by a more specific inspection in each category.  Normally, there are cases
when both general categories may be applied. Tunnel behaviour types are presented and briefly de-
scribed in figure 2. It should be noted that deformation problems are estimated by the ratio of the
uniaxial rock mass strength to insitu stresses, σcm/po (Hoek and Marinos, 2000). 

Fig. 1: Example of two equally rated rock masses with the GSI and RMR system but with completely differ-
ent behaviour in tunnelling and supporting measures.
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3. Tunnel Behaviour System

3.1 Methodology

The assessment of the engineering geological behaviour of the rock mass was done with a certain
method-philosophy. The first step involves the understanding of the possible tunnel failures-behav-
iour, as far the mechanism is concerned. The next step was to define all the possible rock mass types
for several formations which were identified by specific engineering geological characteristics af-
fecting their behaviour. These types where recognized along the 62 tunnels which were investigated,
together with their design parameters. The following stage involved the grouping of the support cat-

Fig. 2: Brief description and schematic presentation of the tunnel behaviour types (based on data from Potsch
et. al., 2004 and from the author)
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egories for a number of rock mass models and a variety of insitu conditions. At the same time, a com-
parison of the rock mass behaviour after its excavation was done, in order to compare it with the de-
sign. In the next step, the effort was focused on handling the construction records. The data were
justified by field work and in situ inspections and the behaviour was classificated for every rock
mass type. Finally, the temporary support measures philosophy and principles for a certain behav-
iour type was assessed.

3.2 Rock mass behaviour assessment

The demand for classificated geological information, directly linked to the design and tunnel sup-
port measures to be applied, guided to a system for the assessment of the failure type mechanisms
and behaviour of the rock mass for unsupported tunnel-section, based on the structure of the rock
mass, the intact rock strength and the thickness of the overburden.

The suggested system, called Tunnel Behaviour Chart (TBC), is shown in figure 3. The scope of this di-
agram is to provide the logic and failure mechanism of several rock mass types often met in nature. It
is noted that in the chart there are no quantified limits-ranges of the uniaxial compressive strength of the
intact rock (σci) and the overburden thickness (H), but only qualitative of high and low values. However,
some general quantified limits for σci and H for each GSI structure column are presented in table 1.
These values although, based on reasonable trends, should only be considered as purely indicative. 

The data of this assessment were based on the excavation of tunnels with the conventional method with
top heading and bench in a non-urban environment with an overburden, less than 600m. The philoso-
phy of the Tunnel Behaviour chart becomes more comprehensible if we acknowledge the following:

• The rock mass structure is a basic parameter to estimate its immediate response in underground ex-
cavation. The pattern of structures of the GSI system was selected.

• Overburden thickness H is an other principle parameter to access the behaviour type, since it is in con-
junction to the insitu stresses and the general confinement conditions. The behaviour types that were
examined are referred to tunnel construction under a cover of 30m to 300m (a case around 600m was
also included). For the gravity driven failures, tunnel depth can determine the extent or restrain of a
failure, since the degree of interlocking between the rock blocks changes and the confinement pres-
sure is different. For example, a ground may ravel (Rv) close to the ground surface but under higher
cover a chimney type (Ch) failure may be observed. As far as the stress controlled behaviour is con-
cerned, overburden thickness H defines when shear failures and deformations are generated. 

• Intact rock strength σci values that were involved in the design of those tunnels, ranged between 5 to
40 Mpa. The selected extreme values that nominate the rock mass behaviour are based in two criteria:
i) the value when shear failures and deformations initiate and ii) the value which accords best with the
present deformational characteristics of the rock mass structure (e.g. fractured, brecciated, sheared). 

The surface condition of the discontinuities, the second composite of GSI system, mainly affects the
intensity of the failure phenomenon and is not accounted to the behaviour type definition. Only few
are the cases where surface quality can accommodate a behaviour type. For example, high clay pres-
ence along the discontinuities or as a zone in the rock mass may shift the gravity driven behaviour
types to the vertical axis of the chart (e.g. from Wg [9] to Ch [13]). Groundwater presence does not
affect the behaviour type but affects the factor of safety. However, in some cases, like in “Disinte-
grated” rock mass, the groundwater presence may “shift” from a Chimney (Ch) or Raveling (Rv) be-
haviour type to Flowing ground (Fl) type. 
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Stress controlled failures: The development of remarkable deformations around a non-urban tunnel
is characterized by a ratio of σcm/po <0.6-0.7 (Hoek and Marinos, 2001). In particular, when σcm/po
is among 0.3 and 0.7, shear failures can propagate in a shallow zone around the tunnel perimeter (Sh
behaviour). Such cases concern rock masses with poor to very poor structures and low intact rock
strength (<10-15Mpa) under medium overburden or with good structures and low intact rock strength
under high cover. Squeezing conditions (behaviour Sq) with severe tunnel deformations may de-
velop when σcm/po <0.3.

Fig. 3: Tunnel Behaviour Chart (TBC): A system for rock mass behaviour assessment.
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Gravity controlled failures: Gravity driven failures can take place when a rock mass is fractured in
planes and is formed by blocks. When these blocks are revealed after the excavation they may fall
or slide, according to the tunnel geometry and the shear strength characteristics of the discontinuity
planes. Chimney (Ch) and raveling (Rv) types can take place in rock masses with low interlocking
of blocks. The rock mass cannot “bridge” immediately after the fall and the overbreak may be ir-
regular and significant. Volume and frequency of these behaviour types depend on the structure of
the rock mass (“Blocky-Disturbed” and “Disintegrated”), its relaxation (“open structure”) and the
tunnel depth, since it will improve the rock mass quality and the confinement pressure which may
tighten the structure of the rock blocks.

4. Tunnel support measures – Design philosophy

The design of the temporary support categories consists of two stages: the selection of the proper sup-
port elements and their analysis. The general concept and the selection of the elements lie on the un-
certainty of the engineering geological behaviour of the rock mass. This procedure is very important,
since there are cases where a specific behaviour cannot still be accurately. That is why the decision is
frequently based on the experience and the geotechnical appreciation and less on analytical solutions. 

Thus, in conjunction with the tunnel behaviour system, presented in the previous paragraph, this
study concluded also to a step-by step procedure towards the design. This approach initiates after the
definition of the rock mass types along the tunnel and the evaluation of the geological and insitu con-
ditions. The rock characteristic – “keys”, which dictates the stability or instability of the tunnel, are
then assessed. The behaviour of the rock mass after its excavation in an unsupported section is then
investigated and the design philosophy is defined. After the identification of the failure mechanism,
the suitable design parameters can be selected. Finally, the tunnel support philosophy and the re-

Table 1. General indicative quantified ranges for σci and overburden thickness (H) and GSI val-
ues for every tunnel behaviour type (1-24) from the Tunnel Behaviour Chart of figure 3.

TBC Case GSI value range GSI Structure σci (MPa) Overburden thickness
H (m) limit

1, 3 70–80
Intact

<15
150

2, 4 70–90 >15

5 50–60

Blocky

10–15 20–150

6 50–80 >15 <150

7 50–60 <15 >150

8 50–80 >15 >150

9, 11 35–55
Very Blocky

10–15
100

10 – 12 40–60 >15

13, 15 25–45
Blocky – Disturbed/Seamy

<15
70

14, 16 30–50 >15

17 – 19 15–35
Disintegrated

<15
70

18 – 20 35–45 >15

21, 23 15–25 Disintegrated <10
70

22, 24 15–35 Laminated/Foliated/Sheared >10
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Fig. 4: Rock mass characterization method in tunnelling towards the design (Sheet 1/2).
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Fig. 5. Rock mass characterization method in tunnelling towards the design (Sheet 2/2)
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maining risk are reported. This method of rock mass characterization in tunnelling is presented in
two sheets with a given example in figure 4 and 5.

5. Conclusions

The use of rock mass classification systems and the resulting quantitative characterization of rock
masses cannot directly correspond to their behaviour in underground excavations. Great care should
be given to the assessment and sound understanding of the engineering geological behaviour types,
prior to tunnel design and analysis. That is to identify the possible failure modes and nature of prob-
lems which is expected for the particular rock mass type. In that order, the selection of the tunnel sup-
port elements and characteristics together with the evaluation of the geotechnical properties can be
soundly assessed from the beginning. Hence a more realistic design along the tunnel can be performed.

A methodology where the rock mass behaviour integrates to the tunnel design procedure is sug-
gested. For this methodology, the basic step is to identify the “key” engineering geological charac-
teristics, which control instability potential of the rock mass. Towards this direction a system for the
tunnel behaviour assessment is presented based on the rock mass structure, the intact rock strength
and the overburden thickness.
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Abstract 

The paper deals with the geotechnical classification of weak and complex rock masses. The
complexity of these geological material demands a more specialized research and geological
characterization due to the special features of their rock mass types regarding both their struc-
ture and their lithological characteristics. The weak and complex rock masses under consid-
eration, often heterogeneous and containing rocks of extremely low strength, have in most cases
undergone highly tectonised disturbance resulting in the destruction of their initial structure,
while weathering can be another particular feature. The geotechnical types and their charac-
terization of rock masses that can be developed in flysch, molasse, brecciated limestone, ophi-
olites and disturbed or weathered gneiss are studied here. In order to describe these masses in
a quantitative way and provide numerical values to engineering design, new or revised rock
mass classification diagrams are introduced within the general concept of the GSI system, or
specific projections inside the existing GSI diagram are proposed The fundamental source for
this research was data from the design and construction of 62 tunnels of Egnatia Highway ap-
propriately assessed, processed, correlated and associated with field work.

Key words: rock mass classification,GSI,weak rock mass, flysch-molasse,ophiolites, gneiss

1. Introduction 

The last decades there has been a rapid development on almost all the stages of a geotechnical
design in engineering construction. Analysis and computational methods are the fields where
great advance has been made. However, regardless the great capabilities offered by the present
computational tools, the results are still encountering uncertainties due to the difficulties in
defining design parameters. Hence, the basic attention should be focused on the definition of
the geotechnical parameters and on the engineering geological behaviour of the rock mass.

Estimation of rock mass properties can be achieved by one of the following methods: a) labo-
ratory testing, b) in situ testing, c) use of rock mass classifications (GSI, RMR, Q, etc.) and d)
back analysis. However, in laboratory, samples are not representative of the rock mass due to
the disturbance, jointing and the heterogeneity of most formations. Additionally, it is often not
realistic or always feasible to carry out in situ tests. Back analysis, is the best way to estimate
the geotechnical parameters, but only when construction has started, by evaluation of the de-
formation measurements and it can be used to validate or modify the parameters used. To esti-
mate reasonable geotechnical parameters for the design before engineering construction, where

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
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back analysis is not possible, there is no option but to rely upon the use of a rock mass classi-
fication scheme - system of rock mass quantification that is correlated with the basic parame-
ters needed for the design. These systems must cover a wide range of geological conditions,
including the weak and complex ones which have more particularities. Though, in order to
avoid the by-pass of basic geological and mechanical principles, these “numbers” must be also
supported by the engineering geological behaviour, namely the type and mechanism of failure
that “fits” best to the rock mass according to the engineering project.

The base of this research was a database named “Tunnel Information and Analysis System”
(TIAS) established in the frame of the PhD research of the author (Marinos, 2007). Through this
data base, a great number of geological, engineering geological and geotechnical data from the
design and the construction of 62 tunnels of Egnatia Highway in Northern Greece were
processed. These data, in conjunction with relevant field work, was evaluated by numerous
correlations and observations and a result of this research was the extension or re-evaluation of
the geotechnical classifications in the field of weak and complex rock masses. The rock masses
presented in this paper are those of flysch, molasse, particular cases of limestones, ophiolites
and disturbed – weathered gneiss.

2. Geotechnical classifications

The demand for rock mass classification becomes perceptible when laboratory testing was not
adequate to cover the geotechnical perspectives of a rock mass. After Terzaghi’s 1946 classifi-
cation for loads on tunnels, in the middle of 70’s the RMR (Bieniawski, 1973) and Q (Barton
et al., 1974) classification systems were introduced. These systems were developed in order to
provide tunnel support requirements for simple failure mechanisms controlled by sliding and
rotation of intact rock blocks, through a rating of rock masses. Though, with the rapid growth
of calculation and design tools, where progressive failures and temporary support measures
can be analysed, the need for solid rock mass parameters became more than ever required. The
failure criterion created by Hoek and Brown in 1980 to estimate the rock mass strength pa-
rameters is thus strongly connected to the Geological Strength Index (GSI), covering a wide
range of geological conditions, including some weak rock masses like foliated and sheared
(Hoek et al., 1998). The system was also extended to heterogeneous rock masses, such as fly-
sch by Marinos and Hoek (2001). 

3. Geotechnical classification of weak and complex rock masses

The weak rock masses that are examined in this study are generated by tectonical compression
or weathering. Cases, where the decreasing of the quality is expressed on the rock mass scale and
not necessarily on the primary low intact rock strength is thus presented. The initial intact rock
strength before any disturbance can be either low or high. A complex rock mass is referred here
as the one that displays evident lithological, structural and geotechnical heterogeneities and non
-uniformities in macroscopic scale (scale of meters). The great number of geotechnical investi-
gations and the experiences gained from tunnelling in Greece offered plenty of data concerning
the engineering geological conditions of several formations and thus enabled their distinction in
rock mass types and their quantification. As a result, new or revised GSI charts for weak and
complex rock masses are presented in this paper based on PhD results (PhD, Marinos, 2007). In
particular, these diagrams are for heterogeneous rock masses such as flysch, molassic forma-
tions, disturbed and weathered gneiss and projections for ophiolites and limestones.



XLIII, No 3 – 1250

3.1. Geotechnical classification of heterogeneous rock masses such as flysch

Flysch formations are generally characterized by diverse heterogeneity, presence of members
with low strength geomaterial and tectonically disturbed structures. In order to investigate the
rock mass properties of flysch, 12 tunnels driven in various geological environments were ex-
amined. Flysch formations are classified here to 11 rock mass types (I to XI) according to the
siltstone-sandstone participation and their tectonic disturbance.

A new GSI diagram for heterogeneous rock masses such as flysch is presented, where a certain
range of GSI values for every rock mass type is proposed (figure 1). The 2001 chart (Marinos
and Hoek, 2001) is been revised here with modifications in values and with additions of new
types often met in nature. In the new diagram, GSI values are increased from 10 to 35 units for
the “Blocky” to “Undisturbed” structures, respectively, particularly for the siltstone type. The
high presence of siltstone beds does not decrease the GSI value, but only in the highly disturbed
forms. When rock mass is undisturbed or slightly disturbed, independently of siltstone or sand-
stone predominance, GSI ratings have to be considered much higher. This was confirmed in tun-
nel construction, where lighter temporary support categories (correlated with high GSI values)
were implemented and experienced marginal measured deformations. Hence, the selection of the
structure should be initially based on the tectonic disturbance (from undisturbed to sheared rock
masses), then on the proportion of siltstones against sandstones and finally on the expressed or
not bedding stratification inside the siltstone layers. One more addition in the GSI chart is the

Fig. 1: A new GSI classification chart for heterogeneous rock masses such as flysch.
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bedding thickness consideration of the competent sandstone beds. In the type IV and V (slightly
disturbed structures) when the thickness of sandstone beds exceeds 50cm, an increase of the
GSI value by 5 is suggested. It is noticed that for the non disturbed types anisotropy is present
due to the bedding planes and in analysis this fact should be taken into consideration.

In addition to the GSI values, it is necessary to consider the selection of the “intact” rock prop-
erties σci, mi and Ei for the heterogeneous rock masses considered as a unit. Α ‘weighted av-
erage’ of the intact strength properties of the strong and weak layers is proposed in Table 1.

3.2. Geotechnical classification of molassic rock masses

Molasse is quite different from flysch, although both are consisting of same lithological types,
since molasse is formed after the orogenesis, and did not suffer from compressional tectonics.
The proposed GSI chart for molasses can be of general application to all formations consisting
from alternations of sedimentary rocks not associated with significant tectonic disturbance,
though this chart was based on the observations from the excavation of 12 tunnels along the Eg-
natia highway in molassic formation. The GSI chart for molasses has already been published
(Hoek et. al. 2004) but is included in this paper in order to be compared and distinguished from
the flysch chart.

As the molasse strata were formed after the main orogenesis, the deterioration of the quality of
their rock mass is limited. Only in few cases the molassic formations may be deformed and pres-
ent thrusts due to the final advance of tectonic napes but such a decrease of their quality is lo-
calized.

The siltstone (or marly) members are very vulnerable to weathering and a development of fis-
sility parallel to the bedding when these rocks are exposed or are close to the surface may be
developed. Thus in outcrops they appear thinly layered and when they alternate with sand-

Table 1. Suggested proportions of values for each flysch rock type to be considered for the “intact
rock” property determination (σci and mi) (based on Marinos and Hoek, 2001)

Flysch type Proportions of values for each member of rock type to be considered for the weighted
“intact rock” property determination

I, III Use values for sandstone beds

II Use values for siltstone or shale

IV Thin beds: Reduce sandstone values by 10% and use full values for siltstone
Thick beds: Use equivalent values for siltstone and sandstone beds

V Reduce sandstone values by 20% and use full values for siltstone

VI Use values for siltstone or shale

VII Reduce sandstone values by 20% and use full values for siltstone

VIII Reduce sandstone values by 20% and use full values for siltstone

IX Use equivalent values for siltstone and sandstone beds according to their participation

X Reduce sandstone values by 40% and use full values for siltstone

XI Use values for siltstone or shale
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stones, their appearance resemblances to flysch. This appearance in outcrops can be mislead-
ing when considering the behaviour of these molassic rocks in a confined underground envi-
ronment in which the process of air slaking is restricted and the rock mass is continuous and
massive without any sign of stratification or schistosity inside the siltstone beds.

As a result, molassic rock masses have dramatically different structure when they outcrop or
are close to the surface as compared to those confined in depth, where bedding planes, espe-
cially the siltstone ones, do not appear as clearly defined discontinuity surfaces. In such cases
the use of the fundamental GSI chart reproduced in Fig. 2, is recommended and the zone des-
ignated M1 of a value of 50–60 or more is to be applied. If no discontinuities are present, GSI
values are very high and the rock mass can be treated as intact with engineering parameters
given by direct laboratory testing. When fault zones are encountered in depth, the rock mass
may be highly broken but it will not have been subjected to air slaking. Hence the fundamen-
tal rock GSI chart given in Fig. 2 can be used but the GSI value will lie in the range of 25–40
as shown by the selected area M2. 

Fig. 2: GSI classification chart for molassic rock masses in depth (applicable for tunnels)
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In surface, the heterogeneity of the formation is discernible and similarities exist with the struc-
ture of some types of flysch. Hence the GSI chart for heterogeneous rock masses such as flysch
can be used with the exclusion of sheared and disturbed types and with a slight shifting to the
left of the flysch chart categories, as the molasse is always less disturbed. This version of the
chart, for fissile molassic rocks (M3–M7 designations), is presented in Fig. 3. 

Fig. 3: GSI classification chart for molassic rock masses in surface (applicable for surface excavations)

Fig. 4: GSI classification chart for limestone rock masses, including tectonically disturbed rock masses,
with or without claystone, siltstone or chert intercalations.
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3.3. Geotechnical classification of brecciated limestone formations 

Limestones, in general, are neither weak nor complex formations. Though, if they are depressed
in great areas by thrusting and tectonic rugs, poor rock masses can be produced. The rock mass
is disintegrated with no remains of the initial structure due to the brittle behaviour of the lime-
stone blocks. Two tunnels in heavily fractured limestones and three others in normal geotech-
nical conditions were examined in this study.

The rock mass quality may thus be poor to very poor because of the disintegrated structure
which is characterized as heavily broken with a mixture of angular and rounded pieces (type G
in fig.4). The RQD of such rock mass is zero (RQD=0) although a good frictional strength may
be present. Cohesion is absent except if cemented material is present. In these cases the GSI
value ranges from 30-45. In case of heavily broken limestone, with high clay presence along
the joints (type H), where the pieces are not in contact and have very poor interlocking, the
friction properties of the rock mass is significantly reduced. The rock mass is characterized as
disintegrated with very poor surface condition with GSI values between 15 and 25.

Thin to medium bedded limestones, when are tectonically undisturbed (unfolded-slightly frac-
tured) they present highly tight structure (type B) with “sewed” bedding planes. In such cases,
rock mass is characterized as “Blocky” with “Good” to “Fair” surface conditions and is thus
rated form 55 to 70. These values were confirmed after tunnel excavation where very light sup-
port measures were applied (GSI design value >55). In design analysis in low stress environ-
ment structural instability will be the failure process and the GSI is not applicable. In high
stress GSI can be approximately used taking into account however the anisotropy provoked by
the bedding planes.

In case of claystone or siltstone intercalations in a folded-highly disturbed rock mass, the struc-
ture is less tight due to the poor contact of the blocks with different deformational characteris-
tics (the plastic members are sheared and the limestone beds are broken and cannot follow the
same deformation pattern) and the parallelism between the bedding planes is limited. 

3.4  Geotechnical classification of ophiolitic rock masses

Ophiolites often associated with subsequent overthrusts, contain a variety of rock types with ge-
otechnical qualities varying from excellent to fair, becoming poor to very poor when serpen-
tinisation is extensive and/or shearing present. The main included types are peridotites, gabbros,
peridotites more or less serpentinised, serpentinites, schisto-serpentinites, sheared serpentinites,
pillow lavas and chaotic masses in ophiolitic melanges. A high degree of serpentinisation to-
gether with the intensity of shearing may result to a mass where is difficult to identify any ini-
tial texture or fabric. This study is based on field data from outcrops, cuts in slopes, borehole
cores and tunnel excavations (7 from Egnatia Highway) and from various significant ophiolitic
complexes and melanges in northern and central Greece. A GSI chart is already published
(Marinos et al 2005), but it is reproduced here together with the other new charts in order to in-
clude all charts of complex rock masses in the same paper, but also since an other type of rock
mass is added.

Peridotites are strong and behave as typical brittle materials. Their tectonic disturbance is ex-
pressed in terms of intersecting joint sets. The range of GSI for peridotitic types of rock masses
in an ophiolitic complex is shown in Fig. 5 (areas I and II). Serpentinisation can be present on
the surface of discontinuities and the conditions of the joints are dramatically reduced to poor
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or very poor with coatings of “slippery” minerals such as serpentine or even talc. When the
rock mass is jointed or fractured the GSI values drop as low as 35, not only due to a disturbed
structure but also because of the conditions of the discontinuities, which become smooth and
slippery due to serpentinisation. In a disturbed peridotitic mass, the serpentinisation process
often loosens and disintegrates parts of the rock itself, not only contributing to lower GSI val-
ues but also reducing the intact strength values. Such disturbed peridotites fall in the lower
bound of area II of the GSI diagram of Fig. 5.

If the process of serpentinisation is due to autometamorphism and/or associated with tectonic
thrust, the rock mass is poor, with a schistose disturbed structure which may reduce the GSI to
values to 30 or less (area III in the GSI diagram of Fig. 5). In the sheared zones of serpentinites
there is a lack of blockiness, which allows the rock to disintegrate into slippery laminar pieces

Fig. 5. GSI classification chart for ophiolitic rock masses
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and small flakes of millimeters in size. GSI values can drop to less than 20 (Fig. 5, area IV). 

When the serpentinisation, due to weathering, has affected all the mass, in addition to the reduc-
tion of the intact strength there is a dramatic disintegration of the structure of the rock mass too.

In ophiolitic melanges, where rocks of the ophiolitic sequences are mixed in complete disorder
with other rocks of various origins (flysch formations, chert and other), the rock mass is disturbed-
folded or disintegrated (when peridotites have mainly blocky nature and not laminar – foliated
form) or sheared-foliated and, thus, low to very low GSI values are assigned (area V in Fig.5).

3.5 Geotechnical classification of tectonically disturbed and weathered gneiss rock
masses

Fresh gneiss forms evidently very competent rock masses with minor problems in geotechni-
cal works. However, in certain geological conditions gneiss can produce poor to very poor rock

Fig. 6. GSI classification chart for gneiss or petrographically similar rock masses 
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masses. This environment is produced by intensive and sequent tectonic disturbance and thus
weathering and alteration is favored in various degrees and depths. 

In such conditions, the intact rock and rock mass strength present a wide range in values and
the behaviour in ground works can be from simple to extremely problematic. Six tunnels along
the Egnatia highway were investigated in a gneissic environment.  In a disturbed tectonically
environment, the complexity in gneiss rock mass, due to intense weathering (alteration of
feldspars to clayey minerals) and fracturing, is characterized by erratic geometry to all direc-
tions. Here, the simple common case that the fracturing and weathering is gradually reduced
with depth does not exist.

Thrust zones with brittle deformation encounter highly broken and weathering geomaterial,
which can have significant thickness (up to 10m) consisting of remains of friable pieces in a tex-
ture governed mainly by clayey-sandy weathered product. On the other hand, gneiss rock
masses can also be deformed in a ductile like manner when the initial structure is schistosed
under high stresses (structures recognized along the base tunnels in Alps).

A decrease in the GSI value is proposed for the gneissic rock masses in order to consider more
appropriately the weathering effect.  By the comparison of the classifications and the tempo-
rary support categories between the design and the construction records, it was shown that this
decrease lies to around 10 units. However, the use of this numerical difference must be care-
fully done due to construction issues, like for example the procedure to connect a classification
value with the support category selection. Of course, this difference could also be due  to the
application of heavier support demand due to frequent over-brakes, like chimney type failures
and not due to stress controlled problems. Nevertheless, the wide application of heavier sup-
port systems between similar geotechnical conditions, corresponding to a difference of 10 units,
in all the tunnels and the geological concept described before, agreed to this diversity.

The new GSI chart is thus proposed for gneiss or rock masses with similarities in weathering,
as the granite. This chart maintains the basic structures but the surface conditions of joints are
replaced by the weathering grades (from Fresh-grade I to Completely Weathered- grade V,
Brown, 1981). This is associated with a new calibration and the substitution of the straight lines
of the fundamental chart with curved lines, bended to the left side of the chart.. As the weath-
ering degree increases to the right, bending is increased as well. In the first column, where the
rock mass is not weathered (category I), the calibration lines remains the same and GSI values
do not change. The Decrease in GSI values starts from “Slightly weathered” (category II) rock
masses and becomes higher (around 10 units) in “Completely weathered” rock masses (cate-
gory V) with a “Blocky-Disturbed” or “Disintegrated” structure. However, a number of un-
feasible geologically conditions (e.g. “Very Blocky” and “Highly weathered” rock mass) must
be excluded from the GSI chart. 

4.  Conclusions

This paper deals with the geotechnical classification of weak and complex rock masses such as
flysch, molasse, gneiss (in its disturbed form), ophiolites and particular cases of limestones
The complexity of these geological material imposed a more specialized research for their ge-
ological characterization due to the special features of their rock masses regarding both their
structure and their lithological characteristics. The weak and complex rock masses analysed
had either undergone highly tectonised disturbance resulting in the destruction of their initial
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structure or/and weathering. They include in many cases an inherent heterogeneity with mem-
bers of low strength.. The experience gained by the recent excavation of 62 tunnels in the Greek
territory, under particularly difficult geological conditions, provided a great number of data,
which were processed in a geotechnical database. From their assessment and analysis a num-
ber of new charts of the Geological Strength Index (GSI) are proposed, extending its applica-
tion in the quantitative description of the geological material for engineering purposes.
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Abstract 

The paper deals with the evaluation of strength and deformability of sedimentary rocks and ophio-
lites based on the processing of laboratory testing results. Characteristic values and their typical
range for the parameters σci, Ei, as well as the Modulus Ratio (MR) are presented. These parame-
ters are significant for the estimation of the strength and deformability of the rock mass since σci is
basic component for the solution of Hoek-Brown failure criterion and Ei and MR are important
components of the latest  rock mass deformability expression (Hoek-Diedrichs, 2006). The recent site
investigation and laboratory work undergone for the design of numerous tunnels in the Greek ter-
ritory provided very good and sufficient data, derived from a specifically established database, for
the estimation of strength and deformability of specific rocks. These rocks are sandstones and silt-
stones of flysch and molassic formations, as well as limestones and ophiolites. 

Key words: rock strength, deformability, Modulus Ratio (MR), sedimentary rocks,ophiolite

1. Introduction 

Geotechnical engineering works such as surface and underground excavations requires strength and
deformability rock parameters for a detailed design analysis. Most of the cases these parameters
concerns the rock mass properties. However, the estimation of the rock mass properties, through
certain relations, requires the intact rock strength and deformability values. Indeed the uniaxial com-
pressive strength (UCS) of the intact rock is a basic component on the Hoek and Brown failure cri-
terion (Hoek et al., 2002), which is used for the rock mass strength estimation. In addition, the
deformation modulus of the intact rock (Ei) or the Modulus Ratio (MR) is often comprehended in
several empirical relations for the calculation of the rock mass deformation modulus (Erm). Such re-
lations are suggested by Hoek and Diederichs (2006), Ramamurthy (2004), Sonmez et al. (2004) and
Zhang and Einstein (2004). Some other important application of uniaxial compressive strength in-
cludes rock mass characterization and excavation method selection. Nevertheless, estimation or se-
lection of an appropriate value of UCS or Ei can be difficult, since it can vary for the same rock.

A tool of this research was a database named “Tunnel Information and Analysis System” (TIAS) es-
tablished in the frame of the PhD research of the author (Marinos, 2007). Through this database, a
great number of geological, engineering geological and geotechnical data from the design and the
construction of 62 tunnels of Egnatia Highway in Northern Greece were processed.  A significant
part of the input information in the database is the laboratory test results of several rocks.  These data
were evaluated and a result of this research is the definition of characteristic values for the Uniax-

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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ial Compressive Strength (UCS), intact rock deformation modulus (Ei) and Modulus Ratio (MR) for
several rocks. The rocks that are examined in this paper are those of sandstone, siltstone, conglom-
erate, marly limestones and peridotites. It is noted that the properties of the clastic rocks (sandstone,
siltstone and conglomerate) are examined for both flysch and molassic environments, since they
present particular differences in their nature.

2. Strength and deformability parameters

2.1 Characteristic values of sedimentary rocks

The study for the uniaxial compressive strength (UCS) and the deformation modulus (Ei) of the
sandstone, siltstone and the conglomerate intact rocks was done, based on numerous lab test results
from the TIAS database. The great number of lab testing in these rocks enabled this process, re-
ducing the possibility of error or confused values. These data were derived from the design of 13 tun-
nels in a flysch and 12 tunnels in molassic environment and are examined separately due to their
different nature.

Both formations are characterized mainly by rhythmic alternations of sandstone and pelitic rocks
(siltstones, silty or clayey shales). Conglomerate beds may also be included. Flysch is associated with
orogenesis, since it ends the cycle of sedimentation of a basin before the paroxysm folding process.
Molassic deposits were deposited during a quiescent period after the main orogenesis and have not
suffered from compression. Naturally, flysch and molassic rock strength and deformability vary
from place to place but their diverse sedimentation environment and compression history creates no-
table differences in their values.

The mean, minimum and maximum value of the uniaxial compressive strength (UCS) and defor-
mation modulus (Ei) of these intact rock materials for flysch and molassic formations are presented
in Table 1. The higher UCS values are presented in flysch sandstone with a mean value of 43MPa,
a minimum of 10 MPa and a maximum of 120 MPa. Similar range is noted in molassic sandstone
but with a mean value of 35 MPa. As far as the Ei is concerned, a mean value of around 13000MPa
is observed for a flysch sandstone and 8700MPa for a molassic one. In siltstones a mean UCS value
of around 16-17MPa is evaluated for both flysch and molassic formations, while Ei is estimated
4600MPa in a flysch environment and 3000MPa in molassic series. Conglomerates present UCS
values between 16MPa (flysch) and 23MPa (molasse) and Ei values between 4600MPa (flysch) and
7400MPa (molasse).

It should be highlighted here, that siltstones and silty sandstones are susceptible to slaking, thus the
rock after its atmospheric exposure can be rapidly altered, schistosed or even disintegrated. Thus, it
is very important to test the specimen immediately in site if possible after their recovery, in order not
to obtain very low results. In addition, point load may not be adequate to measure the strength, since
the pressure point may “invade” within the weak rock. Anyhow, testing must be applied vertical to
the direction of the rock fissility.

Accordingly, the mean, minimum and maximum UCS and Ei values for marly limestones are pre-
sented in Table 1. These values are generally low, because of their marly nature, with a mean UCS
value of 21MPa and a maximum close to 50MPa.

2.2 Characteristic values of ophiolithic rocks

Measuring the strength of the intact rock, from such rock masses is always a problem because of the
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influence of ‘‘schistosity’’ which reduces the strength. A number of lab test results of the uniaxial
strength (UCS) and deformation modulus (Ei) of peridotites were processed and the values are pre-
sented in Table 1. 

A great range in both UCS and Ei values is presented. The mean value of the uniaxial compressive
strength is 43MPa ranging from 12MPa to 130MPa. When peridotites are not serpentised they have
a range of UCS from 50 MPa to more than 100 MPa. On the other hand, UCS is considered 40 MPa
for the serpentinite and 30 MPa for the schisto-serpentinite (Marinos et. al., 2005).

3. Modulus Ratio (MR)

3.1 General

Hoek and Diedrichs (2006) proposed a new equation for the estimation of the rock mass deforma-
tion modulus Erm (1).

(1)

, where, Ei the intact rock deformation modulus, GSI is the Geological Strength Index and D the Dis-
turbance factor due to the excavation method. 

Table 1. Characteristic UCS and Ei values, their typical range and standard deviation (STD) for
sedimentary rocks and peridotites

Rock
material

Rock material pro-
perties

Number
of tests Min Max Mean STD

Sandstone
(flysch)

UCS (MPa) 238 10.00 119.60 46.07 28.85

Ei (MPa) 130 2019 56000 13354 12892

Sandstone
(molasse)

UCS (MPa) 258 10.76 116.73 35.06 21.05

Ei (MPa) 132 2000 31300 8763 7373

Siltstone
(flysch)

UCS (MPa) 107 2.43 62.00 17.36 12.68

Ei (MPa) 76 698 17000 4628 4116

Siltstone
(molasse)

UCS (MPa) 152 1.92 51.11 16.91 10.77

Ei (MPa) 58 650 9070 2984 1845

Conglomerate
(flysch)

UCS (MPa) 61 5.18 54.00 16.16 2.37

Ei (MPa) 48 669 14400 4588 3321

Conglomerate
(molasse)

UCS (MPa) 165 5.00 68.19 23.05 13.86

Ei (MPa) 82 1140 19400 7432 5096

Marly Limestone
UCS (MPa) 35 5.71 49.00 20.64 10.93

Ei (MPa) 30 725.93 15980 3844 2072

Peridotite
UCS (MPa) 118 12.20 131.60 43.34 24.62

Ei (MPa) 33 5000 44554 19924 11874
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This relation resulted after the evaluation of insitu tests on the deformability of the rock mass, to-
gether with information on the uniaxial compressive strength (UCS) and geological description of
the rock mass. These information, allowed an analysis where the ration Erm/Ei could be used. For this
approach the Modulus Ratio (MR) after Deere (1968) is used for several rock types. The Modulus
Ratio (MR) for the intact rocks is calculated from the equation (2):

(2)

, where, σci is the uniaxial compressive strength (UCS) of the intact rock.

Hoek and Diedrichs (2006) note that the MR values are difficult to be calculated in precise, since a
slight disturbance in rock state and structure (especially for weak rocks) can be crucial to the σci
measure. A certain range of MR values are suggested by Deere (1968) and Palmstrom and Singh
(2001) (Table 2.) 

Previous research on sedimentary rocks in Greece provided MR value ranges for sandstone speci-
mens from 120 to 727, with a mean value of 303 and for limestone specimens from 160 to 1380, with
a mean value of 810 (Sabatakakis et al., 2008). Moreover, Tziallas et al. (2009) proposed a typical
range of MR values for sandstones between 200 and 400 and for limestones between 300 and 500.

MR values for several sedimentary rocks and ophiolites are proposed in this paper after the evalu-
ation of numerous lab tests processed from TIAS database.

3.2 Modulus Ratio (MR) characteristic values

Modulus Ratio (MR) is calculated from the correlation of the uniaxial compressive strength (UCS)
and deformation modulus of the intact rock (Ei). The MR (Ei/UCS) correlation diagrams of  sand-
stone, siltstone and conglomerate are separately presented for flysch (first column) and molassic
(second column) formations in Fig. 1. MR value is estimated by a best fitted curve (confident lim-
its 95%), where a range of possible values is also noted (grey area). Similarly, the UCS-Ei correla-
tion diagram that provides the MR value for the limestone and peridotitic rocks is shown in Fig. 2. 

The mean MR values (best fitted curve) and their typical range were calculated from the correlation
of UCS and Ei lab tests and the results are presented in Table 2. 

Table 2. Suggestions of MR values by Deere (1968) and Palmstrom and Singh (2001).

Rock material MR value range

Sandstone 200-350

Siltstone 350-400

Conglomerate 300-400

Crystalline Limestone 400-600

Sparitic Limestone 600-800

Micritic Limestone 800-1000

Peridotite 250-300
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Table 3. Characteristic MR values and their typical range for sedimentary and ophiolithic rocks

Rock material Number of tests
MR value

Range Mean*

Sandstone (flysch) 72 80-300 140

Sandstone (molasse) 123 100-260 170

Siltstone (flysch) 65 100-400 245

Siltstone (molasse) 58 120-220 160

Conglomerate (flysch) 45 110-400 230

Conglomerate (molasse) 79 180-670 375

Marly Limestone 25 100-300 170

Peridotite 34 230-760 420

*Mean value is estimated by best fitted curve (confident limits 95%)

Fig. 1: UCS-Ei correlation diagram that provides the MR value of sandstone, siltstone and conglomerate for
flysch (left column) and molassic (right column) formations

14 (3)



XLIII, No 3 – 1264

4. Discussion

4.1 Discussion on strength and deformability results

The uniaxial compressive strength of a sandstone in flysch formations is around 40-45MPa which
is higher than the molassic one. Sandstone composite in molasses are often silty or marly and pres-
ent lower strength values. The uniaxial compression strength may be around 10MPa when it is silty
or marly and it can be over 50MPa in its typical granular form. A typical value that best describes
the sandstone intact rock strength in molassic formations, in Northern Greece is 30-35MPa. On the
other hand, typical intact rock strength of siltstones in flysch and molasses is around 15MPa. Nev-
ertheless, when siltstones have high presence of clayey minerals the uniaxial compressive strength
ranges between 5MPa to 10MPa. In conglomerates, the uniaxial compressive strength of the molassic
formations is around 20-25MPa, while lower values (~15-17MPa) are met in flysch formations due
to the poorer cement.

Similar differences are also met in the Ei values, as far as the sandstone is concerned. The defor-
mation modulus (Ei) of the sandstone in a flysch environment is much higher than the molassic one.
This is caused mainly due to the low compression during the sedimentation of the molassic forma-
tions. Smaller difference is also observed in the siltstone rocks. On the other hand, the Ei value of a
conglomerate in molassic sediments is much higher than the flysch one. Here, the compression and
sedimentation history does not define so the deformability of the material as much as the cementa-
tion does. The cementation in molassic conglomerates is calcarenitic, while in flysch formations is
mainly clayey.

As far as the strength and deformability of the limestone is concerned, the observed low values are
in agreement with the marly nature of the rock.

The UCS and Ei values of peridotitic rocks present a significant range. The evaluation of the results
in peridotites shows that this great range of values corresponds to the variable peridotitic nature,
namely of a fresh and a serpentinised peridotite. Serpentinisation (transformation of ferromagnesian
minerals, olivine in particular, to serpentine - a lattice mineral of either fibrous or laminar form)
changes the strength and deformation characteristics of peridotitic rocks, since the laminar-schistosed
new minerals alter the rock texture.

Fig. 2: UUCS-Ei correlation diagram that provides the MR value for the marly limestones and peridotites.
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4.2 Discussion on Modulus Ratio (MR) results

The suggested MR values from Deere (1968) and Palmstom and Singh (2001) are 275±75 for sand-
stone, 375±25 for siltstone and 350±50 for conglomerate. These values present notable differences
with the ones of this study (Table 2), since the mean values are generally lower. Similar values are
only presented in molassic conglomerates. Significant differences are also noted in limestones given
that the same references propose MR values from 400 to 1000 according to the texture and in this
research a value from 100 to 300 is suggested for the marly limestones.

As far as the peridotites are concerned, the proposed MR values from Deere (1968) and Palmstom
and Singh (2001) are 250-300. Comparing these with the ones presented in this research it is evi-
dent that there is a significant difference in values. On the other hand, the same authors suggest an
MR value for a gabbro around 450 (±50), which is approximate with the one resulted here (Table
3). This difference between these references and the ones processed here, highlight again the prob-
lematic nature of ophiolithic rocks because of the serpentinisation, in order to obtain representative
Ei or MR values.

5. Conclusions

The unconfined compressive strength (UCS), deformation modulus (Ei) and the Modulus Ratio
(MR) of the intact rock are basic components in certain relations, used to estimate the rock mass
properties in whole. The evaluation of strength and deformability of sedimentary rocks and ophio-
lites based on the processing of laboratory testing results was done in this paper and the character-
istic values and their typical range for the parameters σci, Ei, as well as the Modulus Ratio (MR) are
presented. The rocks that were examined are those of sandstone, siltstone, conglomerate, marly lime-
stones and peridotites. The properties of the clastic rocks were examined for both flysch and molassic
environments and their differences were highlighted. The processed and evaluated data derived from
a specifically established database from the design of 62 tunnels of Egnatia Highway in Northern
Greece.
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Abstract 

On July 18, 2009, an important landslide occurred in Nachterstedt City toward to the artificial
Concordia Lake, which was created, in 1994, at the place of an old coal mine, at the edge of
the city. The area is located to North-East of Harz, between the cities of Aschersleben and
Quedlingburg. An underground coal mine is responsible for this damage which caused the dam-
age of a privet house and a big building. Three people were also died. The mine apparently
closed in 1991 whereupon it was converted into a recreation area. The landslide was caused
by the increase of the groundwater level, in the coal mine, after a heavy rain, in relation to the
water level of the lake. 

Key words: Nachterstedt, landslides, halocinetic movements. 

1 Introduction 

On July, 18, 2009, an important landslide created at coastal part of Nachterstdt City toward to
Concordia Lake. Three people were died and a privet two-floor house was destroyed together
with a big building (Fig.1). The sliding was related to existence of a coal mine under the city.
On Feb. 2, 1959, a similar landslide, of 5.8 million m3, had also activated by the coal mine
works. One min worker died and many reactions were activated, in the East Germany of that
period, regarding to the coal mine exploitation method used.

Nachtersted was offered, in 961, to Baron Gero. Many historians refer that people leave in this
city, from 500 AD. The coal started to be exploited, in 19th c. AD. The first boreholes were per-
formed in 1842/43 and in 1957, the Concordia coal mine, a field of 600 hectares, started to be
exploited.  It is the area of the present lake, which was responsible for the occurred landsides.
The exploitation of the 30 m thick coal layer was started at a depth of 15 m. tunnel).

2. Geologic Overview

During the Eocene in the area of the Ascherslebener saddle tectonic movements caused an up-
rise of the deep lying Zechsteinsaltlayers. The salt moved away from the rims of the saddle
into its core. Hereby sinks were created into which from NW marine Sediments could trans-
gress. During phases of reduced sink movements moors or swamps developed from which the
exploited brown coal has been mined. The general geological structure of the Paleogene at
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Nachterstedt is characterized by rhythmic and cyclic sedimentary sequences (Balaske, 1992,
1998). These cycles begin with sands, partly transgressive conglomerates, followed by silty
sand and silt. The final members of such cycles form the coal seams. Reasons for the cyclic
structure were interactions between global-eustatic and more local modifying factors (Salt tec-
tonics halocinetic movements). In particular, during the middle Eocene in the descending part
of the basin area of Nachterstedt three workable coal beds could develop. The age of these au-
tochthonous coals, supported by tree stumps and root horizons, is clearly determined on the
fossil content of the intermediate marine sediments and on pollen dating. By invasion of humic
acids previously existing micro-and macro-fossils (foraminifera, bivalves and gastropods) had
been dissolved. For stratigraphic classifications therefore mainly siliceous dinoflagellates have
been used. These species characterise mainly a coastal habitat. Shallow marine sedimentary
structures as well as local sand dunes in the profile series support such an interpretation (Wold-
stedt, 1926, Voigt, 1963, Ahrendt et al., 1995).

The section of Nachterstedt (Balaske, 1998) begins with about 35m of a so called basic clay in
which Intercalations of silts and sand might occur. This lowermost sequence is followed by 15-
20m of sand- and siltbeds locally with browncoalseams. The completion of this cycle is seam

Fig. 1: The landslide of July 19, 2009, in Nachterstedt (Petley, 2009,  http://daveslandslideblog.blogspot.com/).

Fig. 2: Location of Nachterstedt City (http://earth.google.com/download-earth.html/.
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Nr. I, also called Lower seem. On top follow about 30m of silts and sands with two further coal
horizons, the so called seem II and seem III, respectively middle and upper seem. . The final
part of the middle   Eocene is characterised by several meters thick, transgressive coarse sand.
The so called Latdorf-Formation of the Upper Eocene then starts with few meters of glauconitic
fine sands (Lehmann, 1933, Knochenhauer, 1950, Waltemate, 1956, Seichter, 1958).

The entire sequence of Nachterstedt was marked by climate changes and fluctuations in sea
level and modified by the local halocinetic development of underlying salt structures. In par-
ticular, the halocinetic lowering of the marginal basins had an influence on the geometry of the
coalbeds: While the areas far from the Ascherslebener saddle had already been flooded, the
areas more near to the central saddle structure came into lofty positions and so into the influ-

Fig. 3: Geological map 1:50.000 of Nachtersted area, sheet 2363 Quedlinburg, horizon card IE Ho, editorship
conclusion January 1975 (Karpe,1975, 1986a, 1986b).

Fig. 4: The damaged area together with a schematic slope stability analysis, showing the limited stability con-
ditions of the area in rain conditions.
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ence of groundwater. This allowed an ongoing growth of the different swamps during the em-
bankment of marine sediments in the areas of the adjacent coasts and seas.

3. The landside

The area, in study, covers the Northern coastal part of Nachtersted City, in the eastern part of
Germany, located to North-East of Harz, between the cities of Aschersleben and Quedlingburg.
An artificial lake was created, in 1994, at the open pit of a coal mine, which stopped to be ex-
ploited in 1991. In the geological map, 1:25000, of 1926, the displacement of the railway line,
to the south, out of the coal outcrop, is referred (Petley, 2009). The southern coast of this lake
is unstable because of the change of the water level, during the time (Eberhardt, 1969, Karpe,
1986a, 1986b, Blumenstengel & Unger, 1993, Blumenstengel & Volland, 1995, Blumensten-
gel et al., 1996). 

According to the geological map, 1:50.000 of Fig. 3, the area, where the sliding occurred, above
the coal layer, consists, of a) 1 m man made deposits, b) 2m, gW: löss, c) 11m, fSI medium to
coarse grained sand, d) 3m, gH: gravel and sand, e) 6 m, gfEV: medium to coarse grained sand, f)
2 m, gfEV sand g) 4 m, gfEV: medium to coarse grained sand, f) 3 m, gfEV: fine to medium sand.

The landside refers to a subsidence of approximately one million cubic meters (1.31 million cy)
of soil. There were no reports of cracking or settlement of soils in the vicinity prior to the fail-
ure. Nevertheless, a quick slope stability calculation, for rain conditions, showed a limited
safety factor which easily could explain the occurrence of that sliding, which wasn’t the first
during the last 50 years. The landslide wasn’t, probably, due to the presence of the old mine,
itself, but its presence probably contributed to the activation of the sliding. The sliding caused
a massive wake on the Concordia Lake, which flooded the surrounding shores and flushed
boats onto the banks. As it was mentioned previously, the lake is a result of brown coal surface
mining operations and was generated in 1991. Currently, Concordia Lake covers approximately
350 Hectares (865 acres) and is up to 30 meters (100 ft) deep. 

According to the analysis of Fig. 4, the slope had a limited stability, of SF=1.035, which nega-
tively changed after a very strong rainfall. The damage was very important and for this reason
a further investigation is needed, for determining the stability frame, which doesn’t only de-
pends on the rain but also on the existence of underground openings which remained after coal
exploitation and influence on the stability of the coastal zone of the living area of the village.

4. Conclusion

The living area of Nachterstedt is located over a coal mine, which is not active any more but
important underground opening decrease the stability of the ground at the surface.

The stability analysis gave a safety factor 1, which very easily can be changed, under specific
weather conditions. The recent landslide is the result of this limited stability conditions of the area.

The last landslide showed that a completed ground stability investigation is necessary to be
performed, at the coastal zone, for avoiding any further sliding, in the future.
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Abstract 

For the project “3rd phase of design of the new high speed double track line - section Lianokladi –
Domokos (subsection: Ch. 0+000 - Ch. 13+500)” geological and geotechnical investigations and
designs were implemented for tunnels and cut & cover of the subsection Ch. 9+685 - Ch. 12+254.
The above subsection, a significant part of which is already constructed, includes three tunnels (SS1,
SS2 and SS4) and one Cut & Cover (SS3). Tunnels SS1, SS2 and SS4 are of lengths 860m, 477m and
495m, with overburden 58m, 50m and 60m respectively and are driven in mountainous area con-
sisting of ophiolithic series formations, mainly massive basalts with varying fragmentation, do-
lerites, spilitic intrusions and serpentinites. The above formations are characterised by variable
fragmentation, weathering and degree of alteration. At places metamorphic basalt (amphibolite) is
also encountered. Schist-chert intrusions and ophiolithic material with intense schistification, are
considered of tectonic origin and are connected with the major and secondary compressive fault
zone in the area. Limestone blocks inside the ophiolithic mass are also considered of tectonic ori-
gin. The narrow area of the alignment is characterized by the presence of normal and transverse
faults, along with major joints crossing the rockmass. The formations along the tunnels, according
to their engineering – geological behaviour, were separated to seven geotechnical units. Represen-
tative values for the geotechnical parameters of each unit were determined and analyses for the
corresponding primary support categories were performed, using code UNWEDGE (RocScience) for
rock-classes were behaviour of underground excavation is determined mainly due to orientation of
joints and using code PHASE2 version 6.011(RocScience) for formations were behaviour of under-
ground excavation is determined mainly by their strength and deformability.

Key words: ophiolites, compressive fault zone, high speed double track line, tunnel, Central Greece.

1. Introduction – Project Description – Tunnel Excavation Geometry 

For the project “3rd phase of design of the new high speed double track line - section Lianokladi –
Domokos (subsection: Ch. 0+000 - Ch. 13+500)” geological and geotechnical investigations and de-
signs were implemented for tunnels and cut & cover of the subsection Ch. 9+685 - Ch. 12+254. The
above subsection, a significant part of which is already constructed, includes three tunnels SS1, SS2
and SS4 (Fig. 1).
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Tunnel SS1 is of length 860m, with maximum overburden of 58m. The alignment passes with a
high radius curve. The tunnel axis trend is E-SE to W-NW, with a longitudinal slope of 2%. Tunnel
SS2 is of length 477m, with maximum overburden of 50m. The alignment passes with a high radius
curve. The tunnel axis trend is NW to SE, with a longitudinal slope of 1.84%. Tunnel SS4 is of
length 495m, with maximum overburden of 60m. The alignment passes with a high radius curve. The
tunnel axis trend is E-SE to W-NW, with a longitudinal slope of 1.84%

Geometry of the tunnels is horseshoe shaped and excavation takes place in two phases: upper and
lower bench. In adverse ground conditions, upper bench (temporary) and lower bench inverts are also
constructed. The excavated section width is of approximately 14m.

2. Geological setting

The project area extends on the southern margin of the Othrys Mountain chain where the geologi-
cal structure is characterized by a series of nappes, placed on top the Pelagonic platform during
Upper Jurassic – Lower Cretaceous (Hynes 1974). 

The higher nappe includes typical ophiolithic rocks (peridotites, gabbros, dolerites, pillow lavas),
while the lower one is constituted by Volcano-Sedimentary formations. On top of the nappes an
Upper Cretaceous transgression cover has been deposited (Smith et al., 1975), while the whole se-
quence is found overthrusted along a westward-direction over flysch of the Upper Cretaceous – Ter-
tiary (Faulp et al., 1996).

The geological structure of the broader area includes three tectonic nappes which constitute the
rocks of the substratum and of which the lower one includes the schist-chert formation, the follow-
ing includes basalts (dolerites) and the higher one peridotites. The overthrust front of the peridotitic
nappe is found inside the strict area of the project. 

The intense topographic relief at the tunnels area is shaped on rocks of the Ophiolithic Sequence,
mainly by basalts, dolerites, spilitic intrusions and serpentinites. These formations are characterized
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Fig. 1: Location map of the project area.



by varying degrees of fragmentation, weathering and alteration. 

The schist-chert intercalations and the schistified ophiolithic material are considered to be of tectonic
origin and they are linked mainly to the primary and secondary tangential compressional structures
of the area and to fault tectonics. 

Extended limestone bodies which are locally found inside the ophiolithic masses are also considered
of tectonic origin. This complex lithologic and tectonic structure of the area was mapped in detail
on a 1:200 scale at the extended in length, high slopes of the existing railroad track, which stretch
20m to 300m downhill the new railroad axis.      

In particular, the tunnels are expected to be drilled through:

Basalts  (Dolerites), medium-grained, greenish-grey to grey, comprised mainly by pyroxenes and
plagioclasts on a semi-crystalline porphyritic texture, with a varying degree of fragmentation and lo-
cally intense alterations, while inside the formation pillow lavas locally occur. 

Altered Spilites: with compact fabric, characteristic intermediate texture and spharolites, intruded
inside the original serpentinite rock, which in turn is fragmented and locally re-cemented mainly with
clay minerals, serpentine and feldspars and secondary with quartz, chlorite and calcite. 

The formation is found intensely altered, with abundance of calcite, part of which came from the al-
teration of plagioclasts while another is found in veinlets. The distribution of the calcite inside the
rock is anisomeric. The main minerals of this occurrence are calcite, quartz and plagioclast, while
secondary minerals are chlorite and iron oxides. 

Limestone: with granular texture and compact fabric. The main mineral is calcite and the second-
ary ones are chlorite, quartz and iron oxides. 

Spilite: with intermediate texture and compact fabric. It is lava of spilitic constitution, which seems
to cross through and locally enclave the serpentinite. Calcite observed in veinlets and amygdules. 

The rock is crossed by quartz microveins (stockwork) of heterogeneous origin, whose percentage of
participation varies locally within the rock mass. The main minerals of the rock are feldspars, chlo-
rite, serpentine and calcite, while the secondary minerals are quartz and clay minerals. 

Serpentinite: with symplectic texture and compact fabric, main minerals are serpentine, talc, chlo-
rite and plagioclasts and secondary minerals calcite and iron oxides.

The foliaceous friable formations are distinguished in

Schists-cherts with intensly foliaceous to shaly structrure, brown to purple. 

Cleavaged, breccious and altered ophiolithic material: with breccias, fragments and bodies of
ophiolites and limestones in its mass, intensely folded and locally with chaotic structure. 

In boreholes it appears in the form of silty-clayey gravels, of ophiolithic origin, with sand or in-
tensely fractured cherts in the form of pebbles of 0.05x0.04x0.03m size. Locally chert layers, of 2m
maximum thickness, intervene, intensely to very intensely fractured.  

Altered ophiolithic materials: in the form of coherent calc-clay material; whitish to yellowish.  

Intensely weathered and loosened surface zones of the rocky substratum. It involves sandy clays
to clayey sands, brown to brownish-grey, which include fragments and breccias of ophiolites. In
boreholes they appear in the form of ophiolite fragments and pebbles, of 0.02x0.01m to 0.05x0.3m
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sizes, with locally occurring sandy clays. 

The strict area of the axis is characterized by small to medium scale up-thrusting events, normal
and reverse structures, as well as by major joints crossing the rock-mass.

3. Groundwater regime

The bedrock in the area is considered as permeable formation especially when it is intensely frag-
mented, fractured or intensely fractured. On the other hand schistified, friable formations are con-
sidered as impermeable formations and only in zones of intense shearing may develop a weak water
table. 

For tunnel SS1, based on the water level measurements from boreholes, in the  initial region of the
tunnel (Ch. 9+685 ÷ Ch. 9+753) the groundwater level is expected between 6.5m to 14m above  the
tunnel redline, in the region from Ch. 9+753 to Ch. 10+040, between 14m to 31m above  the tunnel
redline, in the region from Ch. 10+040 to Ch. 10+227 between 3m to 14m, in the region from Ch.
10+227 to Ch. 10+433 between 1m to 1,5m and in the final region of the tunnel from Ch. Ch. 10+433
to Ch. 10+475, groundwater level is expected below the level of the tunnel.

For tunnel SS2, based on the water level measurements from boreholes in the initial region of the
tunnel (Ch. 10+681 to Ch. 10+735), the groundwater level is expected between 1m to 9,5m above
the tunnel redline. In the region of the tunnel from Ch. 10+735 to Ch. 11+055 groundwater level is
expected between 10m to 23m above the tunnel redline and in the final region of the tunnel from Ch.
11+055 to Ch. 11+089 between 5m to 11m above the tunnel redline.

For tunnel SS4, based on the water level measurements from boreholes in the initial region of the
tunnel (Ch. 11+800 to Ch. 11+976) the groundwater level is expected between 18m to 24m above
the tunnel redline, in the region of the tunnel from Ch. 11+976 to Ch. 12+022 at 24m and in the
final region of the tunnel from Ch. 12+022 to Ch. 12+225 between 11m and 23m.

4. Geotechnical Units

The formations along the tunnels, according to their engineering – geological behavior, were sepa-
rated to seven geotechnical units, as follows:

Geotechnical Unit ΤΕ-1: This unit includes massive to slightly fragmented ophiolites, of low
strength, with RQD greater than 60%, rock mass rating (RMR) between 45 and 65 (category II to
III according to Bieniawski 1989) and estimated GSI ranging between 45 and 55 (according to Hoek-
Brown, 2002)

Geotechnical Unit ΤΕ-2: This unit includes intensely fragmented ophiolites, of low strength, with
RQD between 30% and 60%, rock mass rating (RMR) between 35 and 45 (category ΙΙΙ to ΙV ac-
cording to Bieniawski 1989) and estimated GSI ranging between 35 and 45.

Geotechnical Unit ΤΕ-3: This unit includes intensely fragmented to fractured ophiolites, of low
strength, with RQD between 0% and 30%, rock mass rating (RMR) between 10 and 35 (category
IV to V according to Bieniawski 1989) and estimated GSI ranging between 25 and 35.

Geotechnical Unit ΤΕ-4: This unit includes intensely fractured ophiolites, in the form of gravel and
cobbles with sizes from 0.03x0.01m to 0.07x0.05m and rock mass rating (RMR) less than 10%. Es-
timated GSI ranging between 20 and 25.

XLIII, No 3 – 1275



Geotechnical Unit ΤΕ-5: This unit includes schistified, heavily broken and altered ophiolithic ma-
terial with angular and rounded rock pieces of ophiolites and limestone, intensely folded, with a
chaotic structure at places and brown to crimson almost soil-like material of the schist-chert forma-
tion with intense schistification, in 0.05m to 0.02m thick layers. In borehole samples, the above ma-
terial appears in the form of silty-clayey gravel of ophiolithic origin, with sand, or intensely
fragmented chert, in the form of gravel and cobbles with approx. size of 0.05x0.04x0.03m. At places
intensely fragmented to heavily broken chert interlayers of up to 2m thickness, are encountered. Es-
timated GSI ranging between15 and 20.

Geotechnical Unit ΤΕ-6: This unit includes altered, mylonitized material, associated with zones of
tectonic deformation. It appears in the form of sub-white to sub-yellow sand, with low cohesion. Es-
timated GSI ranging between 15 and 20 

Geotechnical Unit ΤΕ-7: This unit includes limestone blocks, of intermediate strength, intensely
folded and fractured and up to at places intensely fractured. Estimated GSI ranging between 35 and
40. The Geotechnical unit ΤΕ-7 is merely encountered in tunnel SS1.

5. Geological- Geotechnical conditions along tunnels

The ophiolithic mass along tunnel SS1 is separated in six regions, in tunnel SS2 in four regions and
in tunnel SS4 in three regions. In the area of tunnel SS1, a total of eight continuous sampling bore-
holes have been executed, five in the area of tunnel SS2 and four in the area of tunnel SS4. The Ge-
ological- Geotechnical long section of tunnel SS1 is presented in Figure 2, of tunnel SS2 in Figure
3 and of tunnel SS4 in Figure 4. 

Tunneling conditions along tunnels area extremely variable, ranging from favorable to adverse. The
estimated percentages of Geotechnical units for the three tunnels are presented in table 1:
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Table 1 Estimated percentages of Geotechnical units for the tunnels 

Tunnel
Region Geotechnical Units Percentages (%)

Start Ch. End Ch. TE-1 TE-2 TE-3 TE-4 TE-5 TE-6 TE-7

SS1

9+685 9+753 32% 35 25% 3% 4% 1% -

9+753 10+040 - - 25% 8% 64% 2% 1%

10+040 10+227 - 22% 35% 7% 5% - 31%

10+227 10+251 - 5% 10% 12% 72% - 1%

10+251 10+433 - 1% 2% 6% 55% 28% 8%

10+433 10+457 24% 26% 36% 7% 7% - -

SS2

10+681 10+735 1% - 4% 70% 25% - -

10+735 10+922 27% 15% 28% 26% - 4% -

10+922 11+062 19% 30% 42% 3% 6% - -

11+062 11+089 - 5% - 35% 60% - -

SS4

11+800 11+976 50% 10% 37% - 2% 1 -

11+976 12+022 - - 20% 25% 55% - -

12+022 12+225 18% 35% 36% 5% 1% 5% -
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6. Rockmass classes. Association with Geotechnical units

Based on the available geological and geotechnical data and the expected behavior of the rockmass
during excavation the following five rockmass classes were implemented

Rockmass class Α – Massive to slightly fragmented rockmass. Rockmass class Α includes massive
to slightly fragmented ophiolites (TE-1) and limestone blocks, of intermediate strength, in-
tensely folded and fractured and up to at places intensely fractured (TE-7). Stable behavior
during excavation. No systematic relaxation of rock blocks and depending on the geometry
of the discontinuities, possible formation of wedges. Systematic support against wedges is
required. No practical impact of underground water in rockmass strength. Excavation with
explosives. Representative GSI values:

ΤΕ-1: GSI = 45 – 55 &ΤΕ-7: GSI = 35 – 45

Rockmass class B1 - Intensely fragmented rockmass: Rockmass class B1 includes intensely frag-
mented ophiolites, of low strength (ΤΕ-2). Relaxation of rock blocks and formation of
wedges. Systematic support against wedges is required. Small impact of underground water
in rockmass strength. Excavation with explosives. Representative GSI values: 

ΤΕ-2: GSI = 35 - 45

Rockmass class B2 - Intensely fragmented to fractured rockmass: Rockmass class B2 includes in-
tensely fragmented to fractured ophiolites, of low strength. Increased risk of failure without
installation of immediate support measures. Medium impact of underground water in rock-
mass strength. Excavation with mechanical means. Representative GSI values:

ΤΕ-3: GSI = 25 – 35

Rockmass class C1 - Intensely fractured rockmass: Rockmass class C1 includes intensely fractured
ophiolites, in the form of gravel and cobbles (ΤΕ-4). Systematically and intensely tectonised
and sheared rockmass, of very low strength and intense weathering. At places soil-like ma-
terial with possibility of appearance of rock boulders. Immediate deformation. Development
of failure zones of reduced thickness in the sidewalls. High impact of underground water in
rockmass strength. Excavation with mechanical means. Representative GSI values:

ΤΕ-4: GSI = 20 – 25

Rockmass class C2 - Schistified, friable formations: Rockmass class C2 includes schistified, heav-
ily broken and altered ophiolithic material with angular and rounded rock pieces of ophio-
lites and limestone, intensely folded, with a chaotic structure and soil-like material of the
schist-chert formation with intense schistification, (ΤΕ-5) altered, mylonitized material, as-
sociated with zones of tectonic deformation appearing in the form of sand with low cohesion
(ΤΕ-6). Systematically and intensely tectonised and sheared rockmass, of very low strength
and very intense weathering. Soil-like material with possibility of appearance of rock boul-
ders. Immediate deformation. Development of failure zones of reduced thickness in the side-
walls. High impact of underground water in the rockmass strength. Excavation with
mechanical means. Representative GSI values: 

ΤΕ-5, ΤΕ-6: GSI = 15 - 20

For the above rockmass classes representative values of geotechnical parameters were estimated by
means of Hoek-Brown criterion (2002), and are presented in table 2.
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Based on the above design parameters, analyses for the dimensioning of the typical excavation and
support cross-sections were performed.

7. Typical excavation and support cross-sections

For the five rockmass classes, five corresponding typical excavation and support cross-sections were
implemented for the tunnels. The typical excavation and support cross-sections are presented in fig-
ures 5 and 6.

Their association with rockmass classes and geotechnical units is presented in table 3.

The predominant factor affecting the behavior of the underground excavation for rockmass class A,
is the orientation of intersecting structural discontinuities and on the other hand  for rockmass classes
C1 and C2 is the structural behavior of the rockmass for the expected range of values of in-situ
stress, rockmass strength and deformability parameters. For rockmass classes B1 and B2, both fac-
tors are important.

For rockmass classes B1, Β2, C1, C2, finite element stress analyses were performed for the devel-
oped excavation and support models. For the calculation of induced stress on the immediate support
elements and for the estimation of tunnel wall convergence and thickness of yield zone in the rock-
mass, computer code PHASE2 ver 6.011 (developed by RocScience) was used.

Table 2. Geotechnical design parameters 

Rockmass
class

Geotechnical
unit

GSI GSI
(design)

σci

(MPa)
mi Overburden

up to H
(m)

γ
(kN/m3)

Α
ΤΕ-1 45-55 45 20 25 48~60 28

ΤΕ-7 35-45 35 40 10 48~60 27

Β1 ΤΕ-2 35-45 35 15 20 48~60 26

Β2 ΤΕ-3 25-35 25 12 20 48~60 26

C1 ΤΕ-4 20-25 20 7 15 48~60 22

C2 ΤΕ-5, ΤΕ-6 15-20 15 5 15 48~60 22

Table 3. Typical excavation and support cross-sections – Association with rockmass classes and
geotechnical units

Rockmass class Geotechnical unit Typical excavation and
support cross-sections

A TE-1, TE-7 A

B1 TE-2 B1

B2 TE-3 B2

C1 TE-4 C1

C2 TE-5, TE-6 C2
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Fig. 5: Typical cross-section SC-A, SC-B1 and SC-B2 
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Fig. 6: Typical cross-section SC-C1 and SC-C2 
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The results of the above analyses were used for the assessment of the adequacy of the immediate sup-
port measures of each one of the five typical excavation and support cross-sections. The support meas-
ures of each one of the five typical excavation and support cross-sections are presented in Table 4.

Based on the results of the elasto-plastic, finite element stress analyses of the excavation and sup-
port models, for the examined combinations of typical excavation and support cross-sections, rock-
mass classes and overburden, the following conclusions were drawn

• The magnitude of expected convergence, as calculated for each one of the excavation stages, is lim-
ited for most cases within generally accepted levels. In particular for typical excavation and sup-
port cross-sections Α, Β1 and Β2, the estimated axial deformation is in the order of 1 to 2.5cm,
for C1 in the order of 4 to 5cm and for C2 in the order of 4.5 to 6.5cm

• The thickness of yield zone in the rockmass is relatively small (in the order of 1 to 3.5m) for typ-
ical excavation and support cross-sections Α, Β1 and Β2 and intermediate to high (in the order of
4 to 41m) for typical excavation and support cross-sections C1 and C2. 

Table 4. Support measures of typical excavation and support cross-sections

Typical excavation and
support cross-sections

A B1 B2 C1 C2

Shotcrete
(thickness in cm)

15 cm 20 cm 25 cm 25 cm 30 cm

Rockbolts
(type – length in m)

Swellex
MN24 -

Ø25/S500
(L=4m)

Ø25/S500
(L=5m)

Ø25/S500 or
Self-drilling

(L=5m)

Self-drilling
(L=6m)

Self-drilling (L=6m)

Steel rib No ΗΕΒ 120 ΗΕΒ 140 HEB 140 HEB 160

Elephant foot 
(thickness in cm)

No 40 cm 40 cm 40 cm 40 έως 115 cm

Face Shotcrete
(thickness in cm)

No No 0-5cm 5cm 5cm/10cm

Face core No No No No Yes

Face dowels 
Fiberglass (pieces)

No No 0-9 9 16

Spiles or forepoles No No
Spiles (38
steel bars
Ø32-St37)

Spiles (38 steel
tubes Φ51/10-

St37)

forepoles (35 steel
tubes Φ114/100-

St37)

Temporary (top-heading)
invert

No No No Yes Yes

Final invert No No No Yes Yes
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• Induced stresses in shotecrete are generally lower than its capacity, with rare excerptions, mainly
at the joining area of top heading and temporary invert and the joining area of bench and final in-
vert. Furthermore the percentage of yielded liner elements (used to model shotecrete) does not ex-
ceed 2%.

• The induced forces on rockbolts installed at the perimeter of the excavation, are generally lower
than the rockbolts’ capacities.  However, in some rare cases, the capacities of rockbolts are ex-
ceeded, but this does not affect the total stability of the underground excavation.

8. Conclusions

The heterogeneity of the ophiolites in the area is expressed by variable behaviour of the rockmass,
from competent rock to very weak soil-like material, which in turn is responsible for the rapidly
changing tunnelling conditions even in short distances. Furthermore, the groundwater level also
varies significally, from below the redline, up to 31m above it.

In order to cope with such rapidly changing tunnelling conditions, appropriate rockmass classes and
corresponding support classes were adopted. The support classes utilise support measures ranging
from light, for relatively good rockmass classes (e.g. A), to very heavy, for very poor rockmass
classes (e.g. C1 and C2).

Finally, a relatively accurate estimation of the percentages of the Geotechnical units along the tun-
nels, as the one presented above, is of crucial importance for a successful tunnelling operation.
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Abstract 

A series of ongoing landslides occurred at the steep coastal slopes at Pigadakia location, on the road
connecting Chalkoutsi and Dilesi towns, at NE Attica. These landslides caused severe disruption on
local traffic. 

Engineering geological study revealed the local geological conditions and the complex mechanism
of the landslides. Site is located on the Neogene deposits composed mainly by layers of sandy or silty
clays, marly clays with thin layers of conglomerates. Multiple landslides occurred on the steep costal
slopes at a length of 280m parallel to the coast line. On the upper slopes which are composed by
loose clayey materials typical circular failures occurred while on the lower ones, composed by hard
clays and marls, discontinuities delineate failures under the weathering influence of sea waves. Six
boreholes were drilled with piezometers and inclinometers installed in order to investigate the
progress of the failures. The stabilization of the upper slopes included the use of soil nails covered
with geocells. The lower slopes stabilization included the protection from sea wave erosion by cov-
ering slopes with a rock fill embankment.

1. Introduction – Project description

This paper aims at the presentation of the consecutive slides that have been developed in the slopes
of the road from Chalkoutsi to Dilesi at the location “Pigadakia”, causing the reduction of the ac-
tive cross-section of road and in some cases the complete interruption of the traffic. An engineering
geological approach of the problem is presented along with the results of the geotechnical investi-
gation, an analysis of the mechanism of landslides and finally the two alternative solutions for the
remedial measures needed. It is noted that the final geological design, the geotechnical investigation
and the preliminary and final geotechnical design of slope stabilization measures, were carried out
during the period from May 2005 to October 2008 under a contract assigned by the Directorate of
Public Works of Attica Perfecture.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



2. Morphological setting

The sheer coastal slope, along which the failures develop (Fig. 1), is the ending of the broader area’s
upstream hill morphology. This hill morphology has the form of an elongated ridge with gradually
declining altitudes and it is directed from NE at Kamari with a peak altitude of +76.5 and terminates,
at a peak of +29.9, in the area of the study.  

The drainage system, on the west side of the ridge is incomplete with lengths limited below 100m,
of 2nd stream order and with limited branching but with substantial in-depth erosion, while on the
east side of the ridge a stream of 3rd order is developed on a NNE direction with a high branching
coefficient, a total length of some 300m, low dipping along the stream and with substantial in-depth
erosion.

The extended, under study, failures develop into a plugging cliff, about 280m length, which extend
in a WNW direction, parallel to the coastline. The coastal slope, which is 38 m in height, to the
upper part with altitude of +35 to +38 presents mild morphological slopes about 15%.  To the part
with altitude of +29 to +35, slopes are about 85%, whereas to the rest part dip becomes extremely
steep, about 100%. At an average altitude of +18 to +20 the under study part of Halkoutsi – Dilesi
road, about 7 m width, intervenes. 

At the areas where the failures are occurred, steep decollement morphology appears in the upper dis-
integration parts. At the lower parts, where materials accumulate, exist milder and soil creep mor-
phologies.

3. Geological setting

The geological substratum at the failures area is formed by the Neogene deposits of Halkoutsi-Dilesi
(Mettos 1992, Koumantakis 1971) while the younger deposits include the eluvial cover, littoral de-
posits, landslide materials and slope erosion products. 

The Neogene substratum consists of brown-red colored rotations of clay, sandy, marly and clayey
clay (c-cl) beddings, with thin conglomerate and breccia (c.gr) intercalations (Fig.1, Fig.2 and Fig.3).
The lower horizons at sea level seem hard and cohesive, while the upper horizons are semi-cohesive
to loose with cohesive beddings insertions. The persistence of the discontinuities crossing the for-
mation is greater than 3m, with planar, slightly rough surfaces, closed or with apertures up to 5mm,
walls slightly weathered, void or with reddish clayey material and dipping at N, NW and SW direc-
tions with dips of 40°, 85° and 80° respectively, forming planar and wedge failures (Fig. 1). Within
the fine material appear sparse pebbles, small-sized breccias and fossil bones from mammals.

The conglomerate and breccia intercalations are continuous, planar or slightly undulating, parallel
or sub-parallel, with distinct bed boundaries. They comprise of gray, brown and whitish gravels with
an average size of 0.036x0.022x0.018m and limestone pebbles, strongly cemented with light brown-
ish to red brownish clayey-sand material. Coarse materials are poorly to very poorly sorted, with
gravel shapes being spherical to tabular with subangular to subrounded roundness, while sand gran-
ules, of quartz origin, are also being spherical to tabular with angular to subrounded roundness. The
conglomerate and breccia intercalations exhibit depositional structures of normal graded to com-
posite bed sequences (Fig. 2 and Fig.3). 

The, 200m total thickness, formation is the lateral and upwards transition of the Oropos fluvial-ter-
restrial formation and presents depositional dip, about 20°, towards SSW. Slopes are covered on
their bases by landslide materials and slope erosion products and exhibit characteristic erosional
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structures formed by the surface water runoff. The Neogene substratum appearing along the natural
and man-made slopes is presented in detail at the lithostratigraphic logs of figure 2.

The clayey nature of the Neogene deposits doesn’t allow the development of aquifer zones in their
masses and only at its coarse or sandy intrusions seasonal, perched, low yield aquifers can be de-
veloped, which their discharge can cause pore pressure to increase and the underlying clay layers im-
pregnation. This impregnation, as wells as, the water infiltration can also cause the development of
pore pressure and creeping at the loose landslide materials.

4. Description of failures

For descriptive purposes the failures that occur along the coastal forehead are divided into the upper
part and the lower part in relation to the road (Fig. 1).

4.1 Upper slope

In this part two main and three secondary failures can be found.

The first main failure (L1) pertains to soil material fracture and sliding with head scarp altitudes from
+28 to +30 and toe at the road level at +16. The range of fracture is 18m while the accumulation of
sliding material, at the road level, has 21m range. The second main failure (L2), which is the most im-
portant, is located about 7m to the west from the previous one, with head scarp altitudes from +31 to
+35 and toe at the road level at +19, has 32m range and analogical accumulation range at the toe.

However, fractures and small movements are located in the slope part upstream of the main land-
slides to +35.50 altitudes, thus pointing the fact that the phenomenon is developing towards up-
stream. The secondary failures, as well as smaller ones, are events of limited fractures and
sliding-erosions of the slope and materials accumulations at the slope base. The first of those (Ls1)
took place east of (L1) failure with a range of 11m at an altitude of +26 while the second one (Ls2)
west of (L2) failure with a range of 9m at an altitude of 30.

4.2 Lower slope

This part exhibit the most extended failures of the area, with five main landslides and three of minor
importance and numerous small sliding-erosions along the steep coastal slope.

The first main landslide (L3) presents the most significant fracture range of 75m, with head scarp al-
titude of +16 while the range of the slope base, where the sliding material accumulates, is 50m. The
landslide materials have an estimated thickness of 3m, while their morphology, with repeated frac-
tures and slides refers to an evolutionary process of the phenomenon, due to the loss of support at their
base from the erosive action of sea waves. The second main landslide (L4), which is considerably
smaller than the first one with a fracture range of 46m and head scarp altitudes ranging from +6 to
+10, has an estimated landslide materials thickness of 1.5m to 2,0m. The third main landslide (L5)
has low fracture range about 15m, at an altitude of +20, while the thick soil material of the failure pres-
ents wavy morphology -with repeated fractures and slides- which refers to an evolutionary process
because of the erosive action of sea waves. The fourth main landslide (L6) has fracture range 50m and
head scarp altitude of +21 and reaches the sea level with range of the accumulated soil material about
60m. The thickness of the landslide materials is estimated some 4m and their morphology reveal the
evolutionary process of the failure. The fifth main landslide (L7) at the west part of the study area con-
cern the whole slope lower the road which is subjected to continues soil material creeping due to the
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loss of support at their base. The range of this slope part is about 70m and the maximum altitude of
the phenomena origination is on the road where there are continuous cracks and recessions.

The three secondary failures Ls3, Ls4 and Ls5 pertain to the east part of coastal slope which extend
about 150m length with a maximum altitude of +8. These failures concern part of the slopes that are
delimited by discontinuities and due to the lack of support detach and accumulate at their toe as rock
blocks of a maximum diameter of 1.0m. The total landslides at the lower part of the road cause sup-
port deletion of the road, so the north half of the pavement present fractures, cracks and downstream
movements.The main causes of the failures events according to macroscopic observation and expe-
rience from similar engineering geological behavior of other formations recapitulate as follows:

— Modification of stability conditions, provoked by the excavation for the road construction. Steep
to extremely steep gradient, where the failures occur.

— High overconsolidation of the neogene deposits.

— Extensive erosion because of slope exposure to the superficial water (e.g. intense rainfalls).

— Support loss at the slope toe by the continuous erosion of the sea waves.

— Impregnation of clay layers and increase of pore pressure from water which percolates through
coarse layers and relieve to the slope front.

— Presence of discontinuities in the clayey formation, which in combination with the support loss
at the slope toe result in the detachment of large clayey blocks. 

Based on the above, from the physical point of view, the slope can considered as “marginally sta-
ble” (Crozier, 1986 and WP/WLI (1994)). The Landslide Report after WP/WLI (1994) is presented
in Table 1.

5. Geotechnical investigation - Results

In order to investigate the geotechnical conditions in the slides areas, seven (7) exploratory boreholes
with labeling G-01÷G-07 and continuous sampling were carried out. The three boreholes (with la-
beling G-01÷G-03) were carried out in the upper slope of the existing road. The remaining four
boreholes (with labeling G-04÷G-07) were carried out in the lower part of the slope. The places of
implementation of drillings are presented in Fig. 1 and the geotechnical borehole logs are presented
in Fig. 4. In all the boreholes, during the drilling works Standard Penetration Tests were carried out
(SPT) every 2,0-3,0m, in order to estimate the in situ consistency of clayey formations and in situ
density of the granular formations. In boreholes G-03, G-04 and G-06 stand pipe piezometers were
placed in order to measure the short and long term fluctuation of the water level inside the boreholes.
In Table 2, measurements of the water level are presented during drilling as well as the measurements
taken after the completion of the geotechnical investigation works. 

In boreholes G-02, G-05 and G-07 inclinometer casings were placed, in order to monitor the size and
direction of movement of the slopes. The first inclinometer measurement (reference) was taken after
the completion of the investigation works (8/4/2006). Another two measurements were taken in
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Preparatory causal factors : 1.6, 1.9, 4.1

Triggering causal factors : 2.5, 3.1

Table 1
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25/5/2006 and in 29/6/2006. The displacement vectors measured in the above time interval (approx.
3 months) along with the maximum recorded displacement (in mm) and the depth, in which it was
observed, are presented in Fig. 1. During that period, the recorded displacements were small (~5-
6mm) inside the error limits of the instrument and were presented in small depths G-02: 0,5m, G-
05: 1,5m, G-07: 0,5m).

After the completion of the in situ works, laboratory tests were carried out in selected borehole sam-
ples  including index tests (grain size, hydrometer tests and Atterberg limits, moisture content, unit
weight, degree of saturation, specific gravity and void ratio) and tests for the determination of me-
chanical characteristics of the samples (triaxial compression UU, CUPP, direct shear CU and un-
confined compression).

According to the results of the investigation works the area is covered by formations of very hard
clays of high plasticity that in their majority are unsaturated and include preexisting discontinuities,
fissure planes and slickensides. In the clayey formations in various depths, dense sand-gravel lay-
ers are present, constituted mainly from clayey gravel with sand to clayey sands with gravel.

Borehole Date
Borehole casing

(m)

Water Level depth (m)

Morning Evening

G-01

17/3/2006
20/3/2006
21/3/2006
23/3/2006
24/3/2006

6,0 Drilling start
dry
9,50
13,00
13,70

Dry
3,00
3,00

G-02 23/3/2006
24/3/2006

15,0 Drilling start
6,30

2,30

G-03 21/3/2006
22/3/2006
23/3/2006
24/3/2006
15/7/2006*

2,40 Drilling start
dry
19,0
22,80
dry

Dry
13,50

G-04

13/3/2006
14/3/2006
15/3/2006
21/3/2006
15/7/2006*

7,00 Drilling start
dry
dry
dry
dry

Dry
dry
dry

G-05 31/3/2006 - Drilling start Dry

G-06 1/4/2006
15/7/2006*

- Drilling start
14,50

0,80

G-07 16/3/2006 - Drilling start dry

Table 2

* level in piezometer
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The observed slides in lower and upper slopes of the road are caused by the gradual diminishing of
the shear resistance of hard clayey formations due to the progressive loss of the cohesion compo-
nent of the shear strength, caused by the combined action of increased moisture content and dis-
placements. The increase of the moisture content is caused by the infiltration of surface waters to the
interior of their mass and is facilitated by the presence of the preexisting discontinuities into the
body of the clay. The steep excavation slopes (45° – 55°) applied and the gradual loss of the shear
strength from peak values to the fully softened values (Skempton, A.W., 1948, 1964, 1967, 1977;
Terzaghi, K., Peck, R.B., Gholamreza, M., 1996) led to an increased tendency for slope displace-
ments. In order to ensure the long term stability of the slopes an excavation with milder slopes (~25°-
30°) was necessary. Regarding the lower slopes, their instability is influenced by the additional
continuous erosion of the slope toe by the sea waves causing a continuous loss of their support. 

6. Soil profile - Mechanical characteristics of soil formations

For the estimation of mechanical characteristics of soil formations presented in the upper slopes,
boreholes G-01, G-02 and G-03 were carried out. According to the results of these boreholes the fol-
lowing soil formations were distinguished:

a. CH 1: Brown fat CLAYS, of high plasticity, with sand to sandy with a varying percentage of
gravel, hard to very hard. The formation was found at depths 0.0 to 7.7 at G-01, 0.0-5.3 at G-02
and 0.0-6.4 at G-03. 

b. CH 2: Yellowish brown to Yellowish red fat marly CLAYS, of high plasticity, with sand to sandy
with a varying percentage of gravel, very hard. The formation was found at depths 11.2 to 25.0
(end) at G-01, 6.5-25.0 (end) at G-02 and 10.0-25.0 (end) at G-03.

c. SC 1: Brown clayey SANDS with gravel to clayey Gravel with sand, very dense. The formation
was found at depths 7.7 to 11.2 at G-01, 5.3-6.5 at G-02 and 6.4-10.0 at G-03. 

The mechanical parameters of the aforementioned formation assumed in the calculations, are pre-
sented Table 3:

CH 1 CH 2 SC1

Measured
(Peak

values)

Design
Value

Measured
(Peak

values)

Design
Value

Measured Design
Value

Unit weight, γb (kN/m3) 18,5-21,2 20 17,9-21,7 20,5 20,5-21,0 20,5

Undrained shear resistance,
Su (kPa)

292,5-442 250 229,7-697,2 300 - -

Effective parameters (* : Long term design values for clays - fully softened with a loss of cohesion
due to fissuring)

Cohesion, C’ (kPa) 0,0-5,0 2,0* 0,0-97,2 2,0* 0,0-5,0 1,0

Friction Angle, φ΄
(peak),  (°)

31,5-43,5 28* 14,3-41,5 27* 35-37 35

Table 3

16 (3)



7. Brief description of remedial measures for upper slope

The proposed remedial measures for stabilization concern only the slides observed in the slopes ex-
tending over the road. Remedial measures for the lower slopes were not examined, because prior to
any geotechnical study for remedial actions needed, a marine design (which was not in the object
of the design at hand) should identify the sea defense works to prevent the sea erosion at the slope
toe (e.g. the height, thickness and blanketing material needed for the protection of slope toe due the
sea waves and currents expected in the area).

For the stabilization of the upper slopes two alternative solutions of stabilization were examined. In
order to choose between the two, apart from economic criteria or criteria of construction speed, legal
and economic issues have also to be considered due to the need of exceeding at certain locations the
limits of expropriation at the upper slope crest area.

7.1 Solution Α: Stabilization with milder excavations and soil nails

Solution A presupposes the possibility of limited surpassing the existing limits of expropriation.
Firstly a cleaning of the slope surface is carried out removing the loose failed material involved in
the slides. Afterwards an excavation of the slopes with milder slopes, minimizing as much as pos-
sible the surpassing of the existing limits of expropriation of the upper slope and more specifically
in the Eastern part of the slope where houses exist. For the reinforcement of the newly formed slopes
and in order to achieve the required factors of safety in static and seismic loading, the placement of
passive soil nails is anticipated. Finally, for the protection of clay from the surface erosion and water
infiltration and for the minimization of the probability of future loss of resistance of the surficial clay
layers, a cover of “soft” type (soft cover) is placed on the slope surface comprising a needle punched
geotextile and a geocell cover  in filled and planted with vegetation. At the crest and the slope berms
a suitable collection and dewatering system (eg. ditches) of the surface water is anticipated, for the
fastest possible removal of the water from the slopes (Fig. 5, left).

7.2 Solution Β: Stabilization with concrete wall founded on piles

For the case where it is not possible to exceed the existing limits of expropriation of the upper slopes,
a continuous retaining wall with a variable height is constructed at the upper slope toe. The wall will
be founded on piles. The piles on one side contribute on the total stability and in the same time help
in the significant reduction of required excavations in slope toe for the construction of the wall shoe,
which can trigger new slides. The area between the wall and slope surface will be backfilled with
granular material (eg. rock fill). The backfill slope will be 1:2 (h:b). In the crest of the backfill em-
bankment a suitable water collection system will be constructed (eg. ditches) in order to lead all
surface waters outside the wall region (Fig. 5, right).

It is pointed out that in the case of Solution A, when remedial and stabilization works will be spec-
ified for the lower slopes, due to the additional excavations needed for the removal of failed mate-
rials, in order to ensure the stability of the road and upper slopes additional temporary retaining
works may have to be constructed. In such an event, a construction of a pile wall at the crest of the
lower slope maybe necessary along with the placement of prestressed anchors. In the event that So-
lution B will be applied, due to the presence of the wall foundation piles, it is not necessary to con-
struct a temporary retaining pile wall (Fig. 5, left).
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8. Detailed description of Solution Α – Calculations

8.1 Description – methodology – assumptions

The stabilization measures of the upper slopes according to alternative solution A (Fig. 6), in more
details comprises:

a) Cleaning and removal of loose failed material from the slope surface.

b) In the eastern part of the slope, between sections A03 ÷ A09, where houses exist near the slope
crest, excavation with slopes 1:1,3 (37,6°) and placement permanent passive soil nails, in a grid
1,8x1,8m and length La = 12m.

In the remainder part of the slope from section A10 ÷ A22, where no houses exist near the crest, ex-
cavation with slopes 1:1,4 (35,5°) and placement permanent passive soil nails, in a grid 2x2m. Due
the big height of the slopes that are created in this section of the slope (up to H~18m), for slopes over
9m a berm is constructed having a width of 4m. Reinforcing soil nails at lower slope section (H <=
9m) have length La = 8m, while in the upper section (H  > 9m) will have length La = 10m.

c) Protection of the clayey surface with placement of a cover of “soft” type which includes a layer
of a non woven needle punched geotextile and a layer of geocells in filled with soil for vegetation.

d) In the intermediary berms and the slope crest, a suitable water collection and drainage system (e.g
ditches with appropriate sloping) will be constructed for the surface waters (e.g from rainfalls or other
causes), in order to avoid the water concentration for large time intervals and that will probably in-
filtrate in the interior of the hard clay formations.

The reinforcing action of the soil nails will be required for the long term stability of the slope and
for this reason should be considered as permanent. Soil nail has a diameter Da=15cm and a rein-
forcing bar Φ25mm from steel S500s. Due the permanent nature of the nails, all metallic parts (reinf.
bar, anchor plate, nut, protective cover e.t.c), shall be constructed from stainless steel.

For the calculations concerning the slope stability in the present study, the PC software “SLIDE” ver.
the 5.27 of Rocscience was used. All calculations were carried out for the most unfavorable cross-
sections from the point of geometry (cross-section A09 and cross-section A14) and for the long-
term stability (permanent situation) assuming the corresponding parameters for long-term conditions
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of fully softened conditions for the clay formations and not the peak effective parameters. The cal-
culations were carried out for static and seismic case with required factors of safety (F.S.) =1,30 and
1,00, respectively

The ultimum side shear capacity of the nails was estimated using the expression τ(ult)= α * Su,
α: cohesion coeficient = 0,4, Su : undrained shear resistance of clay = 250 – 300 kPa. And for a fac-
tor of safety (FS = 2,0) the allowable nail shear resistance (per linear meter), is : Τal.(/l.m) = π * 0,15
x 0,4*(250-300)/2,0 = 23÷28 kN/m

The anchor plate at the nail head has minimum dimensions of 25x25cm and a minimum thickness
t=12mm.

8.2 Calculation results

For the determination of the slip surface with the smaller factor of safety, a large number of circu-
lar surfaces (as observed and in the actual slides) were examined covering the entire slope (the upper
with the proposed measures and the lower at its present state), using the modified Bishop method
of slices. The minimum factors of safety (F.S) calculated with application of the stabilizing meas-
ures of Solution A, are 1.30 and 1.02 for static and seismic loads respectively at section A09 and 1.34
and 1.04 for static and seismic loads respectively at section A14. 

9. Detailed description of Solution B – Calculations

9.1 Description – methodology – assumptions

The stabilization measures of the upper slopes according to alternative solution B, in more details
comprises:

a) Construction of wall foundation piles which at the same time increase the stability of the upper
slope against deep sited (passing below the toe of upper slope) failure surfaces during temporary ex-
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measures according to solution A (left) and at section A18 for remedial measures according to solution B (right).



cavations needed for the stabilization of the lower slope.  

b) Construction of a reinforced concrete continuous wall and filling of the space behind the wall and
the existing upper slope surface. The fill material will be granular (e.g. rockfill, ballast material) ex-
hibiting high mechanical characteristics without requiring intensive compaction. Due to the high
hydraulic conductivity of these materials, any water accumulated behind the wall can be easily re-
moved not creating hydrostatic pressures on the wall. The slope of the granular fill behind the wall,
will be 1: 2 (h:b).

c) In front of the wall and in the crest of the fill of embankment a suitable water collection and
drainage system (eg. ditches with appropriate sloping) should be constructed for the surface waters
as well as for the water that circulate behind the wall. 

The wall height varies from H=6,5m (between cross sections A16, A17 and A18) to H = 2m, at the
ends of the wall (cross-sections A02 and A21). Calculations concerning the general stability of the
existing slopes with the proposed remedial measures (fill, wall and piles) were carried out. For the
calculations of the available factor of safety, the PC software “SLIDE” ver. the 5.27 was used. All
calculations were carried for the long term stability using the effective parameters for fully softened
conditions for the clay formations and not the peak effective parameters. The calculations were car-
ried out for static and seismic case with required factors of safety (F.S.) =1,30 and 1,00, respec-
tively.

Calculations were performed for various wall heights (H) and more precisely for H=4m (cross-sec-
tion A7), for H= 5m (cross-section A13) and for H = 6,5m (cross-section A18). Due to the fact that
the clayey materials of the slopes are covered by the fill placed behind the wall,  mechanisms lead-
ing to the loss of the fissured clay strength due to loss of overburden, changes of water content and
temperature variations  are somewhat suppressed. For this reason, for the clayey materials encoun-
tered at larger depths from the slope surface a smaller loss of cohesion is anticipated. For this rea-
son slightly bigger values of cohesion (by 2-3kPa) were used in the stability calculations in solution
B in contrast of fully softened values used in the calculations for solution A.

For the fill material placed behind the wall (e.g rockfill, ballast) the assumed parameters for the cal-
culations were: γ = 19 - 20 kN/m3, c = 0 kPa, φ' = 34 - 35°.

9.2 Calculation Results

The minimum factors of safety calculated for solution B, by examining a large number of potential
circular slip surfaces covering the entire slope (the upper with the proposed measures and the lower
at its present state), using the modified Bishop method of slices, are 1.57 and 1.09 for static and
seismic loads respectively at section A07, 1.29 and 1.00 for static and seismic loads respectively at
section A13, 1.34 and 1.04 for static and seismic loads respectively at section A14 and 1.35 and
1.00 for static and seismic loads respectively at section A18.

9.3 Wall foundation piles

For wall heights exceeding H≥5,5m, foundation piles having a length Lp=8m and diameter Φ100cm
are anticipated. The spacing (c/c) of piles below the wall is s=2m.

For wall heights smaller than H < 5,5m, foundation piles having a length Lp=6m and diameter
Φ80cm are anticipated. The spacing (c/c) of piles below the wall is s=2m.
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For the dimensioning of the wall and the foundation piles, calculations were carried for static and
seismic conditions. In order to estimate the bearing capacity of the piles, the methodology of DIN
4014 (03/90) was used. The response of the piles to lateral loads was calculated using equivalent
elastoplastic soil springs for short term and long term conditions.

10. Conclusions

The observed slope failures in the upper slopes were triggered by the heavy rainfall in combination
with the steep excavation slopes applied for the road construction. The observed failures in the lower
slopes are mainly triggered by the continuous wave erosion at the slope toe.

Two alternative solutions of stabilization were examined for the upper slopes which offer the re-
quired safety for the whole slope (upper and lower) assuming the conditions of the lower slope re-
main at the present state. Since changes at the lower slope toe due to sea wave erosion cannot be
excluded sometime in the future, a marine design should be carried out to determine the appropri-
ate armoring works.

The stabilization solution which will be adopted, apart to cost effectiveness and construction speed
has to take into account legal and economic issues due to liabilities to property owners at the upper
slope crest area. 
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Abstract

Space borne differential synthetic aperture radar interferometry (DInSAR) has already proven its po-
tential for mapping ground deformation phenomena, e.g. earthquakes, volcano dynamics, etc cov-
ering in continuity large areas.

The innovative Persistent Scatterers Interferometry (PSI) technique, which overcomes several lim-
itations of conventional SAR differential interferometry especially  for applications in landslide stud-
ies, is suitable for monitoring slope deformations with millimetric precision. With PSI technique we
detect the deformation, for long periods, that occur in an area as average annual deformation (mm/y)
and is not spatially continuous but in terms of points (point targets).

The aim of this study is to present preliminary results on the monitoring of slope instability in
Panachaiko Mountain and particularly of the slopes facing the city of Patras. For this purpose we
processed and analysed 42 ERS 1 and ERS 2 SAR scenes acquired in the time span 1992 and 2001,
by applying the Interferometric Point Target Analysis algorithm. 

Point target reflectors with stable radar response over time were selected. In this case most of the
point targets correspond to buildings of the local settlements or to rock outcrops. Additionally, mil-
limetric target displacements along the line of sight direction were detected allowing measurements
of slow terrain motion. 

Key words: SAR Interferometry, Persistent Scatterers, IPTA algorithm, slope instability, Panachaico
Mountain, Patras City.

1. Introduction

Numerous phenomena can induce displacements of the earth surface and thus cause disorders in
structures and infrastructures particularly in urban areas. Landslides affect many areas of Greece
and are characterized by low probability of evolution into a catastrophic event but can have very large
direct and indirect impacts on man-made structures. Methodologies for the risk assessment and mit-
igation are therefore a major issue. 

Conventional methods of ground deformation monitoring present many disadvantages such as high
costs and time consuming. The space based Differential Interferometry SAR (DInSAR) techniques
could present a valuable tool for detecting, monitoring, quantifying the deformation and with field-

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



work contribution can identify causes which may induce deformation.

DInSAR has already proven its potential for mapping ground deformation phenomena, e.g. earth-
quakes, volcano dynamics, etc and to cover in continuity large areas.

In recent years the innovative Persistent or Permanent Scatterers Interferometry (PSI) technique,
which overcomes several limitations of repeat-pass interferometry, has been widely applied for mon-
itoring of slope instability with millimetric precision (Delacourt 2003, Strozzi et al. 2005, Colesanti
& Wasowski 2006, Rott & Nagler 2006, Corsini et al. 2006, Bovenga et al. 2006, Peyret et al. 2008,
Meisina et al. 2008, Castaneda et al. 2009).

Significant difficulties are found when using this technique as an operational tool. These difficulties
are related to the large variability of slope instabilities in terms of mechanisms of movement, fail-
ure geometries, size of unstable areas and deformation rates (Strozi et al. 2005). Some other limita-
tions are connected to the acquisition parameters of the SAR platforms. 

The aim of this study is to present preliminary results of an application of PS interferometry for de-
tecting and monitoring of slope instability at regional and local scale, quantify the spatial distribu-
tion of surface deformation and analyze the time evolution of displacement, in Panachaiko Mountain
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Fig. 1: Location map of the area (the frames are referred to the corresponding Figures).



and particularly of the slopes facing the city of Patras (Fig. 1). This site was chosen for the presence
of a number of mass movements as it is mentioned from many authors (Sabatakakis et al. 2005,
Koukis et al. 2007, Koukis et al 2009). For this purpose we processed and analysed a rich data set
of ERS 1, ERS 2 SAR scenes, acquired in the time span 1992 and 2001, by applying the IPTA (In-
terferometric Point Target Analysis) method of the GAMMA s/w.

2. Principles of Persistent Scatterers Interferometry (PSI)

“Traditional” ground motion monitoring methods are based on field surveys. These methods include
optical levelling, Global Position Systems, extensometers etc. During the last sixteen years the SAR
Interferometric technique based on radar satellite data have become a useful tool for ground defor-
mation detection and monitoring. Radar is an active sensor that alternatively sends out radio waves
in form of pulses and records the echoes scattered back by objects (targets) hit by the waves along
their travelling path. Each echo (backscattered signal) is a modified version of the transmitted pulse
through the reflectivity function of the target(s) seen on the ground. Since the transmitted signal is
a complex quantity, also the signal received by the radar is complex. It is composed by the magni-
tude, which is related to the power scattered back toward the sensor by the target, and the phase,
which is expressed by the two-way path distance between the sensor and the target. Both amplitude
of the radar signal and phase carry valuable information for the interferometric applications.

The magnitude and the phase of the complex interferograms are generally referred to as the degree
of coherence (or simply coherence) and the interferometric (InSAR) phase respectively. The coher-
ence measures the degree of correlation between two SAR images. The interferometric phase image
has values between 0 and 2π (or between -π and π depending on the representation used) and there-
fore appears as a series of fringes. The interferometric phase is a sensitive measure of the change in
slant range. 

Two consecutive fringes represent a phase difference of 2π. Areas of low coherence are character-
ized by noisy interferometric phase. Coherence is a measure of the phase noise or fringe visibility.

Since 1992, conventional 2-pass Differential InSAR (DinSAR) has been used by the scientific com-
munity to further study and understand specific ground deformation hazards. Normally this inter-
ferometric method is used to map ground deformation caused by a natural event like earthquake or
landslide etc. What we need is the minimum of two SAR images one before and one after the event
and also a Digital Elevation Model (DEM) of the area under study. The basic idea of differential in-
terferometric processing is to separate the topography and displacement related phase terms allow-
ing, in particular, the retrieval of a differential displacement map. This goal is achieved by subtracting
the topography related phase using the DEM.

Repeat-pass Differential Interferometric techniques show limitations related to land-cover depend-
ent temporal signal decorrelation and atmospheric propagation effects. Furthermore, the applicabil-
ity of this interferometric technique depends also on the magnitude of the deformation. Recent
developments (end of 90’s) in differential interferometry have demonstrated some potential to over-
come some of the above limitations of the conventional interferometry and also for more accurate
and temporally dependent results. To maximize the precision with which displacement signals are
detected, and to minimise effects like atmospheric the so-called Permanent or Persistent Scatterers
Interferometry has been developed (Ferretti et al. 2001, Werner et al. 2003). This recent technique
allows the calculation of fine motions of individual ground and structure points over wide areas
(Fig. 2). By examining interferometric phase from stable, point-like targets, it is possible to moni-
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tor stability over areas that normally are characterized as “low coherence”. Additionally, millimet-
ric target displacements along the line of sight direction can be detected allowing measurement of
slow terrain motion.

Interferometric Point Target Analysis (IPTA) is a specific method of PSI to exploit temporal and
spatial characteristics of the interferometric signatures collected from point targets to map scatterer
deformation history.

3. Data used and processing

As input data Single-Look Complex SAR images, from European remote sensing satellites ERS-1
and 2 operating at C-band, have been used.

After an accurate searching at EOLI database ERS 1 & 2 scenes covering the area of interest have
been ordered. A total number of 42 ERS archive scenes, track: 279 and frame: 2835, covering the
period 1992-2001 (Table 1) were acquired. The acquisitions have descending orbit that means with
line of sight (LOS) approximately ESE-WNW.

Persistent Scatterers Interferometry (PSI) is a technique used to calculate fine motions of individ-
ual ground and structures points over wide areas. These reflectors should remain stable (interfero-
metric phase stability over time). Interferometric Point Target Analysis (IPTA) is a specific method
of PSI, developed by GAMMA Remote Sensing (Switzerland) to exploit temporal and spatial char-
acteristics of interferometric signatures collected from point targets to map scatterer deformation
history (Werner et al., 2003).

Interferometric processing for the selected study area was performed using 42 ERS-1 and 2 SAR
scenes acquired between 1992 and 2001 along descending track 279. Initial estimates of the inter-
ferometric baselines were calculated from available precise orbit state vectors from Delft Institute 
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Fig. 2: The basic concept of the Persistent Scat-
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Table 1. 

Count Satellite Slave (date) Orbits Bp (meters) dT (days)
1 ERS 1 11/12/1992 6937 73.913 -933
2 ERS 1 06/10/1993 9943 -477.395 -723
3 ERS 1 08/19/1993 10945 -323.744 -653
4 ERS 1 10/28/1993 11947 569.7341 -583
5 ERS 1 03/25/1995 19305 -1169.985 -70
6 ERS 1 04/29/1995 19806 -518.4969 -35
7 ERS 1 06/03/1995 20307 0 0
8 ERS 1 07/08/1995 20808 -583.3577 35
9 ERS 2 08/13/1995 1636 82.8884 71
10 ERS 2 09/17/1995 2137 -360.0171 106
11 ERS 1 10/21/1995 22311 761.2519 140
12 ERS 2 12/31/1995 3640 186.241 211
13 ERS 2 05/19/1996 5644 71.012 351
14 ERS 2 06/23/1996 6145 -83.809 386
15 ERS 2 09/01/1996 7147 -514.627 456
16 ERS 2 10/06/1996 7648 -392.684 491
17 ERS 2 11/10/1996 8149 1064.863 526
18 ERS 2 12/15/1996 8650 -309.172 561
19 ERS 2 01/19/1997 9151 -28.695 596
20 ERS 2 02/23/1997 9652 -182.299 631
21 ERS 2 05/04/1997 10654 -360.3074 701
22 ERS 2 06/08/1997 11155 -166.9323 736
23 ERS 2 07/13/1997 11656 -124.871 771
24 ERS 2 08/17/1997 12157 111.4587 806
25 ERS 2 09/21/1997 12658 -263.2312 841
26 ERS 2 11/30/1997 13660 177.4578 911
27 ERS 2 01/04/1998 14161 116.4249 946
28 ERS 2 04/19/1998 15664 193.0535 1051
29 ERS 2 05/24/1998 16165 -160.6964 1086
30 ERS 2 06/28/1998 16666 -834.8781 1121
31 ERS 2 08/02/1998 17167 56.7021 1156
32 ERS 2 09/06/1998 17668 47.0451 1191
33 ERS 2 02/28/1999 20173 302.9872 1366
34 ERS 2 06/13/1999 21676 -559.7601 106
35 ERS 2 07/18/1999 22177 455.9664 1506
36 ERS 2 08/22/1999 22678 1012.1175 1541
37 ERS 2 09/26/1999 23179 448.5963 1576
38 ERS 2 10/31/1999 23680 357.309 1611
39 ERS 2 12/05/1999 24181 -121.9885 1646
40 ERS 2 01/09/2000 24682 -140.144 1681
41 ERS 2 04/23/2000 26185 953.687 1786
42 ERS 2 05/28/2000 26686 806.600 1821



(NL) for Earth-Oriented Space Research (DEOS) (Scharoo and Visser, 1998). The topographic
phase was simulated based on SRTM v2 DEM of approximate spatial resolution of 90 m.

Starting from a stack of co-registered SLC images, the selection of the reference scene was based
primarily on the baseline minimization criteria. In addition, the selection of a reference scene ac-
quired near the temporal average of the available SAR acquisitions is also of interest. For the spe-
cific project the ERS scene acquired on 3 June-1995 with orbit number 20307 was selected as
reference scene.

The first step of the analysis involves the identification of candidate point targets for which the time-
series analysis will be performed. In this case two different approaches were applied. The first ap-
proach is based on the spectral properties of each individual SLC image. This is done by identifying
point targets of low spectral phase diversity. The second approach involves the identification of can-
didate point targets based on low intensity variability, since by definition point targets do not show
speckle behaviour as simple coherent scatterer dominates the echo. Finally, point targets determined
previously were combined into a single preliminary point list containing a total number of 78,647
records. At this stage of the analysis the distribution of point targets seems not to be restricted over
flat areas, but also show significant presence over mountainous regions. 

The analysis of the differential interferometric phases in the temporal direction is an important ele-
ment of an interferometric point target analysis. Point data stack of differential interferograms was
generated and analyzed by means of phase regression analysis in the temporal domain using two di-
mensional bi-linear regression model.

Two dimensional regression analysis is done with the dimensions corresponding to the perpendicu-
lar baseline of the interferometric pairs and to the time difference between the two SLC of the in-
terferometric pairs according to:

a0 + a1*bperp [i] + a2*delta t[i]

a0: phase offset, a1: slope in baseline dimension (can be converted into point height correction), a2:
slope in time dimension (can be converted into linear deformation rate), bperp: perpendicular base-
line component of interferograms, and delta_t: time interval of interferograms.

The model examines linear dependence of the topographic phase on the perpendicular baseline com-
ponent as well as linear phase dependence with time, solving respectively for both height correction
and constant deformation rate of the point target relative to the reference. The regression analysis of
the entire stack of observations was first conducted using multiple patches, within each patch one
reference is determined, and then using the selected single reference point as a global reference. This
procedure was followed in order to minimize the effect of distance between the two pairs phase com-
ponents, as the atmospheric distortion, baseline error (residual orbital phase trends) and higher rela-
tive deformation rates result in higher deviations of the individual points from the regression plain.

The quality of the preliminary candidate points were then carefully evaluated based on the estimated
standard deviation of the differential interferometric phase from the 2-D regression model. Points
with a phase standard deviation larger than the indicated threshold (in this case 1.0) were rejected
reducing significantly the number of scatterers to 3353 over the study area. The majority of the re-
jected points were located over mountainous areas non build-up zones.

The general phase model for IPTA that used is the same as the conventional interferometry. The un-
wrapped interferometric phase Φunw is expressed as the sum of topographic phase Φtopo, deforma-
tion phase Φdef, path delay (atmospheric phase) Φatm and the phase noise Φnoise.
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Φunw =Φtopo +Φdef +Φatm +Φnoise (Werner et al., 2003)

Phase terms related to the atmosphere, non-linear deformation, baseline errors and noise could be
discriminated within the residual phases based on their differing spatial and temporal dependencies
(Werner et al., 2003).

Unwrapped phases calculated from the regression analysis described above and the corresponding
topographic phases were then used in a least-squares approach for baseline refinement. The analy-
sis was limited over areas exhibiting no deformation as dictated by the linear deformation estimates.
Introducing the refined baselines and taking into consideration the early estimated height corrections
and linear deformation rates, the interferometric phase model was updated in a second iteration.

Additional processing includes temporal and spatial filtering of newly estimated residual phases to
compensate for atmosphere and noise. Atmospheric screen was attributed to large scale non-linear
residuals and subtracted from the model by applying low-pass spatial filtering on the residual phases.
Phase noise was treated by spatially filtering of phases around the reference, assuming stability of
the area considered.

Further iteration applying the additional corrections results in the final regression model. Results con-
sist of point heights, linear deformation rates, atmospheric phase, refined baselines, quality informa-
tion (temporal coherence) and non-linear deformation histories for each point. It is important to mention
that the final deformation model, as a consequence of the assumptions made during the estimation.

4. Analysis-Interpretation

After transformation of the interferometric results from range–Doppler coordinates into map geom-
etry (geographic coordinates), point targets were imported in a GIS environment and plotted on a
panchromatic Landsat-7 ETM+ image and in Google Earth environment for point targets identifi-
cation (Fig. 3). The majority of the targets correspond to the buildings forming villages.

In this location slopes face west and north-west making the descending scenes suitable for the in-
terferometric application. Phenomena like layover and foreshortening are not recognised in the av-
erage multi-look reflectivity image.

The displacement rates, along the line of sight (LOS), vary from -4.6 to 7 mm/year for the entire area
of processing. In total 1073 persistent scatterers were identified. Negative values indicate displace-
ment away from the radar sensor, towards down slope in this case. Examining the scatterers and
their rates of displacement on a more detail scale we noticed groups of targets presenting negative
values. A typical case is the Demenika village where the values of the targets vary between -3.1 and
0.7 mm/year (Fig. 4). Additionally, targets with negative values are observed over the tunnel of the
new suburban national road with rates between -4.0 and 0.2 mm/year (Fig. 5).

A distinct case in our results concerns a group of point targets over a slope, one kilometre towards
NE of Moni Omplou. These targets have negative values and correspond not to human structures but
to rocks outcrops (Fig. 6).

Finally the historic deformation diagrams for specific point targets from the above sites were cre-
ated (Fig. 7) showing the tendency of the displacement during the time span (1992-2001).

5. Results-Discussion

In this study a dataset of Envisat scenes were processed using the IPTA algorithm in order to create

XLIII, No 3 – 1307



a persistent scatterers deformation map in order to detect soil instability over the Panachaiko slopes
facing Patras city. Produced results show areas with negative values that means a displacement away
from the satellite.  These areas could correspond with areas of ground instability. For specific tar-
gets the historical deformation diagrams were created. Interferometric results should be accompa-
nied by detailed field work verify the interferometric results. Based on the observation that even
over villages the point targets are few a new processing with the selected reference point much close
at the areas of interest probably will increase the number of targets and thus the points of measure-
ments. Generally speaking, the persistent scatterers interferometry approach offers an alternative in
respect to the “conventional” or repeat-pass interferometry. With this technique the corresponding
stable point targets can be identified and analyzed their displacement in time. The main limitations
(Colesanti and Wasowski 2006, Rott and Nagler 2006) of PSI to identify landslides are related to:

- One dimensional deformation data provision along the line of sight.

- A limited range of detectable displacements (up to 10 cm/yr) focusing only on very slow slope de-
formation.

- Limited rock outcrops and buildings in the area so the detectable persistent scatterers are very few.
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Fig. 3: Linear deformation rates for point targets estimated over the study area and plotted on a QuickBird
satellite image
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Fig. 4: Linear deformation rates for point targets estimated over Demeniko village

Fig. 5: Linear deformation rates for point targets estimated over the tunnelling area
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Fig. 6: Linear deformation rates for point targets estimated over the Moni Omplou slope

Fig. 7: Typical displacement histories (1992–2001) for specific point targets in the three areas showing a dis-
placement away from the sensor. Values lie within about 0.2 cm of the linear rate with a standard deviation sig-
nificantly below 1 rad.
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Abstract 

This paper presents a methodology for assessing the degree of vulnerability of different lithol-
ogy formations constituting the drainage basin of the gorge of Agia Eirini. The methodology is
based on the processing of spatial aspects parameters of lithology, hydrography, geomorphol-
ogy and the vegetation cover, which are related with the weathering impact on formations ei-
ther directly or indirectly. 

Initially a series of primary spatial data on geology, topography, the river network and the
land use in the region, were used to produce thematic maps. These maps include the geologi-
cal map, the digital terrain model (DTM), the map of the land use, and hydrographic maps of
density and frequency. By processing the data according to their role in enhancing the vulner-
ability of formations, the data were determined and the following thematic maps: “Map of ge-
ological formations susceptible to weathering”, “Map of hydrographic texture”, “Map of
morphological inclinations” and “land use map protecting against the loss of disintegrated
material were produced. By appropriate combination of these secondary data, areas of vul-
nerability of formations were recorded which are shown on a final thematic map. This infor-
mation is particularly valuable in the management planning and gives the opportunity to
evaluate and predict the impact of various proposed projects or future scenarios. They can also
be used to identify positions to take necessary measures to protect areas at high risk of loss of
material.

Key words: vulnerability, drainage basin, weathering, Agia Eirini gorge, West Crete

1. Introduction 

Management planning of natural resources is a necessity nowadays. In this context with the pos-
sibilities offered by modern information systems, a methodology for assessing the vulnerability
of the formations constituting the drainage basin of the gorge of Agia Eirini was implemented. 
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In recent years, the increasing development of Geographical Information Systems (GIS) has
provided powerful tools for the collection, storage, analysis and presentation of geographically
oriented data. The possibility of management of such georeferenced data has made the GIS a
powerful decision support tool.

We set up a database for the drainage basin of the gorge of Agia Eirini. By processing spatial
aspects of lithology, hydrography, geomorphology and the vegetation cover, we assessed the
vulnerability of the formations constituting the catchment area of the gorge. Lithology, hy-
drography, geomorphology and the vegetation cover are different parameters related to weath-
ering. The analysis of their significance and the appropriate combination of those parameters
provided a thematic map of the vulnerability degree of the formations.

The gorge of Agia Eirini is located on the west side of the White Mountains (Fig. 1). It belongs
to the Selino province of the Chania Prefecture. The gorge is one of the most famous gorges of
Crete and is a multiply protected area (part of the “White Mountains” National Park, “Natura
2000 Area”, “Important Bird Area” and “Special Protection Area“). It consists of metamorphic
carbonate rocks of the Trypali unit, a formation of Triassic age, and the Phyllite unit formations.

2. Geological setting

Today, the island of Crete is located north of the Hellenic trench. The geological framework con-
sists largely of nappes of contrasting lithologies and metamorphism that were stacked south-
wards during an Oligocene to early Miocene N-S compression. Most of the whole nappe stack
of continental Greece is recognized in Crete. It has however a reduced thickness and more im-
portant shortening. The nappes are stacked from top to bottom, i.e. from the most internal to ex-
ternal units in the following order: Asterousia nappe, Miamou nappe, Arvi nappe, Pindos-Ethia
nappe, Tripolitza nappe, Phyllite nappe and Trypali nappe. The Plattenkalk Group represents
the lowermost known tectonic unit beneath the nappe pile of Crete and their formation has been
involved in the tectonometamorphic process during the Oligocene-Miocene.

The complexity of the geological structure and access difficulties, due to the high topographical
relief and thin infrastructure, are the main reasons that in Western Crete, the existing geological
maps are dated back in the 1960’s; whilst for some parts, as the area of Palaiochora the basic ge-
ological map has just been published. Although a number of geoscientists have worked and pub-
lished papers regarding the wider area (e.g. Manutsoglu et al. 1999; 2001; 2003), the gorge in
particular has recently become subject of systematic studies (Bizoura et al. 2004; 2006).

According to these researchers, on the map region, apart from the Quaternary and Neogene se-
quences, parts of the Tripolis series are found, consisting of Jurassic and Cretaceous limestone,
eastern of the southern end of the gorge. On the northern and western part of the region, grey
and white dolomitic marbles appear, containing a characteristic bituminous horizon of 2-3 m
thickness, which are tectonically positioned over the underlying formations. The marbles are
locally similar to the crystalline Plattenkalk limestones, but without flints. These are the Try-
pali unit limestones (Creutzburg & Seidel, 1975), of no later than Middle Triasic age, the geo-
tectonical position of which is known (always thrusted over the Plattenkalk group) but their
paleogeographical position is unknown and has been subject of long scientific controversies.

The underlying unit is build by rocks of the Plattenkalk-Group. The first detailed lithostrati-
graphical description, which revised the dating on the geological map (Carboniferous-Perm),
was prepared by Fytrolakis (1980) and was supplemented by Soujon et al. (1998).
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The wider research area is part of a mega-structure, that determined the morphotectonical evo-
lution of the region during the Neogene and the Quaternary. The visible core of this structure is
the Gigilos mountain peak, on the northern part of the Samaria gorge, which is build by the older
rocks of the Plattenkalk series (Manutsoglu et al, 2003). On both sides of this peak the strata dip-
ping is changed, for the overlying formations, for the Plattenkalk group and for the rocks of the
overthrusted Trypali unit, while maintaining a similar direction of NNE-SSW. On the NW side
of the Samaria gorge, the overlying formations have undergone intense tectonic movement,
forming a tectonic breccia of considerable thickness. This mega-structure dips towards NE.
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Fig. 1: Α: Geographical position of the study area. Β: Projected orthophoto maps of the study area& C:
Landsat - TM (Scene 182-35, UTM Zone 35, Zones 742 RGB).

Fig. 2: Digitized geological map after Tataris et al., (1969) of Agia Eirini drainage basin.



As a result of this dipping, at the SW part of the Samaria Gorge the formations of the underly-
ing Plattenkalk unit are not present; instead the metamorphic carbonate rocks of the Trypali
unit appear. The contact is tectonic and is characterized by the existence of tectonic breccia,
which locally exceeds 2 m thickness. The nappe thickness at this location is no more than 50
m, but to the west it is more than 200 m. The Agia Eirini gorge evolved in this fractured meta-
morphic carbonate sequence of large thickness. In the I.G.M.E. geological map (Tataris et al.,
1969), the gorge is shown to evolve entirely in the Trypali unit metamorphic rocks. However,
field work revealed that also metamorphic rocks of the Plattenkalk group appear in the gorge,
which are not shown in the map, probably due to its scale (1:50000). The appearance of the tec-
tonically lower unit is of significant importance for the explanation of the formation of the
gorge, which simply evolved along a fault zone. To exhibit all these data, a three dimensional
morphotectonical - geological model has been constructed (Manutsoglu et al., 1999).

3. Data and results

3.1 Data 

The basic aim of this work was the assessment of the vulnerability degree of different litho-
logical formations in the drainage basin of Agia Eirini gorge. The gorge comprises the Quater-
nary and Neogene formations, the carbonate rocks of the Tripolis series, the Plattenkalk Group,
the rock of the Trypali unit and the Phyllite –Quartzite group (Fig 2).

For the attainment of this aim, the following data were used:
• geological map, 1:50.000 scale (Alikianos sheet), by the Institute of Geology and Min-

eral Exploration (I.G.M.E.),
• topographical map, 1:50.000 scale (Vatolakkos sheet), by the Hellenic Military Geo-

graphical Service (H.M.G.S.),
• digital map of the Cretan region with 20 -meter elevation contours,
• land use map, 1:100.000 scale of the European program CORINE land cover, 
• data and records acquired from field work conducted in the study area.

For the storage, processing and analysis of the primary data, the ArcGis program of ESRI was
used. With this software we set up a database for the study area. Besides primary data, the data-
base includes secondary data as well, which were derived by the analysis and processing of the
raw data and by all studies conducted in the area. The secondary data include the digitized ge-
ological map (which is supplemented with details from field work), the digitized river network,
the digital terrain model, the map of morphological gradients, maps of the hydrographic fre-
quency and density etc.

The vulnerability degree of the geological formations in the basin of Agia Eirini resulted from
a combination of four variables. These variables are related with the weathering impact on for-
mations either directly or indirectly and they can be displayed spatially (Marinos et al. 1998,
Alexouli – Livaditi et al. 2002, Lycoudi & Scarpeli 2006), with the production of the follow-
ing thematic maps:

• map of geological formations susceptible to weathering,
• map of morphological inclinations,
• map of hydrographic texture,
• land use map protecting against the loss of disintegrated material.

The combination of the above maps (based on their impact to weathering) produced maps dis-
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playing the vulnerability degree of the formations and, thus, the risk of material loss. With this
method we constructed two applications: with and without the vegetation cover factor.

3.2 Data analysis and results

Based on geological, hydrogeological and hydrolithological (permeability) information, the
digitized geological map was converted into the map of geological formations susceptible to
weathering (L) (Fig 3a). In especial this conversion was based on the stone composition, the de-
gree of transformation, and qualitative data from field work related to the weathering mantle
observed.

The formations were classified into two categories. The first one comprises formations rather
invulnerable with little disintegrated mantle thickness (L1). The second one contains the vul-
nerable formations with thick disintegrated mantle (L2). The first group (L1) comprised the
carbonate rocks of the Tripolis series, the Plattenkalk Group, the rock of the Trypali unit and
quartzite parts of the group of Phyllite -Quartzite. Group (L2) consisted of almost all the Phyl-
lite -Quartzite series and the Quaternary and Neogene formations.

From the digitized topographic map of the region we created the digital terrain model (DTM)
by using the ArcGis software. With further processing the DTM model, the morphological in-
clination map was produced. This map was classified depending on the gradient of slopes and
two categories were distinguished The first category (S1) includes areas with slopes of less
than 12% and the second group (S2) areas with slope greater than 12% (Fig 3b).

The watershed and the drainage network of the study area were digitized and sorted according
to Strahler (1964) classification. The drainage network and, therefore the basin of the gorge of
Agia Eirini are of the fifth class. Then, the lower order basins of the 4th and the 3rd class were
digitized and the values of the hydrological frequency and density were calculated for all the
basins. The drainage density (Du) of an order u drainage network is “the ratio of the total length
of all branches of the river network of a u order basin to the area of this basin” (Horton 1945).
Drainage frequency (Fu) of an order u drainage network is “the ratio of the total number of
branches of an order u basin to the area of this basin” (Horton 1945). In a river network, the tex-
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Fig. 3: a) Map of geological formations susceptible to weathering (L). b) Map of morphological inclina-
tions (S).



ture is determined by the growth sectors of the drainage basin and depends on the parameters
of the drainage density and of frequency. The drainage basin area of the gorge is 100 km2.

We created the map of hydrographic texture from the maps of hydrographic frequency (F) and
hydrographic density (D) (Fig. 4a). According to Table 1, the study area was divided into three
categories of hydrographic density and frequency: high, medium and low, D1, D2, D3 and F1,
F2, F3, respectively. The combination of these categories provided the “hydrographic texture
map”, which comprised two categories of areas: a) with low to moderate texture (Y1) and b)
with moderate to high texture (Y2) (Fig. 4b).

The first category includes areas with medium and low values of frequency and density and the
second category areas with high and medium values of frequency and density.
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Fig. 4: a) Map of hydrographic density (D). b) Map of hydrographic texture(Υ).

Table 1. Categorisation of vulnerability factors 

1) Geological formations
susceptible to weathering (L)

invulnerable
L1: limestones, dolomites,

quartzites etc.

vulnerable
L2: contemporary silting,

colluvial deposits, phyllites etc.

2) Morphological inclinations (S) S1: <12% S2: >12%

3) Hydrographic texture (Υ) Low to medium
Υ1: Combination of F1, F2

and D1, D2

Medium to high
Υ2: Combination of F2, F3

and D2, D3

3a) Hydrographic frequency (F) low
F1: F ≤ 6,81

medium
F2: 6,81 <F ≤ 9,32

high
F3: 9,32 <F

3b) Hydrographic density (D) low
D1: D ≤ 2,82

medium
D2: 2,82 <D ≤ 3,44

high
D3: 3,44 < D

4) Land use/vegetation cover (C) C1: sparse shrubs,
grasslands and areas
with little or no vege-

tation 

C2: olives and
agricultural areas

C3: forests
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Taking into account the three final maps of the first three thematic sections, described above,-
map of geological formations susceptible to weathering (L), map of morphological inclinations
(S) and map of hydrographic texture (Y)- a new map was produced. This was the map of for-
mations vulnerability and risk of material loss (T), based on lithological and geomorphologi-
cal criteria but without taking into account the factor of vegetation cover (Fig. 5a). The
combination of those three thematic maps, led to determination of the study area into four zones
of vulnerability (table 2).

Extending the investigation of the influence of various factors on the vulnerability of the forma-
tions and creating a simulation model of vulnerability led to taking another factor into consider-
ation. The vegetation cover factor was categorized according to “Corine” land use map and field
observations. Three groups of vegetation cover were distinguished: a) sparse shrubs, natural grass-
lands and areas with little or no vegetation (C1), b) olive groves and other agricultural areas (C2)
and, c) forests (C3) (Alexouli-Livaditi & Livaditis 1997, Alexouli-Livaditi et al. 2002).

The protection offered by vegetation, is clearly dependent on the type of vegetation. The great-
est protection is provided by thick forests and dense bushes. Less protection is offered by sparse
woods and various crops. Areas with no vegetation are totally unprotected (Kotoulas 1985).

Combining information of the vulnerability and vegetation cover maps produced the “vulner-
ability map of the lithological formations and of risk of material loss considering the vegeta-
tion factor“ (ST). (Fig. 5b), It also produced the determination of the research area into four
zones of vulnerability (table 3).

Table 2. Classification of vulnerability provided by the combination of the first three thematic maps
(without the vegetation cover factor) 

VULNERABILITY WITHOUT THE VEGETATION COVER FACTOR

Vulnerability (Low)
T1

(Low to medium)
T2

(Medium to high)
T3

(Very high)
T4

L1,S1,Y1 L1,S1,Y2 & L1,S2,Y1
& L2,S1,Y1

L1,S2,Y2 &L2,S1,Y2
& L2,S2,Y1

L2,S2,Y2

Area (km2) 4,21 36,49 44,71 14,59

Percentage (%) 4,21 36,49 44,71 14,59

Table 3. Classification of vulnerability provided by combination of the four thematic maps (with the
vegetation cover factor).

VULNERABILITY WITH THE VEGETATION COVER FACTOR

Vulnerability (Low) ST1 (Low to medium) ST2 (Medium to high) ST3 (Very high) ST4

Combination of
Τ1 & C1,C2,C3

T2 & C3

Combination of
Τ2 & C1,C2

T3 & C3

Combination of
Τ3 &C1,C2

T4 & C3

Combination of
T4&C1,C2

Area (km2) 15,96 27,95 41,85 14,24

Percentage (%) 15,96 27,95 41,85 14,24



4. Conclusions

Sustainable management of protected areas requires good knowledge of the entire system and
effective tools. Setting up a GIS with the possibility of spatial and qualitative assessment of the
potential loss of disintegrated material is a powerful tool essential for the management and pro-
tection of natural ecosystem of Agia Eirini gorge.

In this work the appropriate combination of a series of maps produced thematic maps present-
ing the vulnerability of the basin formations of the gorge of Agia Eirini and the risk of losing
the disintegrated material. The results of this process can be a guide to monitoring and sus-
tainable environmental management of the basin of the gorge of Agia Eirini.

The existence of this information in a GIS has a lot of advantages. Besides the possibility of fu-
ture adjustments and all the advantages of a digital database, the proposed method of spatial es-
timation of material loss could be used to predict the impact of future changes (e.g. land use
changes) or in disaster scenarios (e.g. destruction of plant cover due to fire) and define the ef-
fects of those changes on the natural environment.

Identifying high risk positions gives the opportunity to take protecting measures and prevent
the environmental impact Moreover this method is necessary for the application of the Water
Framework Directive 2000/60 and for the spatial planning of land use.
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Abstract 

Flood history analysis contributes decisively to a more realistic assessment of flood hazard. In this
work, systematic data collection on past flood events in Marathonas area (Attica, Greece) together
with the development of a database, allowed the thorough study of flooding phenomena and their
evolution over time. The study area consists of three dominant catchments with rich flooding history,
namely Rapentosa, Charadros and Kato Souli. Information gathered from governmental and insur-
ance organizations, emergency agencies, the press, field interviews and other documentary sources,
along with geomorphologic and geologic evidence, were stored, structured and analyzed in a GIS
platform and were used to reconstruct flood events with detail. Valuable results were produced con-
cerning the causes, the characteristics, the spatial distribution of damages and the extent of inun-
dation for each event. Moreover, the rate of recurrence of flooding phenomena was calculated across
the floodplain, so that the areas of higher risk were identified and delineated. The active part of the
floodplain was outlined and its migration overtime was studied. Furthermore, the methodology un-
derlined the imperfections of the existing risk mitigation strategy and the past emergency experiences
were appraised in a way that they highlight the priorities and will help improve management of fu-
ture situations of risk.

Key words: flood hazard, flood history, Marathonas, flood frequency, Marathon, Attica, Greece.

1. Introduction 

In many parts of Greece flooding occurs in small, flash flood prone watersheds drained by ephemeral
water courses with little or no water at all for most of the year. In this context and given the scarcity
of instrumental hydrological records, classic hydraulic modeling may not be adequate in assessing
flood hazard. Thus, the use of alternate methods becomes necessary for a better understanding of the
flooding processes and the mitigation of the associated risk. Analysis of flooding history is a tech-
nique that can produce results within these limitations. Historical flood records have been used in
the past in the Mediterranean region (e.g. Garcia & Garcia 2003) and around the world (Benito et
al 2004, Hergert & Meurs 2007) to improve the knowledge in the field of hydrological extremes. His-
torical flood analysis focuses on identifying hazard areas based on careful reconstruction and ex-
amination of past flood events. The objective of this work is to outline a methodology that
contributes to an in depth appraisal of the flooding problem in a specific area, in this case Marathonas
in Greece, regardless the availability of instrumental records.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



2. Background

2.1 Setting 

The study area lies in the north-east part of Attica in Greece and consists of three relatively small
catchments, namely Rapentosa, Charadros and Myrtia (Kato Souli). In terms of geomorphology, it
comprises of a hilly area, with steep slopes and the famous for its battle plain of Marathonas, through
which the drainage networks flow into the sea. The area is inhabited by approximately 8000 people
with Marathonas and Kato Souli being the most important settlements.

The southernmost catchment (37,5 km2) is drained by Rapentosa torrent and borders with Nea Makri
from the south and with Charadros catchment from the north. The drainage network reaches the
north side of Penteli and Dionysos and runs off, forming a steep gorge, into Marathonas plain and
through Vranas settlement. At present the torrent is drained at the last part of its course by an artifi-
cial underground waterway. Bordering from the north with Rapentosa, Charadros is the largest of the
3 catchments, even though its drainage area was reduced to 60,2 km2 after the construction of
Marathonas’ dam in 1929. It reaches the sea at the central part of the plain, passing between Kotroni
and Stavrokoraki hills and through the modern village of Marathonas. The third and smallest catch-
ment (15,2 km2) is drained by Myrtia torrent, a poorly developed drainage network which flows
into a marsh, lying on the north-east part of the plain. The water, leaving the hilly area drains into
artificial channels until it reaches the swamp and subsequently the sea through a manmade canal. All
three catchments are dry for most of the year.
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Fig. 1: Map showing the three catchments, the drainage network and the main settlements and landmarks. At
the north east part of the map Myrtia borders with Charadros, which in turn borders with Rapentosa catchment
from the south.  



In terms of geology, the study area consists of a series of Mesozoic formations, accompanied by
postalpine Cenozoic sediments. From base to top, one can distinguish lower-middle Triassic mar-
bles followed by Northeastern Attiki Schist formations with marbles intercalations of Jurassic age
and Northeastern Attiki Marbles of Cretaceous age. Upper Miocene breccioconglomerates and flu-
violacustrine formations can be found on top of the Mesozoic series. Fine grained fluvial deposits
of Pleistocene age are abundant Charadros banks. The plain is dominated by Holocene alluvial de-
posits accompanied by some talus cones.

2.2 Previous works 

Historical flood records have been used in the past for the study of flood risk. Potter (1978) first sug-
gested that the past behaviour of a river is a very important ingredient in all hydrological investiga-
tions and can be exploited thoroughly with the use of information contained in historical records.
Bayliss and Reed (2001) proposed flood history study as an alternative practice to improve our
knowledge on hydrologic extremes. Glaser and Stangl (2003) suggest that historical records are an
important source for the evaluation of frequency of such events. Both Potter  (1978) and Bayliss and
Reed (2001) recommended periodical journals, newspapers, chronicles, specialists reports, govern-
ment databases, pictures, the world wide web and other various sources as a basis for information
mining. Barriendos et al (2003) suggested local and central government, church and private collec-
tions and notarial archives as good sources of information.

Previous works exploited documentary data to provide further understanding on the flooding problem
of several places. Glaser and Stangl (2003) studied extreme inundation events in central Europe since
1300 using documents dating back to the middle ages and other anecdotal evidence. In their study they
connected flood occurrence with historic climate and atmospheric patterns. Macdonald et al (2003) used
documentary data, newspapers, epigraphic records and eyewitness observations along with instru-
mental records in order to examine the flood-generating mechanisms of river Ouse in UK. In their
study they reconstructed flooding history since 1600AD and suggested that its analysis can improve
understanding of flood risk considerably. Herget and Meurs (2007) studied past extreme events in the
city of Cologne in Germany with the help of written descriptions, paintings and other evidence and
recreated peak river discharges for historical floods. Past flood data were also utilized to project the evo-
lution of flooding in time and space. Conesa Garcia and Garcia Garcia (2003) used anecdotal evidence
to reconstruct flooding history of Cartagena, in Spain, identifying high and low risk locations.

Documentary hydrological data have been correlated in the past with flood event frequencies to im-
prove risk prevention and readiness. Bayliss and Reed (2001) studied the case of river Avon at Worces-
tershire and suggested that it is essential in flood risk studies to review flood frequency curves by
augmenting existing data with the use of historical records. Agasse (2003) collected data from the
press, official telegrams, unpublished reports and interviews with local people and reconstructed Nor-
mandy’s flooding record during 17th to 20th centuries. In this study Agasse examined the trends of
flood frequency and intensity. Williams and Archer (2002) collected data from unpublished reports,
meteorological magazines and websites to reconstruct floods in the English Midlands. In their study,
they demonstrated how flood history improves risk assessment as it is carried out through the use of
conventional hydrometric record. Benito et al (2004) suggested that systematic and non-systematic
data can be combined to improve flood frequency analysis with direct impact on flood risk assessment.

3. Data

The basic concept of examining flooding history is the collection of information about every single
event recorded, followed by data structuring and analysis with specific techniques. Therefore, the
starting point of this investigation was the identification of data sources.
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3.1. Data types and sources 

As far as local government organizations are concerned, the Prefectural Administration of East At-
tica provided detailed reports about flood damages on infrastructure, including damaged property
owners’ accounts, description of locations, of water height and extent. The municipality of
Marathonas provided documents and verbal descriptions of past events. Information was also gath-
ered from central government organizations, i.e. the General Secretariat of Civil Protection and the
Earthquake Rehabilitation Service, in the form of maps demarcating flood zones and districts that
were hit in the past. Greek Fire Department provided a database of emergency incidents concerning
flooding in the area, reporting locations, time and type of event. Data on damages on agriculture were
collected from the Hellenic National Agricultural Insurance Organization along with damage type
and time specifications. National and local newspapers and were researched in depth for articles de-
scribing flood damages and conditions. Their archive was easily accessible and of very good qual-
ity and coverage through the years. World Wide Web was proved an excellent guide to locate
information sources and damage compensation mandates. Pictures and videos obtained from na-
tional channels, newspapers, websites and local residents were exceptionally revealing of the con-
ditions of flooding. Details on damages and observation on water stage and extent were collected by
interviewing local people. Data were also collected from the Archaeological Society at Athens which
contained a considerable amount of information in the form of diaries and written descriptions due
to the continuous presence of researchers since the 19th century.

3.2. Data compilation

Since the ancient years the plain was notorious for its floods. Charadros became proverbial for its
fierce floodwaters in ancient local societies (Hammond 1968). Locally, the river god was worshiped
as the lord of the violent force of Charadros (Sekunda 2002), showing a form of primitive knowl-
edge concerning the local flooding phenomena. However, the first detailed description of a flood
event comes from Leake (1841). In his work, he describes a violent flood that washed away many
houses in the settlements of Marathonas and Bei in the autumn of 1805, changing the landscape
completely. The events occurred after Rapentosa and Charadros torrents inundated large areas of
the plain. Leake (1841) also mentions that Charadros and Rapentosa are noted for their ‘occasional
impetuosity’ and that the plain is usually subject to inundations from the two torrents (‘particularly
Charadros’). Davidson (1880) describes a flash flood in 1879 that carried away a lot of material
from the banks of Charadros from the inner parts of the plain to the sea. Hughes (1901) also notes
the strong effect that flooding from Rapentosa and Charadros has on the plain morphology and the
amount of material deposited there during extreme events. The first captured picture of a flood in
Marathonas comes from Charadros (in 1926) showing high velocity waters, damaging structures
and equipment that were used at the time for the preparations of the construction of Marathonas
dam (EYDAP 2003). Sotiriadis during his archaeological investigations (1925-1937) noted that al-
though the two main torrents are dry even in the winter, the plain is “occasionally inundated” (Sotiri-
adis 1933). In 1959 (July the 3rd) overflowing of Rapentosa torrent hit the plain damaging crops and
drowning animals (Empros 1959). Almost a decade later Hammond (1968) notices that Charadros
and Vranas overflow occasionally transporting large amounts of materials on the plain and to the sea.

In 21st of October 1979, Kato Souli and Agios Georgios flooded after a high intensity rainfall, leading
to approximately 1600m2 of damaged crops. The event was accredited then to a debris-clogged canal in
the Kato Souli area. In 1980 (October 27th) Rapentosa inundated its banks, leading to one casualty, two
injured people, many damaged cars, houses and crops in Vranas village. Unfortunately, although these
two events were covered extensively by the press at the time and are very well known to the local com-
munity there are no official government documents survive today. However, numerous detailed reports
can be found in 1979 and 1980 newspapers articles database (Nea 1979, Apogevmatini 1980).
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After 1987 the data and the descriptions become more detailed. The archive of the Prefectural Ad-
ministration of East Attica (2007) contained ten floods events accompanied by detailed descriptions
of damages and locations. The database of the Hellenic National Agricultural Insurance Organiza-
tion (2007) for the study area, contained eight flood events that damaged agricultural land or equip-
ment and detailed information on extent, location, cost and time of damages recorded. The events
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Table 1. Flood events in the area of study based on the records of the Prefectural Administration of East
Attica (2007) and the Hellenic National Agricultural Insurance Organization (2007).

Recorded flood events 

Event Date Locations that suffered damages
(shown in fig. 1)

Damages in buildings and in-
frastructure

Damages in
agriculture

12th Nov. 1987 Patitiria, Tsepi, Vranas, Tymvos,
Valaria and Paralia

No detailed record No record

26t Feb. 1988 Vranas, Patitiria, Tsepi, Valaria,
Paralia and Tymvos

No detailed record. Approxi-
mately 30 houses, 20 vehicles

No record

27th Jan. 1996 Paralia. Valaria and Patitira 2 businesses, fencing in some
houses, road network,

public utilities

No record

12th Nov. 1998 Patitira, Tsepi and Valaria 10 buildings and the
road network

No record

20th Nov. 1998Patitiria, Tsepi, Tymvos and Valaria 2 buildings and the road network No detailed record

27th Mar. 1999 Patitiria, Vreksiza, Tymvos and
Valaria

No record 11 businesses,
truck farms

14th Jan. 2001 Patitiria, Vranas, Tsepi, Paralia,
Bei, Kato Souli, Rizari, Tymvos

9 buildings (household
utensils and parts of the

structure), many vehicles

42 businesses
greenhouses, olive
groves, truck farms

3rd Nov. 2001 Vranas, Tsepi, Valaria, Bei, Paralia,
Marathonas and Tymvos

18 buildings, some vehicles
and the road network

33 businesses,
greenhouses, olive
groves, truck farms

14th Dec. 2002 Valaria, Tsepi and Patitiria No record 9 businesses,
mainly greenhouses

26th Jan. 2003 Vranas, Tsepi, Rizari, Bei,  Pati-
tiria, Agios Georgios

6 buildings, road network
and the sewerage system

21 businesses,
mainly truck farms

16 Sep. 2005 Kato Souli, Agios Georgios,
Marathonas village, Patitiria, Tsepi,

Paralia, Rizari and Bei

Only minor damages to some
buildings and fencing

21 businesses,
mainly greenhouses

23 Nov. 2005 Patitiria, Tymvos, Tsepi, Valaria,
Marathonas village, Plasi, Paralia,

Kato Souli and Agios Georgios

10 buildings (houses and
businesses), road network,

public utilities

29 businesses,
greenhouses and

fields, truck farms

18 (3)



from these two sources are summarized in table 1.

These twelve flood events in total were confirmed by cross-referencing with the record of the Greek
Fire Department (2007), the archive of the General Secretariat of Civil Protection (GSCP 2006), the
record of Earthquake Rehabilitation Service (2006), articles from the Greek Parliament Newspaper
Archive and television broadcasts obtained from the archive of national television stations. In some
cases complementary information was collected from these sources.

4. Methods

4.1 Data analysis

Initially , upon collection exploitable and good quality information was selected from raw data and
stored in a database, based on categorizing different types of evidence like water stage, extent, speed,
severity and type of damage, time and duration of flooding. This step was followed by the compi-
lation of an overall list of past flood events in the area. In a second phase, damages on structures and
agriculture were plotted in a GIS environment along with evidence provided from pictures and
videos to form an accurate reconstruction of every flood event between 1979 and 2008. Each one
of these polygon shapes symbolizing reconstructed inundated areas, were converted to raster data
with cell value of 1 for inundated locations and 0 for non-inundated locations. These raster data
were subsequently mathematically added with the use of Weighted Sum tool of computer software
ArcMAP 9.2 (ESRI 2008). Thus, raster cells were added with same-location cells of each flood
event. In this way, the resulting raster symbolized the spatial extent of all the flood events and each
cell contained information on how many times it was inundated. This very attribute provided a clear
view of the flood recurrence rate for each location for the last 30 years, which was the time period
with adequate data. It also allowed interesting observations on the evolution of flooding. Finally de-
scriptions, reports and other evidence were examined to determine the main causes of the flooding
problem in the area.

4.2 Geologic and geomorphologic observations

Assessment of the influence of geologic and geomorphologic features in extreme hydrological events
was considered important. Therefore, factors of geology and geomorphology of the three basins
were calculated in an effort to estimate in what extent they are linked to flooding phenomena.
Namely mean slope and basin elongation ratio were computed due to their influence on the hydro-
graph form (Sith & Ward 1998), whereas basin area and geologic formations permeability due to their
importance in water volume drained. In this work, geologic formations were classified in three
groups based on their hydrogeological behaviour. The first group consisted of higher permeability
carbonate rocks, the second of impermeable formations, like schist, and the third from post alpine
porous sediments of intermediate permeability. Additionally, the channel morphometry of the three
torrents was studied in order to examine the degree to which the flooding phenomena are enhanced
by parameters of the drainage network like channel’s morphomology and dimensions. This was car-
ried out by field observations and by studying geologic, topographic and historical maps of the area.

5. Results

5.1 Flood history summary

Examination of the collected evidence showed a rich history of flooding in the plain of Marathonas.
From ancient years until modern days the area suffered numerous incidents. Apart from the one known
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casualty and some injuries, damages included buildings (houses and businesses), agricultural land
and equipment, vehicles, the road network and important infrastructure. Flooding continued through
the years even though significant flood defenses were developed. Based on the compiled data, one can
identify 18 distinct flood events (shown in table 2) extending back to 1805. The record is considered
to be complete only after 1979, in contrast with period before this year when data coverage was not
adequate. Table 2 shows all the recorded flooding incidents separately for each torrent. 

5.2 Characteristics and evolution of flooding

Careful study of the events’ descriptions showed a series of common characteristics like the abrupt
rise of flood waters and the relatively short duration of inundation. It also showed higher water ve-
locities around Rapentosa torrent (Vranas and Patitiria) than at Charadros (Bei and Paralia) and even
lower speeds at Vreksiza, Valaria, Agios Georgios and Kato Souli. In some cases, vegetation debris
and sediment content was abundant in floodwaters (Prefectural Administration of East Attica 2007),
a phenomenon that can be attributed to the forest fires of 1995 and 1998 in the area. Concerning the
evolution of affected areas, it is evident that before the construction of Marathonas Dam, flooding
in Charadros was more frequent. Thus, after 1929 flood areas around Charadros were considerably
reduced along with associated damages. It is also apparent that flooding problems in Myrtia torrent
have been intensified in the last six years in the record, most probably due to the recent development
of housing, road networks and other public works without appropriate sewerage.

Table 2. Table showing recorded flood events in the study area

Flood events in Marathonas area

Year Date Basin Year Date Basin

Charadros Rapentosa Myrtia Charadros Rapentosa Myrtia

1805 Autumn × × 1998 November
12th

×

1879 Autumn × 1998 November
20th

×

1926 Unknown × 1999 March 27th ×

1959 July 3rd × 2001 January 14th × × ×

1979 October
21st

× 2001 November
4th

× ×

1980 October
27th

× 2002 December
14th

× ×

1987 November
12th

× × 2003 January 29th × × ×

1988 February
26th

× 2005 September
16th

× × ×

1996 January
26th

× × 2005 November
23rd

× × ×



Human interference with hydrologic processes is considered to have intensified flooding phenom-
ena through blocking drainage routes towards the sea and reducing the flow capacity of channels.
Such effects are evident at Patitiria and  Tymvos, Paralia and Agios Georgios. Changes due to the
recent development of flood defenses have to be evaluated in the long term.

5.3.  Damage type and distribution

Analysis of the spatial distribution of damages, illustrates that Rapentosa (mainly Tsepi and Patitiria)
are the most affected areas. In most cases damages included agricultural land and equipment, green-
houses, vehicles, buildings fencing and masonry, household utensils and loss of some domestic and
livestock animals.

5.4 Flood recurrence rate

Flooding has a higher repetition rate in Rapentosa torrent (13 events in 30 years) than in Charadros (7
events in 30 years) and Myrtia catchment (6 events in 30 years).  Data analysis, as described in 4.1,
showed explicitly the areas with higher recurrence rate.  Figure 3 illustrates these areas with a ranking
based on the number of events suffered in 30 years. Thus, high recurrence rate represents areas that
flooded 10 to 14 times during this period, whereas medium recurrence rate locations that flooded 5 to
9 times and low recurrence rate areas 1 to 4 times. According to this process high recurrence rate lo-
cations can be identified at Patitiria and Tymvos and medium rate areas at Valaria and Agios Georgios.

5.5 Correlation with geologic and geomorphologic data

Examination of calculated basin properties showed that higher recurrence flood rate in Rapentosa
in comparison with the other two torrents is partly connected to its increased percentage of imper-
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Fig. 2: Chart showing the fluctuation of affected areas in square metres through the years, for each flood event.
In horizontal axis, events are expressed in year of occurrence.

Table 3. Recorded damages for compensation purposes (Prefectural Administration of East Attica
2007, Hellenic National Agricultural Insurance Organization 2007).

Officially recorded damages Rapentosa Charadros Myrtia

Buildings damaged (1996-2009) 38 9 10

Damaged agricultural land (1999-2009) 802.000 m2 78.000 m2 287.000 m2
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meable formations and its higher mean slope value. The first  attribute augments the total volume
of runoff and the second increases peak flow rates, reduces the watershed’s time of concentration and
raises the stream power of storm runoff as it enters the plain. On the other hand, basin area and elon-
gation ratio do not show good correlation with historical analysis results, denoting a less critical
role for these parameters.

Field and map observations on the torrents’ morphology suggest channel morphometry plays a very
important role. As far as Rapentosa is concerned, the torrent’s morphological characteristics degen-
erate and it eventually disappears morphologically at about 2km before reaching the sea. A careful
study of older published maps and sketches shows the same regime for the last 180 years. Namely,
the same setting as today appears in 1829 Leake’s sketch-map (in Hammond 1968), in 1880 Kau-
per’s map (Kauper 1889), in Hughes’ sketch of 1901 (Hughes 1901), in Caspari’s (1911) map, in Hel-
lenic Military Geographical Service’s (HMGS) sketch-map of 1928 (in Hammond 1968), in

Fig. 3: Map showing the areas that flooded during last 30 years. High recurrence rate represents areas that
flooded 10 to 14 times in 30 years. Medium recurrence rate stand for locations that flooded 5 to 9 times and
low recurrence rate areas that flooded 1 to 4 times in the same period.

Table 4. Table showing calculated properties for the three drainage basins.

Calculated basin properties

Properties Rapentosa Charadros Myrtia

Mean Slope (%) 33.3 21.3 22

Area (Km2) 37.5 60.2 11.7

Elongation Ratio 0.46 0.56 0.70

High permeability formations (% of total area) 45.4% 50.3% 58.4%

Medium permeability formations (% of total area) 13.2% 19.8% 29.3%

Impermeable formations (% of total area) 41.4% 29.9% 12.3%



Vanderpool’s 1966 sketch-map (Vanderpool 1966), and in HMGS topographical maps of 1970’s.
This shows a natural diffusion of the channel in its last section. The point where the torrents char-
acteristics disappear in all the maps, coincides with the higher flood recurrence rate areas (i.e. Pati-
tiria). This regime together with the high percentage of impermeable formations and its high mean
slope increases Rapentosa’s natural potential for flooding in comparison with the other two water-
sheds. In relation with channel dimensions, field observations show that human activities have
greatly affected the torrents’ flow capacity. In case of Rapentosa in Vranas and Patitiria and in case
of Charadros in Bei and along the coast. 

6. Conclusions

Past flooding in Marathonas is a well known phenomenon in an anecdotal sense, but it has not been
studied systematically.  This analysis proves that Rapentosa is the most hazardous between the three
torrents studied. It also shows that Kato Souli (Myrtia torrent) suffered more damages in the last
decade compared to the past. The locations where more damages are concentrated are Patitiria,
Tsepi, Tymvos and Agios Georgios. These areas show higher possibility to be also affected by flood-
ing in the future. In the case of Rapentosa, human development in the course of the river, mainly in
Patitira and Tsepi, augments exposure and vulnerability and obstructs local hydrologic processes in
a degree to which the possibility of overflowing is increased. Hazard is further augmented due to nat-
ural basin characteristics and the drainage network’s natural diffusion. Extensive development along
the coast and around the marsh interferes also with drainage processes obstructing surface runoff in
Charadros and Myrtia. 

In this context and taking into account that high flow rates are part of a river’s natural process, a sig-
nificant step towards the problem’s solution would be a long term policy of reducing intervention
to hydrological processes. This involves of course gradual removal of human activities from the ac-
tive floodplain. Meanwhile, developing flood defenses is valuable but in many cases, including the
event of November 2005 in Marathonas is proved to be inadequate.

It should be also kept in mind that the methodology has a number of limitations. For example flood-
ing phenomena are subject to natural and human induced change and therefore the method’s results
must not be perceived as stationary and have to be reviewed every time new knowledge is available.
Moreover, quiet periods in the flood record, in some cases, may not correspond to periods lacking
flood events.

This method can be used either as a standalone process or to verify results of other methodologies.
Generally, examining high temporal extent historical records are a special benefit when studying
rare natural disasters, especially when hydrological data are scarce. The use of such methods for re-
construction of flood history has a great potential in Greece due to the early and continuous habita-
tion. In this work, past flooding is perceived as the result of an evolving natural experiment. In this
context, flooding history analysis offers and in depth appreciation of the flooding problem and its
evolution over time.
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Abstract

It is known that the Greek area the majority of landslides have been triggered by heavy precipita-
tion. This paper examines the statistical properties of precipitation directly related to the landslides
in the Greek area. A database was constructed for the period 1980-1988, where for each landslide
the daily maximum, the monthly and the annual precipitation totals were recorded. All these data
were introduced in a GIS environment. Finally, a statistical analysis was carried out to study the re-
lation between precipitation and landslide movement.

Key words: Landslides, precipitation, Greece

1. Introduction

The landslide movements are relatively intense in the Greek area and are directly related to the re-
lief, lithology and vegetation. The principal mechanisms for triggering a landslide are the heavy
precipitation events, earthquakes and human intervention. The precipitation variability and the dis-
tribution of precipitation frequency in the Mediterranean and Greece have been studied by many
researchers (Repapis 1986, Nastos 1993, Metaxas et al. 1999, Maheras and Anagnostopoulou 2003,
Nastos and Zerefos 2007, 2008). In Greece, 92% of the precipitation during the wet season (Octo-
ber-March) is produced by cyclonic circulation types (Maheras and Anagnostopoulou 2003), while
during the summer the intense precipitation and hail events are associated with the geostrophic vor-
ticity advection (Spanos 2004). The winter is characterized by cyclonic variability and low mean
pressure in the Mediterranean. The highest values of pressure appear in the east area and are asso-
ciated with the Siberian anticyclone. In March and April, as the main characteristics of the upper air
flow (e.g. Jet stream) start moving to the north from their southern winter positions. The rainy sea-
son continues until May, when a dry summer regime is established. The precipitation over Greece,
is rarely affected by Atlantic cyclones, but is linked to cyclogenesis in the Mediterranean region
(Luterbacher et al. 2006). According to the results of climate models projection (A1B scenario) pre-
cipitation will shift to the north and during 2080-2099 the precipitation will decrease over 20% with
respect to the period 1980-1999 (IPCC 2007) at the southeast areas of the Mediterranean. Besides,
the frequency of intense cyclones in the Mediterranean will significantly decrease, but the future cy-
clones will be more intense (Anagnostopoulou et al. 2006). In a more recent study, Nastos & Zere-
fos (2008) showed that extreme precipitation events appear during winter months in the western
and eastern sub regions of Greece, and mainly during autumn in the rest of the country. Moreover,
the fitted Gamma distributions to the daily precipitation totals with respect to the 45-year period
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(1957-2001) revealed that high values of variance and scale parameter of the fitted Gamma distri-
butions appear in the western, eastern and southeastern Greece, especially during the period 1991-
2000, pointing out the appearance of the extreme daily precipitation.

There are several works in the international literature related to the spatial distribution and charac-
teristics of landslides in the Greek area (Koukis 1982, Koukis & Ziourkas 1991, Lekkas 2001, Gour-
nelos et al. 2006). Nevertheless, studies which focus on the relationship of landslide movements
and precipitation are limited and only of local character (Anagnostopoulos & Georgiadis 1997,
Koukis et al. 1997, Nikolaou et al. 1997). In the present study, an effort is made to examine the re-
lationship between landslide movements and precipitation in the wider Greek area.

2. Data and Analysis

The study of the correlation of precipitation and landslides requires the collection of many variables
in spatial and temporal distribution. For this reason, firstly, a database of landslide phenomena was
constructed (Gournelos et al. 2006) for the period 1970-1988 and in the process all the factors caus-
ing these phenomena were analyzed. 

It is absolutely certain that the majority of landslides happen due to precipitation events. In order to
examine the relationship between precipitation and landslides, a second database concerning daily
maximum, monthly and annual precipitation totals was constructed. The precipitation data were de-
rived from the Hellenic National Meteorological Service (HNMS) and concern meteorological sta-
tions, which are representative to the areas, where sustained landslides occurred. The spatial
distribution of the sites (HNMS meteorological stations) with precipitation data in close distance to
the area of recorded landslides is depicted in Figure 1. The proportional circles appeared in Figure
1 show only the number of landslides in the neighboring area of the meteorological stations.   

Finally, after entering the data into a G.I.S. environment, and the development of various thematic
maps, statistical analysis of the rainfall data was carried out.
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Fig. 1: Spatial distribution of the landslides in relation to the nearest sites with precipitation observations.
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3. Results and discussion

The correlation of the precipitation and landslide events was initiated mainly by Gaine (1980) and
continued later by other researchers (Keffer et al. 1987, Grozier 1999, Wilson and Wieczorek 1995,
Guzzetti et al. 2004, Aleotti 2004, Glade et al. 2005. The aforementioned authors studied either em-
pirical relationships between precipitation and landslides by constructing intensity duration curves,
or physical processing models.

The statistics of the annual, monthly and maximum daily precipitation totals associated with the
recorded landslides in the wider area of Greece are presented in Table 1. It is crystal clear that in most
of the cases, extreme precipitation events are associated with landslides development.

In order to examine the precipitation impact on the development of landslides, the monthly precip-
itation recorded in the specific months when landslides happened in the wider Greek area are de-
picted in Figure 2. It is remarkable that, in some cases the monthly precipitation totals exceed
250mm, which corresponds over 30% of the annual precipitation in several areas. Figure 3 presents
the monthly precipitation totals as a percentage (%) of the respective annual precipitation totals with
respect to landslides dates, for different sites of Greece. Another significant parameter which is
closely related to the onset of landslides is the maximum daily precipitation totals. The recorded
daily maximum precipitation totals (mm) with respect to landslides dates, for different sites of
Greece, appear in Figure 4. 

Extreme daily precipitation events, that in many cases exceed 30mm, which is a threshold of heavy
precipitation events (Nastos and Zerefos 2008), seem to be typical for the development of landslides
in areas that are also vulnerable to other physical factors. In this point it is worthy to point out that,

Fig. 2: Monthly precipitation totals (mm) with respect to landslides dates, for different sites of Greece.

Table 1. Statistics of the precipitation totals triggering landslide movements

Annual
Precipitation (mm)

Monthly
Precipitation (mm)

Maximum daily
precipitation (mm)

Number of sites 184 184 184

Mean 775. 2 111.1 33.5

Standard deviation 261.5 81.3 23.4

Maximum 1509.9 390.3 135.5

Skew 2.7 4.5 7,2

Kurtosis -0.1 0.9 7.5
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Fig. 3: Monthly precipitation totals as a percentage (%) of the respective annual precipitation totals with respect
to landslides dates, for different sites of Greece.

Fig. 5: Histograms of daily maximum (a), monthly (b) and annual (c) precipitation totals. 

Fig. 4: Daily maximum precipitation totals (mm) with respect to landslides dates, for different sites of Greece.



the database used concerns landslides that occurred throughout the country, for the specific time pe-
riod 1980-1988. 

In the process, histogram analysis was carried out in order to find out the prevailed classes of daily
maximum, monthly and annual precipitation totals corresponding to landslide movements. Besides,
appropriate distributions, such as Gamma distribution for daily maximum and monthly precipitation
totals and Normal distribution for the annual precipitation totals, were fitted to the histograms. Re-
garding daily maximum precipitation, the class 20-40mm seems to be the prevailed one, while the
class 0-50mm and the class 600-800mm correspond to the more frequent monthly and annual pre-
cipitation totals, respectively, for landslides phenomena.

4. Conclusions

The performed analysis, in order to show the relationship between landslide events and precipitation
totals, for the whole Greek territory, during the period 1980-1988, revealed the following conclusions:
The majority of the landslides were due to intense and short-term precipitation events. The mean daily
maximum precipitation related to the outbreaks of landslides phenomena was found 33.5±23.4mm, the
mean monthly precipitation 111.1±81.3mm, while the mean annual precipitation 775.2±261.5mm. The
temporal distribution of landslides revealed that, their frequency, as expected, was greater within the
period December–February, followed by spring and even less by summer months.
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Abstract 

The paper deals with investigation of potential geological hazards to be taken into consideration in
designing of the aerial rope-way, as well as problems of development of the recreation infrastruc-
ture in mountain lands with the complicated building conditions.

Key words: exogenous geological processes.

1. Introduction 

The paper deals with the study of exogenic geological processes that develop in the influence area
of the “Gora Sobolinaya” mountain-skiing complex. The complex was founded in late 1970s within
the watershed area of rivers Kharlahta and Babkha in the south-western shore of Lake Baikal. The
region is marked by attractive conditions for the active winter holiday: a lot of sunny days within
the year, abundance of snow and diversity of ski-tracks. The mountain-skiing resort is situated at the
elevation of 1001 m a.s.l., the maximum slope is 48.8º, the total length of ski-tracks > 12 km. The
popularity of mountain-skiing and growing accomodation capacity of the resort complex require
the expansion of its infrastructure: building of new structures, widening of ski-tracks etc.; all these
factors will provide the large technogenic load on the geological environment of the territory.

The paper aims to study the general engineering-geological situation in the site of the aerial rope-
way construction, and to investigate the hazardous exogenic processes to prevent the eventual acci-
dents. The planned aerial rope-way system belongs to the 1st class of amenability level according to
the GOST 27751-88; it presents the linear feature with bearing poles resting on the solid reinforced
concrete basement (buried 0.1 m deeper of the frozen rocks stratum), and two rope-driving stations:
1) the lower station serving as drive-tension mechanism (Station I), and 2) the return motion mech-
anism atop of the mountain  (900-910 m a.s.l.) (Station II). This structure belongs to the objects of
high social amenability. The natural condition of the region such as considerable seasonal variations
of temperature, seasonal freezing and thawing of soil, undulating relief and high seismicity, pro-
duce definite troubles to construction and exploitation of the lifting systems. 
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2. Geological and geographical setting

2.1. Geomorphology and relief

The discussed area occupies the territory of the Baikal rift zone within the central part of Euro-Asian
mainland. In the context of the specific geological structure, history of development, kinematics of
tectonical movement in the upper area of lithosphere, the territory is marked by complicated engi-
neering-geological conditions: the mountainous relief formed by recent tectonical movements. The
engineering works of the “Gora Sobolinaya” complex are located in the piedmont area of Khamar-
Daban mountain ridge marked by the occurrence of paleo-peneplane elements, sharp crests, peaks,
the elevation ranging from 500 m to 1001 m a.s.l. (Fig. 1). The piedmont territory composed of coarse
clastics is gently dipped towards the lake; the width of piedmont plain ranges from 1 km to 2 km.

The discussed territory is of the erosion-tectonical type, with dissected middle-height relief (Fig.
2). The elevation ranges from 700 m to 1758 m a.s.l., with the relative elevations of the valley floors
500-1000 m a.s.l
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Fig. 1: (upper): location map. Squares symbolize the investigation area; (lower): general view of the “Gora
Sobolinaya” mountain skiing comlex (Photo by Alexander Sizov).



2.2. Climate

The territory of Pribaikalia belongs to the region of continental climate: long and cold winter, short
warm summer; the amplitude of temperature variations averages to 60º, the no-frosting periods last-
ing for 130 days. 

The first autumn frosts occur in mid-September, the cases of late frosts are documented in May; the
cases of zero crossing occur within the periods of 150-180 days. This is one of the most important
factors of frost weathering of solid rocks. The continental climate is the cause of deep seasonal freez-
ing and long-lasting periods of ground thawing. The atmospheric precipitation occurs primarily in
the periods June–August; the monthly precipitation maximum being observed in July. Within the
year, the precipitation amounts to 80-90% as rains, and 5-30% as solid precipitation. Thus, the most
important climate factors are: frequent temperature drops, abundant atmospheric precipitation and
deep seasonal ground freezing. 

2.3. Geological structure

According to the Geological Map (1:200000) (1973), the main area of the discussed slope is pre-
sented by the Archeic-Lower Proterozoic formation of white marbles (in places by graphitic and
phlogopite-containing ones), with lenticular intercalations of calciphyres, ophicalcites, pink diopsidic
marbles, skarn and gneiss deposits (Fig. 3).

The foot area of the slope, and a definite part of its upper area  are composed of non-segmented
Early-Proterozoic rocks of compound structure, belonging to the Babkha massif. Here the basic
rocks alternate with the enclosing rock mass. The petrographic composition of intrusions is pre-
sented by pyroxene-amphibole and olivine gabbro, gabbro-diabases, gabbro-diorites and diorites. Oc-
casional dike formations are presented by diabases and diabasic porphyrites. The part of northern
slope (the site of planned lifting system) is presented by Late-Proterozoic intrusions of the Sayan
complex (third phase) composed of granitoide deposits and confined to slackened areas of deep
faults. Granitoides are of pink, pinky-grey, reddish-pink and light-grey (almost white) color.
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Fig. 2: The 3-D model of the Sobolinaya Mountain (1-the planned aerial rope-way; 2- skiing tracks).

19 (3)



2.4. Geological processes

The described territory belongs to the regions of high seismicity (~M9), as evidenced by the Seismo-
Zoning Map-97. High seismicity in combination with typical geo-cryological conditions, specific
hydro-meteorological and geologic-geomorphological conditions are the determining factors of ex-
ogenic geological processes such as weathering, mudstream, soil creep, rockfall, landslide etc.

Weathering. The processes of physical weathering intensely develop in mountainous areas marked
by considerable temperature variations and frequent cases of zero crossing. Considerable disinte-
gration of outcropped solid rocks is caused by thermal weathering. The amplitude of diurnal and an-
nual temperature variations in the upper rock layer reach 40-50º at the elevation mark 900 m a.s.l.,
and 70-80º  at 1700 m a.s.l. The variations of soil temperature at these elevations occur in the fol-
lowing manner: 320-350 cases of zero crossing within the year in the slopes of south-exposed slopes,
and up to 200 cases in the north-exposed slopes. The repeating cases of heating and cooling produce
the destructive effect upon physical characteristics of denudated rocks that turn into breakstone  and
gruss. Within the year, the influence of seasonal factors upon the rock weathering is observed. The
winter time (December-March) is the period of the relative rest (Solonenko 1962). Along with the
thermal weathering, the destruction and crushing of solid rocks occur due to frost wedging and
chemical weathering as the consequence of dissolution of carbonates and other elements.

Gravitation processes. Wide occurrence of gravitation processes in the territory is attributed to a
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Fig. 3: (left):Geological index-map of the mountain-skiing complex`s territory: 1 – Archeir-Lower Proterozoic
formation of white marbles with lenticular intercalations of calciphyres, ophicalcites, pink diopsidic marbles,
skarn and gneisses; 2 – Late-Proterozoic intrusion of Sayan complex (3-rd phase) granitoides; 3 – river bed al-
luvial deposits of Holocene (cobble roundstone, gravel, semigravel); 4 – non-segmented intrusions of Early-
Proterozoic rocks (gabbroides and diorites); 5 – skiing tracks; 6 – lifting system; (right): Index-map of
engineering-geological zonation of lifting system route: 1 – slope of up to 15º steepness; 2 – slope of up to 40º
steepness; 3 – creek valley; 4 – slope of > 40 º steepness; 5 – borders of overgrown old stone stream; 7 – ero-
sion; 8 – suffosional subsidence; 9 – solifluction; 10 – swamping; 11 – groundwater discharge; 12 – cut slope.



number of factors such as the rugged mountainous relief, extensive outcrop of solid rocks and their
disintegration, high rate of physical weathering, abundant atmospheric precipitation, active tecton-
ics and high seismicity. The phenomenon of rockfall is typical of the rocky slopes of valleys, dis-
sected by narrow denudation rills of relatively small depth and length (Engineering geology of
Pribaikalia 1968). In many cases, the rockfall masses contribute to formation of the mudstream solid
phase. The rock debris of the size 0.2-0.4 m across are easily transported by water streams of 2-3 m/s
rate. The rock debris particles of size >1.0 m across are typical only of the rockfall areas with in-
trusive formations. The detrital slopes (sometimes of large size) are present in the areas of out-
cropped solid rocks. The major amounts of loose rock debris accumulate in the detrital cone in late
spring, summer and early autumn, i.e. during the periods of snow thawing, frequent cases of zero
crossing and abundant atmospheric precipitation. This time is marked by the maximum stream of
clastic material due to the water action, avalanche denudation, etc.  The fluid soil creep is more typ-
ical of the northern offspur of Khamar-Daban mountain ridge. In the morphological aspects, the
fluid soil creep from steep slopes occur in the form of stripping of the 3-5 m-wide (in places 10-12
m-wide) and 0.2-0.3 m-thick bands of the earth mass. The triggering factors of the soil creep are gen-
erally the lateral erosion and cutting of slopes. 

Permafrost processes. In the described territory the permafrost is of the sparse occurrence. In high
mountain areas, the 80 m-thick layers of frozen rocks occur in all elements of the relief (Leshchikov
1978). In the piedmont area with ~1300 m a.s.l. elevation, the permafrost is of insular occurrence,
typical of sodded and forested lowlands. The seasonal thawing of permafrost reaches 1.0-1.3 m
depth in early summer and up to 2.0-2.5 m in late summer. The average of seasonal ground freez-
ing depth reaches 1.8-2.3 m.

3. Methods

The investigation of natural hazards from exogenic geological processes, and the evaluation of en-
gineering-geological potential of the geological environment are based on the following factors: 

1. The preliminary works comprise:
— accumulation and analysis of the archive and published data concerning the area of planned

works;
— interpretation of the space- and aerial photographs;
— analysis of engineering-geological data on the bore pits, stripping of overburden.

2. Field investigations:
— reconnaissance survey of slopes;
— geographical siting of skiing paths and location of the aerial rope-way bearing poles;
— the GPS survey of the rope-way profile;
— the route survey and description of the reference points (the sites for bearing poles) and the

areas of developing geological processes. 

3. The office works:
— the analysis of engineering-geological conditions of the building ground, using the archive

and field materials;
— evaluation of natural and technogenic conditions in the building site;
— drawing of index maps of engineering-geological conditions in the aerial rope-way site;
— forecast of qualitative changes of the engineering-geological conditions in the region of

planned work.
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During the preliminary works, the definite archive materials concerning the area of investigation
were studied, including the scientific reports on the geological structure, seismotectonics and engi-
neering-geological conditions of the territory. Interpretation of the space- and aerial photographs of
different years, analysis of cartographic materials, as well as the materials from core drilling.

The reconnaissance survey was carried out to reveal the hazard of exogenic processes, degree of
the rock weathering and rock strength properties in the context of construction of the bearing poles,
the places of groundwater discharge, swamped areas and other natural phenomena.

The route survey for the aerial rope-way spreads over the existing mountain-skiing tracks with the
rope-tow lifting systems up to the elevation marks of 899 m a.s.l., and the actually used lifting sys-
tems to check their serviceability. One of the survey routes runs in the evened part of the piedmont
area to note the main water streams, as well as in the sites bearing poles foundation; the total amount
of the survey points is 17.

The geographical siting of observation points and the planned route of lifting system was based on
the GPS methods. The total of noted and sited points amounted to 54: in the places of foundation of
bearing poles located in the areas of groundwater discharge; in the areas of developing exogenic
processes. For the analysis of cartographic materials and zonation of the course of the aerial rope-
way, the geo-informational systems (GIS) were used. The GIS-systems are widely used in the en-
gineering-geological practice for a number of purposes such as investigation and simulation of
landslide hazard (Carrara and Pike 2008), estimation of the rockfall (Charalambous and Sakeliariou
2007), and mapping of erosional risks (Bathrellos and Skilodimou 2007). The maps of natural geo-
dynamical conditions in the mountain-skiing complex, and the technogenic load, were prepared.
The maps show the relief, the geological structure, the skiing-tracks and the lifting systems, the
foundation of the rope-way poles, and record the exogenic geological processes. For the automation
of the data analysis, the GIS methods were used. For solving of simple problems in the analysis of
one or two layers, the thematic maps were drawn, which represent the general trends in the devel-
opment of exogenic processes in different areas , and the natural conditions in the discussed terri-
tory. The thematic maps based on the methods of ranges and point density determines the scatter or
concentration of the objects in different areas. This method can be used primarily for the group of
layers, representing the exogenic processes, and particularly the relationships between the definite
negative processes and the geological environment. 

4. Conclusions-Results

The studied area is marked by the complicated climate, geological and seismic conditions. The
planned lifting system (aerial rope-way) belongs to the category of high responsibility, and its ex-
ploitation will increase the load upon the geological environment. The comprehensive geo-ecolog-
ical evaluation of the area was carried out to reduce the detrimental impacts of hazardous geological
processes.

The area of the lifting system route is located on the north-exposed slope of north-western strike. The
snow cover remains since early November till mid-May. The route will cross the following geo-
morphological elements: creek valley floors, slopes of two opposite watersheds, as well as the north-
exposed slope of the Sobolinaya Mountain (Fig2.). In the definite area of native slope, the spot
cutting, surface grading (partially up to the horizontal level at 535-540 m level marks) were made.
Uphill of these level marks, the slope was cut and stripped for laying of the mountain ski-runs. Due
to the lack of sod and soil cover, the slope massif becomes subject to deep weathering that acceler-
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ates the rock destruction and increases the thickness of weathered zone. Besides, the technogenically
disturbed slopes are subject to the intensive ground ablation, contributing to formation of new elu-
vial-deluvial deposits

The onslope deposits are presented by argillaceous rock debris of talus (Fig.1). The thickness of elu-
vial-deluvial deposits increases downhill. This distribution of the sedimentary cover depends on the
intensity of ground ablation. The 100 m-long hillside cut for poling (poles N6 and N7) stripped the
following soil column: the 0.2-0.3 m-thick sod layer, the 20 m-thick layer of heavily-eroded bedrocks
and the non-uniform folded-fold massif of solid rocks such as granitoides, marbles, gneisses. The
eroded rocks present the sandy loam-filled platy formations, easily crumbling to dust. In the lower part
of soil column there are the seamy metamorphic rocks with high strength properties.

The poles N1, N2 and N3 are located in sites of 1-15º inclination. The mountain slope is marked by
the removed relief with small erosion forms and scours caused by the intensive ground ablation; the
slope basement is composed of talus material (Fig.3).

The poles N4 and N5 are located on stable opposite slopes of creek valley; between them there is
the swamped area with low-yield groundwater discharge. The geological map and material of field
investigations show that the groundwater discharge is situated in the area of contact between the
marbles of the Pereval-series and the intrusive gneisses. Besides, another low-yield groundwater
discharge is located upslope, surrounded by the small-size swamp area. The melt and discharged
waters fuse at the bottom of creek valley, forming the surface water stream “Stream” with well-de-
fined channel of the U-shape profile, the 2.5 m width and up to 1.5 m-high vertical edges. The val-
ley bottom is covered by coarse pebble of local rocks (marble, granite).

Below the 545 m elevation mark, the “Stream” water stream was piped and conducted away from
the territory of ski-depot. In autumn periods the water stream becomes poor in water, and freezes in
winter. In May 2008, the inspection carried out in the resort territory with the snow cover still re-
maining in some places, did not find any sign of icing in the areas of the “Stream” water stream and
groundwater discharge.

The hillside cutting and stripping were made for poles N6 and N7.  In the places upslope, small so-
lifluction deformations of ~4 m length with 5 m-high steps were found. The foundations of bearing
poles were sited in stable slopes.

The pole N8 is located on the technogenically disturbed slope with graded surface, removed sod
cover and stripped deluvial deposits and intensive ground ablation. The foundations for poles N9,
N10 and N11  are located on the 40º slope. The poles N10 and N11 are located within the area of
stone river with outcropping coarse rock debris of relatively equal size (~1.5-2.0 m across) in the cen-
tre of stone field, and grassed and bushy perimeter area (Fig.4). The stone field is stable, without any
sign of movement (rock walls, fractures, zones of bleaching). The coarse rock debris insulate the
bedrock surface from the solar radiation, saving the low temperature in the area of stone field and
hindering the ground defrosting rate. High permeability of rock and the near-surface location of
frozen rocks promote the intense downhill runoff of thawing water across the stone field body. Be-
sides, the bushy surface of the stone field’s lower edge is the evidence of its stability. 

In the area of pole N12 (above the 700-710 m a.s.l. elevation marks) the slope steepness exceeds 40º,
reaching in places 47º. The lack of sod cover is the cause of intensive downhill ground ablation that
starts with the snow thawing; the intensity of ground ablation depends upon the thickness of snow
cover and slope steepness. In the case of simultaneous snow thawing and excess raining, the rates
of defrosting and intensity of ground ablation increase, entailing the erosion and dissection of the re-
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lief. Great amounts of fine- and medium-disperse material are transported downhill by ephemeral
water streams. The intense ground ablation occurs also in the area of graded site of the Station II
placed atop of the mountain at the elevation of 900-910 m a.s.l.

After the comprehensive investigation of the lifting system course, the engineering-geological zon-
ing of the territory according to the slope steepness was made: 1) zone  of up to 15º slope; 2) zone
of 40º slope; and 3) zone of  > 40 º slope (Fig.3).

Each zone is marked by the occurrence of definite exogenic processes. The zone number 1 is marked
by erosion development, here the poles NN 1-4 are sited; the zone number 2 (poles NN 5-11) is
marked by seasonal (ephemeral) water streams, groundwater discharge, swamp areas, solifluction in
the area of poles NN 5-7; the poles N 10 and N 11 are sited in the channel of the overgrown old stone
stream; the zone number 3 is marked by the intense ground ablation; here the poles NN 12-17 are sited. 

The study of geologic-geomorphological conditions, climate and other features of the territory, as
well as the engineering-geological characteristics of the area of lifting system, revealed the occur-
rence of solid rocks covered by a thin layer of loose eluvial-deluvial deposits in the place of contact
of poles with the geological environment. The course of the planned aerial rope-way will cross sev-
eral geomorphological elements of similar genesis. The territory is marked by sloping  surface and
simple hydrogeological conditions scarcely affected by technogenic factors. According to these fac-
tors as well as to the Manual Building Code  СП 11-105-97, the site for construction of the aerial
rope-way can be referred to the category II of complexity of engineering-geological conditions.

The depth of foundation bury rules out the risks of deformation from the decrease of the soil’s bear-
ing power: in accordance with the engineering design, the foundation should be buried deeper of the
seasonally frozen rock stratum. All foundations rest on either the solid rocks or the non-contracting
eluvial-deluvial grounds.

In the area of the planned lifting system’s foundation, no hazardous geological processes were found;
this means that the poles rest on the stable ground, not subject to the influence of exogenic geolog-
ical processes. The technogenic load within the discussed area is bound up with the construction of
mountain-skiing tracks: the selective slope cutting, surface grading, removing of sod cover and snow
retention on the slopes entail the increase of weathering rate, surface runoff and  formation of the
eluvial-deluvial layer. The interference in the geological environment is confined to the near-surface
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area and does not affect the mechanisms and components of the geosystem. All exogenic geologi-
cal processes developing in the vicinity of the mountain-skiing tracks remain undisturbed, their dy-
namics obeying to natural climate factors.

In the context of the actual geologic-geomorphological conditions in the site and the invariable
technogenic factors, no changes in the engineering-geological conditions and the safe exploitation
of the aerial rope-way can be expected. Major part of its exploitation period is designed for winter
months  (since November till May); the maximum  technogenic load  will therefore fall on frozen
slopes. It should be noted that the territory is marked by  high degree of natural risk; in the course
of exploitation of the aerial rope-way the yearly monitoring of the skiing-track and the bearing poles
will be required to avoid the unreasonable load on the geological environment
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Abstract

The present study assessed landslide events over a time span of fifty years in the prefecture of
Ioannina. Historical data analysis commonly provides valuable data for understanding distri-
bution of landslides. The methodology included collection and analysis of articles about land-
slides events found in the local newspapers between 1960 and 2008, also in the national
newspapers (1960-1967) and in the contemporary national newspapers (1995-2008). The time
interval selected in this study is representative of the entire time period of systematic newspa-
pers publication. During this time spam, eighty nine historical landslides were identified. News-
paper articles annotate the time and the location of the landslides as well as primarily the role
of weather conditions in triggering the landslides. In addition, published articles provide in-
formation on the damages caused by the landslides. The study shows that these events occurred
due to extremely high precipitation, snowstorms or prolonged rainfall. The monthly distribu-
tion of the recorded phenomena shows an increase of landslide events during January-March
and November-December, as these are the months with the highest precipitation and snowing
in the prefecture. Although time clustering of the landslides within the Ioannina Prefecture in
the time interval 1960 to 2006 was found to be repeated every forty years, their spatial clus-
tering appears to change.

Key words: landslides, historical data, newspapers, Ioannina

1. Introduction

With a direct impact on humans and a number of indirect consequences, landslide events have
nowadays been one of the international scientific community’s hazards research interests. Land-
slides in Greece, their triggering mechanisms, their characteristics and restoration projects have
been widely assessed and described with the use of statistical analysis by a number of scholars
(Koukis 1988, Κούκης και Ρόζος 1982, Ζιούρκας και Κούκης 1989, Κούκης και Ζιούρκας
1989, Koukis and Ziourkas 1991, Koukis et al. 1994, Koukis et al 1996, Koukis et al 1997). In
this study, we consider the collection of historical data as a necessary process in order to ap-
proach landslides phenomena and the vulnerability of the human environment. A wealth of in-
ternational literature (Dominguez Cuesta et al.1999, Guzzetti et al. 1994, 2002, Calcaterra et
al.2003, Carrara et al. 2003, Tropeano and Turconi 2004, Tarhule 2005, Sawyer and Butler 2006,
Devoli et al. 2007a and b, Wrathall 2007) has used effectively press reports, databases and arti-
cles about landslide events and other natural disasters as valuable sources of information when
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compiling scientific accounts of landslides events. In line with this method, this study collects
valuable information about the landslides events from a variety of sources such as technical re-
ports, historical monographs, scientific documents, public libraries, internet and newspapers. 

Due to a lack of database of recorded landslides events in the prefecture of Ioannina, newspa-
pers represent a valuable source of information not only for the assessment of landslide events
but also for the creation of a landslides inventory. Press industry in Greece which firstly appears
at the end of the 19th century, is regarded as the first mean for the transmission of news con-
cerning natural hazards and disasters (e.g. landslides, or earthquakes). The present study focuses
on landslide events recorded between 1960 and 2008. Relevant information on landslide events
has been obtained using newspapers as main sources to investigate temporal and spatial distri-
bution, types of landslides, and their triggering mechanisms in the prefecture of Ioannina.

2. Study Region

The prefecture of Ioannina belongs in the region of Epirus (Fig.1) with an estimated popula-
tion of 175,000. With an area of 4,990 km² (http://medlab.cs.uoi.gr), the prefecture of Ioannina
is one of the largest and mountainous prefecture in Greece (www.epirus.gov.gr.). In Easterly,
the prefecture’s natural border constitutes of the mountain range of Pindos, while centrally are
found the mountainous groups of Zagori and Mitsikeli. Mountain ranges of the prefecture in-
clude Kasidiaris, Kourenton, Douskos and Mourgana in the western and Souli and Tomaros in
the south. The climate of Ioannina is continental with an average temperature of around 6,1
°C.  The annual rainfalls vary, ranging between 1.000 and 2.000 mm (www.hnms.gr).

The Ioannina Prefecture is geologically extended from the Mesohellenic Trough in the east to
the frontal parts of the Ionian zone in the west (Doutsos et al. 2006). Three major structural
provinces can be distinguished in this section: (1) the Mesohellenic Trough; (2) the Pindos
fold-and-thrust belt; and (3) a broadly spaced array of thrusts within the Ionian zone in the west
(Fig. 2). The Mesohellenic Trough is primarily floored by the Pindos ocean ophiolitic rocks and
is filled by the Middle Eocene flysch and Oligocene to Lower Miocene molasse sediments (Fig.
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gion (http://www.ntua.gr/MIRC/db/epirus_db/ GE-
OLOGIA_HPEIROY/Geologia_Hpeirou.htm).



2) (Doutsos et al. 1994, 2006). At the western border of the Mesohellenic Trough a high-angle
reverse fault carries the ophiolitic rocks over the Pindos zone flysch (Fig. 2). The area west of
the Mesohellenic Trough to the west border of the Ioannina prefecture is mainly occupied by
calcareous rocks of the Ionian zone and two main flysch basins, the Pindos and Ionian (Xypo-
lias and Koukouvelas 2005). The deformation in this area appears to be significant, involving
flysch-filled piggyback basins in the east and a system of thrust faults to the west that caused
steep slopes and intense fracturing of the rocks in the area under study.

3. Methodology

The present study relies on a database of all possible documents describing landslides events
which occurred between 1960- 2008. Firstly, we collected information from public archives,
historical monographs and technical reports. As the amount of data collected from these sources
regarding the initial research period was insufficient, there was a follow up research in newspa-
per texts. More specifically, all newspapers were manually read and searched chronologically
starting from 1960. The information was collected by copying the originals texts or copying
only the most important sentences regarding landslides (i.e., title of the news or the text below
photos). Subsequently, the landslide events were categorized according to their spatial and tem-
poral distribution as well as their triggering mechanisms. Internet sources were used as well.
Technical reports referring to landslide events helped us to cross-check the newspaper reports.

The local newspapers “Proinos Logos” and “Hpeirotikos Agonas” were the main newspaper
used as sources of information for this study. Occasionally, the newspaper articles included
photos. A total of 89 articles that recorded landslides were found, mainly in the Zosimaia Pub-
lic Central Historical Library. Additional sources used for the study were the digital online
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archive of the national newspaper “Eleftheria” referring to 1960-1967 and other contemporary
national newspapers (“Ethnos” 2005-2008, “Eleftherotipia” 2001-2008, “Kathimerini” 2001-
2008, “Rizospastis” 1995-2008, “To Vima” 2001-2008 and “Ta Nea” 2001-2008). Sources from
local authorities such as the Greek Institute of Geology and Mineral Exploration (Preveza
Branch) and the Director’s Office of Technical Services of the Ioannina’s prefecture have also
been used but not thoroughly investigated.

4. Types of data and limitations

From the 89 historical landslide events found in different sources, 91% was obtained from
newspapers, 9% from technical reports scientific papers and other sources (monographs, books,
or web pages). Nine different newspapers were consulted and 98 articles were found describ-
ing landslide processes. “Proinos Logos” newspaper provided the largest number of records
followed by “Hpirotikos Agonas”.

Based mainly on data extracted from the newspapers, landslides’ descriptions in the press ap-
pear to have some common characteristics. How do these stories describe the landslide events
and in what features of their occurrence do they rely on? To this end, textual analysis based on
newspaper stories produced the following coding categories which reflect the characteristics of
the press coverage and at the same time provide valuable information about the landslides oc-
currence: a) temporal information b) spatial information c) descriptions of the event and im-
plications d) triggering mechanisms e) estimations about future activities f) sources of
information and their reliability. 

However, there were certain considerations about the obtained data that affect the study’s re-
sults. Newspapers usually reported the date of the event although occasionally without speci-
fying the exact temporal information (e.g. “last week”). Spatial information about landslide
events was variable. The newspaper sources usually provided information on the locality af-
fected, but do not provide information on the source area. In some cases, places reported –
names of streets, roads, villages and mountains- could not be located in current topographic
maps as they have changed throughout time. For this reason, it was difficult in these particular
cases to locate the exact place of landslide events in the topographic map. In cases that the
places reported were not recognizable, landslides’ locations were assigned based on interviews
with aged people or our own knowledge of the area.

Temporal information and data on the location of the landslide events are also variable, being
extremely detailed in some cases –especially in contemporary descriptions- and rather uncer-
tain in others. The size of the landslide is usually not recorded, but sometimes it is given in a
qualitative way. Here are some examples (Figs. 3 and 4): “Strong Earthquake Shaking was felt
in Konitsa” during the shaking individual boulders fall down slopes in the Aoos Gorge and
“Landslides triggered in an area of approximately 2,500 sq. m. However, what cause fear are
wet sliding masses (probably the reporter is referred to debris flows during the earthquake) that
devastated everything down the slope from Profitis Ilias summit covering vegetated areas too.
In addition it is remarkable and horrible the dense array of scars on the slope”.

Also, the reliability of available data had to be carefully considered as it was not possible to
evaluate the validity and accuracy of information presented in the articles. The ability of the
press to reconstruct an event and mislead public opinion has always been a concern for media
scholars. In this study, inaccuracies regard landslide’s dimension and their threat evaluation. In
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some cases, stories lack scientific resources and as a result reproduce misleading estimations
of the hazards, rumours and overestimations of the situation. Such journalistic practices are
particularly evident in contemporary reporting. 

Nevertheless, newspapers through publishing technical reports and scientific information writ-
ten from specialists and adapted to public knowledge help people understand the landslide haz-
ards and the possible solutions of the problems revealed and in this case newspapers offer
significant data (e.g. the newspaper article by Koukis, Eleftherotipia 04/01/2006).
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Fig. 3: Headline of newspaper “Proinos Logos”, Auguts 19, 1960 recording earthquake triggered land-
slides.

Fig. 4: Head line news from Proinos Logos 22 January 1963.



When more than one source was available for the same landslide event, the data were extracted from
those sources that were judged to be the best documented or most reliable. In case of multiple sources,
we selected the cross-examination of the sources adopting the most conservative descriptions. 

5. Results

Landslide events occurring in the region of Ioannina are mostly a topic of the local press and
it is only the major landslides events that they appear in the national press. After having obtained
a large database of the articles corresponding to a large time span of 60 years, articles were an-
alyzed both quantitatively and in qualitative terms and provided useful information about land-
slides events and the way they gain publicity. 

5.1 Landslides’ triggering mechanisms 

The major percentage (88%) of the landslide events in the prefecture takes place after extreme
physical phenomena (heavy rainfall, snowfall and ice)(Figs. 4 and 5). According to the statis-
tic analysis of  800 cases of landslide events in Greece, the mean annual rainfall height corre-
sponding to the landslide areas is 1164,8 mm while for 50% of the cases 1090 mm (Koukis
1988; Koukis and Ziourkas 1991). Also the relative frequency of landslides and the mean an-
nual rainfall height is connected through an exponential relationship (Κoukis, 1988). Our re-
sults are in accordance with these studies as the landslide events under study occur due to
extreme physical phenomena such as heavy and continuous rain, snowfall, ice and strong wind.
Specifically accrding to the press reports landslides triggered by rainfall correspond to 62%,
these related with snowfall to 23% and ice 3% (Fig. 5). Rainfalls are the most frequent triggering
mechanism of the historical landslides recorded. Although landslides have occurred through-
out the year, their monthly distribution clearly shows an increment in the number of events
during the period from January-March and November-December (Fig. 6). These time periods
seem to be the months with the major rainfall percentage in the prefecture. 

The time period between the rainfall and the landslide event was about 2 – 3 days. In minor per-
centages the landslide events were due to other causes (e.g. earthquakes). Still, someone could
consider the human factor, which can act upon the site or the extent of the landslide event.

5.2 Landslides’ temporal and spatial distribution 

Newspaper sources provided a rich database of spatial information about the occurrence of land-
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slides events in the prefecture. This information could best be presented in topographic maps. 

Major landslide activity was observed during 1963-1966 (Fig.7) and 2003-2006 (Fig.8). The fig-
ure (9) represents the frequency of the landslide events related with its temporal distribution be-
tween 1963- 2008. Observations of the landslides activity during 1913-1923 are also referred
by the elderly witnesses but their location and the triggering reasons remain unknown and thus
any further analysis is difficult. However, overall the existence of three periods of concentra-
tion of landslides suggests repeatability of their clustering every forty years.

5.3 Landslides’ implications on the human 

The major type of infrastructure and services affected by landslides events in the prefecture of
Ioannina was national roads followed by buildings. There are two recorded life losses in 1964
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Fig. 6. Monthly distribution of recorded landslides in the period investigated.

Fig. s. 7 and 8. Landslide events in regions of the Ioannina Prefecture during 1963-1966 (on the left) and
2003-2008 (on the right).



and 1996. Early press stories (1960-1970) present the landslide events with an emphasis on
people’s emotions rather than describing the actual event. The majority of the articles present
the government’s plans and actions in response to the destructive effects of the landslides, stress
the amount of government subsidies to the families affected, while a great number of articles
are edited by locals who are appealing to the government for help. In this early season, (1960-
1970) reports also emphasize the causes of landslides (rain, snowfall, wind, ice, lack of trees
to hold the soil) and their consequences. 

The extent of press coverage of a landslide event was found to be analogous to the implications
of the event for humans in the area. It was found that newspapers usually record landslides that
affected people’s infrastructure, and other human resources, emphasizing those large-magnitude
events that occurred in urban areas or affecting roads and in those areas with press correspon-
dents nearby.Whenever landslide events resulted in major disasters, newspapers presented re-
ports of the events for 3-4 subsequent days in the first page. Usually, the newspaper returned
to the landslide event after 8-10 days to comment on the government’s actions and record the
damages on properties and infrastructures due to the landslide event.

Landslides’ consequences in the area’s infrastructure and in the life of the locals are numerous.
Articles report the accurate numbers of the families that suffered economic loses, cars destroyed,
farms and places that flooded. Interestingly, there is plenty of numerical information concern-
ing economic damages and government compensation schemes. As the majority of the land-
slides occurred nearby national roads, a very common consequence reported are damages in the
national road infrastructure that cause delays and severe circulatory troubles.

It was also observed that between 1960 – 1970 - where the majority of landslide events oc-
curred -, there is a considerate limited criticism to the government’s measures. On the contrary,
the press presents the government’s response to the situation, emphasizing the compensation
schemes and grants for the affected families. Gradually, the press coverage displays greater
criticism to the government which appears to be inactive and neglect the situation in the area.
So, while early stories rely heavily on official evaluations of the damages caused by landslides
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Fig. 9. The frequency of the landslide events related with
its temporal distribution from between 1963-2008.



and reporters’ sources are government representatives who arrive in the area to estimate the
damage, later on reporters rely mostly on personal experiences and witnesses’ stories to pres-
ent the extent of the damage. 

While old newspaper articles were carefully written, offering precise descriptions of the events
recent story writing displays some characteristics which undermine its credibility. According
to contemporary reporting trends (2000-2008) stories present vivid descriptions of the land-
slides events. In general, recent stories give more accurate information regarding the place and
the time of the landslides, include quotes from officials, are illustrated with photos and in some
cases they provide estimations about future activity or warn citizens how to cope with possi-
ble future disasters. However, in an effort to emotionalize the disaster, reporters write their sto-
ries using long sentences with a plethora of adjectives, unrealistic metaphors and active verbs.
Recent articles show a lack of experience and academic background of the reporters in the de-
scription of natural hazards. Such unrealistic accounts of the situation, may lead to an overes-
timation of the hazard or impede our understanding of landslides phenomena.  

6. Summary and conclusion

For the first time indexing of local and national newspapers was performed and historical data
was collected about landslide events in the prefecture of Ioannina. Newspapers represented the
most important source of landslide information for the period between 1963-1990 in the absence
of inventories and specific technical reports. 

For the period 1963-2008 eighty nine landslide events were recorded. Information on the date
of the event, location, triggering mechanisms, numbers of casualties, and damages on infra-
structures was obtained.

The duration of newspapers’ landslide reports through time was proportional with the size of
the event or its consequences on people’s infrastructure and properties. Occasionally, in the
newspaper articles analysis of the landslide events from geologists are included.

The collected data can be used in the construction of an inventory of historical landslide events
showing their type, temporal and spatial distribution. That will provide the basis for a more
comprehensive landslide hazard assessment in the prefecture of Ioannina.

As it was recorded the major disasters on properties, roads and the greatest appeal on newspa-
pers were during 1963-1966 and 2003-2006. Furthermore, after discussion with local elderly
people it was revealed that major landslide events took place from between 1913-1923. This
shows a repeatability of major landslide events in the Prefecture every forty years. 
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Abstract 

The Wenchuan earthquake of the 12th of May 2008, in Sichuan county of China can be classified as
a large scale event based on the tectonic structures that triggered the earthquake and the effects
caused on the human, structural and natural environment. The aim of this paper is to present the ge-
otectonic and seismotectonic regime of the earthquake affected region based on field data along the
seismic fault zone and an attempt is made towards the: (i) estimation of the intensity values ac-
cording to EMS1998 (European Microseismic Scale, 1998) and ESI2007 (Environmental Seismic In-
tensity Scale, 2007) and the determination of their geographical distribution in a macroscale, (ii)
interpretation of the intensity values data and their distribution according to the seismotectonic, ge-
odynamic and geotechnical regime, and (iii) conduction of a comparative evaluation review on the
application of both EMS1998 and ESI2007. The application of both EMS1998 and ESI2007 and the com-
parative evaluation of the results indicate that the estimated values of EMS1998 and ESI2007 were al-
most in agreement, despite the fact that the geographical locations of assessment data were different
suggesting that the application and use of both scales appears to represent a useful and reliable tool
for seismic hazard estimation.

Key words: Wenchuan earthquake, China, macroseismicity, geological effects, EMS1998, ESI2007.

1. Introduction

On May 12, 2008, a great earthquake of Ms 8.0 (Mw 7.9) struck south China. This catastrophic
event caused many human casualties and heavy engineering damages in a wide area along the Long-
menshan fault zone. Numerous buildings collapsed or were damaged to various levels due to the fault
displacement extending over 220 km and the many earthquake related phenomena, such as land-
slides, rock falls mudslides and liquefactions. The basic lifeline systems such as transportation, elec-
tricity, communications, water supply and drainage, gas and hydraulic structures etc, were heavily
damaged at a level not previously encountered in Chinese history The heavily damaged roads,
bridges, power lines and other systems obstacolated significantly the earthquake relief work, con-
tributing to the human and economic loss. 

As reported by the Chinese Ministry of Civil Affairs (September 4), the death toll reached 69,226
casualties and the number of missing was 17,923. Moreover, 374,200 injuries were recorded. The

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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number of homeless people amounted to over 15 million. The percentage of homeless people ex-
ceeded 90% in the inflicted areas of Beinchuan and Qingchuan. The estimated direct economic prop-
erty loss (including infrastructure) is about 845 billion RMB (82 billion €).

The epicenter of the earthquake was located in Yingxiu town (31.0°N, 103. 4°E) in the southwest
side of Wenchuan County, with a focal depth of 14 km according to the Chinese Earthquake Ad-
ministration (CEA), 21 km from Dujiangyan (Guanxian), and 75 km from the capital of Sichuan
province, Chengdu (Fig. 1). 

The aims of this paper are: (i) to briefly present the geotectonic and seismotectonic regime of the re-
gion affected by the earthquake based on field data along the causative fault, (ii) to estimate the in-
tensity values according to the EMS1998 (Grünthal, 1998) and ESI2007 (Michetti et al., 2007) and to
determine their geographical distribution in a mapscale, (iii) to interpret the intensity values data and
their evolution according to the seismotectonic, geodynamic and geotechnical regime, (iv) to con-
duct a comparative evaluation review on the application of both EMS1998 and ESI2007.

2.1 Geodynamic – Seismotectonic Framework 

This epicentre of this great earthquake was located on the Longmenshan thrust belt, which is a well
studied reverse fault zone in the northwest of Sichuan Province (Burchfiel et al. 2008, Chen et al.
2008). This fault zone starts from Luding and Tianquan in the south, extends north-eastwards through
Baoxing, Dujiangyan (Guanxian), Beichuan, Jiangyou, and Guangyuan, up to Mianxian of Shanxi
Province. The total length is about 500 km, and the width is 40-50 km. The fault zone comprises 3
splays (Figs 1, 2). The southern segments of these fault splays are the Guanxian-Anxian Fault, Yingxiu-
Beichuan Fault and Wenchuan-Maoxian Fault respectively (Burchfiel et al. 1995, Densmore et al.
2007). 

Fig. 1: Geological map of the greater earthquake affected region (12th May 2008) exhibiting the activated
faults, the main shock location and the epicenters of the main aftershocks (modified, from Burchfiel et al. 1995,
Densmore et al. 2007). For section AA’ see Figure 2.
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The earthquake generated 220 km of surface rupture along the Yingxiu-Beinchuan fault, character-
ized by right-lateral oblique slip and 72 km of surface rupture along the Guanxian-Anxian fault, char-
acterized by reverse slip (Fig. 1). Maximum vertical and horizontal displacements of 6.2 m and 4.9
m, respectively, were recorded along the Yingxiu-Beinchuan fault, whereas maximum vertical and
horizontal displacements of 3.5 m and 1.0 m, respectively were recorded along the Guanxian-Anx-
ian fault (Hao et al. 2008, Chen et al. 2008). The overall strike of the fault zone is N45°E, dip angle
50-70° towards the NW. This large scale fault zone is not only the boundary between Ganqing Block
and South China Block, but also the boundary between the mountainous area and the basin of Sichuan.
It separates: (i) the extended region of Tibetan Plateau towards the west – northwest with high alti-
tudes exceeding 5,000 m and (ii) the Sichuan Basin towards the SE representing extended lowland
with altitudes that do not exceed 1,000 m. 

In conclusion, the distribution of this seismic fault as well as its kinematics and dynamic character-
istics are attributed to the geodynamic frame of the greater region, characterized by large scale thrust-
ing of the Tibetan Plateau towards the east on the rigid block of Sichuan Basin. This geodynamic
frame is a result of the prevailing compressional regime along the Himalayan Mountain belt attrib-
uted to the progression of the Indian plate towards the north. (Burchfiel 2004, Burchfiel et al. 2008,
Densmore et al, 2007, Gan et al. 2007, Hubbard & Shaw 2009, Royden et al. 2008, Tectonics Ob-
servatory of Caltech 2008, Zhang et al 2004, USGS 2008).

3. Intensity Estimation According to EMS1998

Based on field work and recordings of damages on infrastructure and constructions conducted in an
extended region of the order of 50,000 km2 and based on recent publications (Houssam et al. 2008,
Sun et al. 2008, Lekkas 2008a, Kabeyasawa et al. 2008), the following values and geographical dis-
tribution of intensities according to EMS1998 (Grünthal 1998) were observed.

AREA A

It mainly corresponds to the extended lowland region of Sichuan Basin (Figs 1, 2) with altitudes that
do not exceed 1000 m. 

Fig. 2: Geological section trending NW-SE across the tectonic structure of the affected region with the activated
faults and the epicenter location. The areas A, B and C are noted to exhibit variations of the intensities values
(Burchfiel et al. 1995, Densmore et al. 2007).
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A1. Shifang Region: The Shifang town and the greater surrounding area are located on the mor-
phologically flat area, approximately 15 km towards the SE of the Guanxian-Anxian fault. It is es-
timated that 10% of the buildings collapsed or suffered severe damages, while more that 20% of the
constructions underwent structural damages. These were multistory constructions usually from 2 to
6 floors which probably presented structural imperfections, while there was no systematic geo-
graphical differentiation of the collapses within the urban centre. It should be pointed out that the
founding substratum corresponds to cohesive Quaternary formations which unconformably lay on
the rocky basement of the Sichuan Basin and are not more than 200 m thick. The estimated inten-
sity value for this region is VIIEMS-1998. 

A2. Mianyang Region: The Mianyang region is located on the morphologically lowland section 20-
30 km towards the SE of the fault trace. The recorded damages mainly included fractures on the walls
of first floors of modern constructions, while only a small number of multistory buildings collapsed
or suffered serious structural damages. These were constructions with up to 6 floors that probably pre-
sented structural imperfections and did not follow the modern anti-seismic design regulations. The ge-
ological – geotechnical conditions are uniform and do not differentiate from site to site within the
urban centre. In the greater area, cohesive Quaternary formations occur that cover older Sichuan
Basin formations. The estimated intensity value for this area is on the order of VIEMS-1998.

A3. Deyang Region: The Deyang Town and the surrounding area is located on the morphologically
lowland section, approximately 25-40 km SE of the seismic fault. The observed damages in the re-
gion mainly include cracks on the walls of the first floors of modern constructions, while a small
number of multistory buildings collapsed or suffered severe structural damages. These were con-
structions, usually up to 5-6 floors, that probably presented structural imperfections and did not fol-
low modern anti-seismic design regulations. In addition, it should be mentioned that the collapses
and damages presented random distribution within the urban area. It is estimated that the intensity
value in this region is on the order of VIEMS-1998.

AREA B

Essentially, this area, 10-20 km wide and 250 km long (Figs 1, 2), corresponds to the elongated re-
gion of NE-SW direction that includes the foothills of the Tibetan Plateau and more specifically it
is bounded by the flat lowland region towards the southeast of Sichuan Basin and by the trace of the
coseismic fault rupture to the northwest. 

B1. Dujiangyan Region: The town of Dujiangyan (Guanxian) is located 20 km east of the epicenter,
50 km west of the capital city Chengdu, in the zone defined by the boundary between the lowland and
the high relief regions. It is located only 5 km towards the SE of the seismic fault trace. The town de-
velops in its greater extent on a large scale alluvial fan, formed by the Min River that drains a wide
mountainous region, while some of its branches run through the town. In the town, approximately 300
constructions totally or partially collapsed while 20% of the buildings suffered serious construction
damages. Mainly multistory buildings collapsed, modern and older, constructed of reinforced con-
crete. Most collapses were located on the foothills of the mountainous region towards the west and
the morphologically higher areas and less on the lowlands. Especially interesting are the new build-
ings under construction that follow modern anti-seismic design regulation at the higher elevations of
the town that collapsed or underwent serious structural damages. In these areas, it seems that the na-
ture of the founding ground which is composed of remnants of river deposits and debris of limited
thickness on the rocky background played a determinant role. It is estimated that 30% of the build-
ing collapses observed in this town were located on similar deposits (Fig. 3). Finally it should be
mentioned that schools, hospitals and tenths of factories and industrial constructions collapsed in the
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greater urban area while all sort of infrastructure suffered serious damage. The estimated general in-
tensity value in the area is on the order of VIIIEMS-1998, while locally it approached IXEMS-1998.

B2. Mianzhu Town: The town of Mianzhu is located 50 km NE of the Dujiangyan (Guanxian) town
and only 5 km SE of the seismic fault. It is estimated that 20% of the buildings totally or partially
collapsed, while 60% of the buildings suffered considerable damages. The damages are mainly on
multistory buildings, modern or older, while constructions with 1 or 2 floors suffered fewer damages.
Dominant causes for the damages in many constructions were the architectural mannerism and fea-
tures, especially in cases of constructions with frames without high level of earthquake resistant de-
sign. Moreover, many schools, hospitals and industrial units collapsed causing thousands of
casualties while the infrastructure was either destroyed or seriously damaged. The estimated inten-
sity in the area exceeded VIIIEMS-1998 and locally approached IΧEMS-1998. 

AREA C

This region characterized by widespread damage represents the mountainous section of the Tibetan
Plateau that includes towards the southeast the outcrop of the seismic fault extending northwest for
at least 100 km (Figs 1, 2).

C1. The Beinchuan Regions: The Beinchuan, Hongbai, Hanwaug, Yingxiu, Guanxian, Jiangyou
towns as well as smaller settlements, are scattered in the mountainous western section of the af-
fected region. They develop mainly on the morphologically flat areas and especially on older and
modern river terraces and on slopes on both sides of the river terraces. Both slopes and river terraces
are composed of unconsolidated formations and more specifically by river – stream deposits that are
characterized by a dominant presence of pebbles, breccia, and graded material and by recent and
older debris as well as fans of variable thickness. The above formations cover in a great extent the
Tibetan Plateau formations. 

Impressive was the trace of the main branch of the seismic fault (Yingxiu-Beinchuan Fault) from the
suburbs of the Beinchuan and Yingxiu towns, while the same branch trace was recorded through the
region including the smaller towns of Hongbai and Hanwaug. In those regions and at a zone 150 m
wide around the trace, total collapses of constructions were recorded, even in recent constructions
that followed anti – seismic design regulations 

The damage suffered by old and new constructions was a result of this above described morpho-

Fig. 3: View of a recently constructed building at the suburbs of Dujiangyan (Guanxian) with serious structural
damages on the ground floor props. (type of construction D, damage degree 4) (a) and view of a hospital unit
in the same town that totally collapsed (type of construction D, damage degree 5) (b). 
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logical, geological, tectonic and geotechnical framework. In the Wenchuan region, 85% of the con-
structions collapsed partially or totally, while the rest suffered significant structural damages. It is
indicative that only a few buildings (<15%) did not suffer partial or total collapse. The estimated in-
tensity for this region is ΧIEMS-1998 while in some locations approached XIIEMS-1998.

C2. Wenchuan Town – Maoxian Town: The Wenchuan and Maoxian towns are located 30 km west
of the activated Yingxiu-Beinchuan fault branch, along the Wenchuan-Maoxian fault branch that
was not activated during the earthquake.

In all settlements, the constructions collapsed or suffered considerable structural damage to an ex-
tent that exceeded 50% (Fig. 4). It is indicative that only a small percentage of the constructions, that
did not exceed 20%, was left intact. In addition, infrastructures such as bridges, tunnels and dams
either collapsed or suffered considerable damage. Finally, in the greater region, landslides and rock
falls were recorded due to the high energy relief and the unconsolidated lithologies, that caused ad-
ditional damage in settlements and infrastructure. The general estimated intensity for this region is
ΧEMS-1998 and locally approaches ΧΙEMS-1998.

4. Intensity Estimation according to ESI2007

Extended observations and recordings were carried out in the study area investigating the primary
and secondary effects based on the ESI2007 guidelines (Michetti et al., 2007). Observations of the pri-
mary and secondary effects were carried out in a region exceeding 50,000 Km2 and are presented for
each area from west to east in the following paragraphs. Recent publication data were taken into ac-
count (Hao et al. 2008, Lekkas 2008a, Lekkas 2008b, Chen et al. 2008, Zhao et al. 2008). The main
results are summarized in Table 1.

Fig. 4: Oblique aerial view of residential constructions in the Wenchuan and Beinchuan towns that suffered total
destruction. These towns were founded on river terraces in the mountainous region. Large scale landslides on
the surrounding slopes contributed to the destruction of the residential constructions (Xinhua News Agency
China 2008, Reuters 2008).



AREA A

A1. Significant variations of the water level in wells and of the flow-rate of springs were locally
recorded, as well as small variations of the physical properties of water; turbidity in lakes, springs
and wells were also observed.

A2. Fractures up to 5-10 cm wide and up to hundred meters long were observed, commonly in loose
alluvial deposits and saturated soils. Centimeter-wide cracks were common in asphalt roads.

A3. Liquefaction was frequently recorded in the area, depending on local conditions; the most typ-
ical effects were: sand boils up to ca. 1 m in diameter; apparent water fountains in still waters; lo-
calized lateral spreading and settlements (subsidence up to ca. 30 cm), with fissuring parallel to
waterfront areas (river banks, lakes, canals) (Chen et al. 2008). 

The overall estimated intensity value for Area A is VII – VIIIESI-2007.

AREA B

B1. Ground ruptures were recorded, up to a few km long, with offsets generally in the order of sev-
eral cm.

B2. Springs changed, generally temporarily, their flow-rate. Some modest springs even run dry.
Temporary variations of water level were also observed in wells. Variations of chemical-physical
properties of water, most commonly temperature, were observed in springs. 

B3. Fractures up to 100 cm wide and up to hundreds meters long were observed in loose alluvial de-
posits and saturated soils. Cracks were common in paved asphalt roads, as well as small pressure un-
dulations.

B4. Landslides were widespread in prone areas, also on gentle slopes; as well as rock falls on steep
gorges, their size being frequently large (105 m3). Landslides dammed many valleys causing tem-
porary or even permanent small lakes. Many riverbanks, artificial embankments and excavations
collapsed.

B5. Liquefaction and water upsurges were frequent; sand boiled up to 3 m in diameter; the most typ-
ical effects being: apparent water fountains in still waters; frequent lateral spreading and settlements
(subsidence of more than ca. 30 cm), with fissuring parallel to waterfront areas.

B6. Small boulders and tree trunks were thrown in the air and carried away from their site for me-
ters depending on slope angle and roundness, leaving typical imprints in soft soil.
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Fig 5: Views of the Yingxiu-Beinchuan seismic fault at the outskirts of Yingxiu town.
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Table 1. 

PRIMARY EFFECTS SECONDARY EFFECTS

Surface
faulting

and defor-
mations

Hydrologi-
cal anom-

alies

Anom-
alous

waves /
tsunamis

Ground
cracks

Slope
movement

Liquefac-
tions

Jumping
Stones

Total
Area

From I to III There are no environmental effects that can be used as diagnostic

VI

SLIGHTLY
DAMAGING

Modest effects in the
environment

VII
DAMAGING

Appreciable effects in
the environment

A1 A2

VIII

HEAVILY
DAMAGING

Extensive effects in the
environment

A3 10 km2

IX

DESTRUCTIVE
Effects in the environ-
ment are a widespread
source of considerable
hazard and become im-
portant for intensity as-

sessment

B1 B2 B3 B4 B5 B6
1 000
km2

X

VERY 
DESTRUCTIVE

Effects in the environ-
ment become a leading
source of hazards and

are critical for intensity
assessment

C6
5 000
km2

XI

DEVASTATING
Effects in the environ-
ment become decisive
for intensity assess-

ment, due to saturation
of structural damage

C2 C3 C4 C5 C7
10 000

km2

XII

COMPLETELY DEV-
ASTATING

Effects in the environ-
ment are the only tool

for intensity assessment

C1
50 000

km2
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The estimated intensity value for Area B is ΙΧESI-2007.

AREA C

C1. As reported above, this earthquake generated a 220 km surface rupture along the Yingxiu-
Beinchuan fault and a 72 km surface rupture along the Guanxian-Anxian fault (Figs 1, 5). Maximum
vertical and horizontal displacements of 6.2 m and 4.9 m, respectively, were observed along the
Yingxiu-Beinchuan fault, whereas a maximum vertical displacement of 3.5 m occurred along the
Guanxian-Anxian fault (Hao et al., 2008). 

C2. Many springs significantly changed their flow-rate and elevation of outcrop. Additionally, many
springs run temporarily or even permanently dry. Temporary or permanent variations of water level
were observed in wells. Strong variations of physical properties of water, most commonly temper-
ature, was observed in springs. Water became very muddy in large basins, rivers, wells and springs. 

C3. Intense water undulations were recorded in the lakes of the area either due to the earthquake
tremor or due to landslides triggered at the banks. It is worth mentioning that at the artificial lake of
the Zipingpu dam the waves caused by the extensive landslides in the surrounding mountains ex-
ceeded 10 meters in height causing the death of about 100 fishermen. 

C4. Open ground cracks up to several meters wide were very frequently recorded, mainly in loose
alluvial deposits. In competent rocks they did not exceed 1 m. 

C5. Large landslides and rock-falls (>105-106 m3) were frequently recorded, practically regardless
of equilibrium state of slopes (Figs 6, 7), causing many temporary or permanent barrier lakes. River
banks, artificial embankments, and sides of excavations collapsed. Levees and earth dams incurred
serious damages (Lekkas 2008b, Zhao et al. 2008, Xu et al. 2009).

C6. Liquefaction, with water upsurge and soil compaction was recorded, that changed the aspect of
wide zones; sand volcanoes more than 8 m in diameter, vertical subsidence > 3 m, large and long
fissures due to lateral spreading were common.

C7. Big boulders with diameter of several meters were thrown in the air and moved away from their
site for long distances down even gentle slopes.

The estimated intensity values for Area C range from Χ to ΧΙΙESI-2007 (Fig. 7).

5. Discussion and Conclusions

The earthquake of the 12th of May 2008 in Sichuan county of China can be classified as a large
scale event based on the size of the tectonic structures that triggered the earthquake and the effects
caused on the human and natural environment. 

Intensity values could be estimated for a broad area around the epicentre based on EMS1998 and
ESI2007 (Figs 7, 8).

Area A is characterized by intensities VI-VIIEMS1998 as a result of its relative distance from the seis-
mic fault, the flat relief and relatively favorable geotechnical conditions and of course the develop-
ment of the area on the footwall that Sichuan basin represents. As a result of the above, the damages
in constructions were restricted and in general were decreasing towards the east – southeast, as the
horizontal distance from the seismic fault and the epicenter was increasing. In the area values of
VII-VIIIESI2007 were recorded that, compared to the VI – VII values of the EMS1998, are locally
higher by one degree mainly as a result of the widespread liquefactions, hydrological changes and
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ground failures. Nevertheless, in general, there is an agreement in the intensity values of both
EMS1998 and ESI2007 for Area A.

Area B corresponds to the intermediate morphological zone between the high relief of Tibetan
Plateau to the northwest and the Sichuan Basin to the southeast bounded towards the northwest by
the trace of the seismic fault. It is characterized by a complex relief with characteristics correspon-
ding mainly to rivers, alluvial deposits and debris fans. Here, the values according to EMS1998
reached VIII and only locally approached IX, while the values according to the ESI2007 reached ΙΧ.
The highly developed hydrographic network, the high water table, the unconsolidated, partly cohe-
sive material of the alluvial deposits and the intense phenomena of erosion and deposition of un-
consolidated material created an adverse geotechnical setting for the development of urban centres.
As well, these factors favored the triggering of secondary phenomena and intense morphological
changes that affected directly the values of ESI2007.

Area C corresponds to the portion of Tibetan Plateau characterized by high relief, steep slopes,
dense river network, deep erosion and intense phenomena of erosion. It includes the tectonic struc-
ture activated during the earthquake and develops towards the west corresponding essentially to the
causative fault hanging wall. In area C, the EMS1998 and ESI2007 intensity values are generally in
agreement. The values Χ-XIIEMS-1998 represent extended collapses of constructions due to the un-

Fig. 6: View of large-scale landslides that were triggered in the mountainous region along river Min (a) and view
of the Zipingpu Dam (b). 

Fig. 7: Views of Beinchuan town which was almost totally destroyed (ESI2007 = XI, XII) due to the combined
action of the seismic fault Yingxiu-Beinchuan (arrows) and the huge landslides.
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favorable geotechnical and geomorphological conditions and to diffuse landslides. The values of
Χ-XIIESI-2007 derive from the presence of the fault trace at surface and the secondary effects that de-
veloped in numerous places such as ground ruptures, large-scale landslides and tsunamis in lakes as
a result of the geomorphological conditions, the negative geotechnical conditions and the complex
geological setting. 

Summarizing, by the application of both EMS1998 and ESI2007 and the comparison of the results
based on the geodynamic, seismotectonic, geomorphological and geotechnical frame of the region
affected by the 12th of May, 2008 earthquake, the following conclusions can be drawn (Fig. 8):

No significant variations on the values of both intensity scales were recorded during their applica-
tion for the areas A, B and C, that correspond to three clearly distinct areas: (i) the flat lowland area
of Sichuan Basin, located southeast of the trace of the seismic fault, (ii) the elongated area of a gen-
eral northeast – southwest direction with special morphological characteristics, located to the south-
east of the seismic fault trace and (iii) the region that includes the occurrence of extensive surface
faulting to the west and corresponds to the Tibetan Plateau. 

The value variations in both scales that were estimated between the footwall (area A) and the hang-
ing wall (area C) are of the order of 2 to 4 degrees. At the elongated zone (area B) to the southeast
of the activated fault zone intermediate values were estimated. 

So the application and use of both EMS1998 and ESI2007 represent a fundamental tool for the esti-
mation of seismic hazard in a region and should be encouraged. In particular, the ESI2007 could be
applied to past, even prehistorical events time frames since it is based on geological effects not bi-
ased by cultural/technical differences either in time and space. 
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Abstract

An issue that should be taken into account by urban planners in Greece, for the extension of urban
areas, is the likelihood of earthquake-induced ground deformations. In this paper, information is
provided regarding the methodology that is applied for the prediction of liquefaction manifestations
in urban environment. In particular, a review of our research concerning the evaluation of the prob-
ability of liquefaction-induced ground disruption in three towns, Larissa, Edessa and Lefkada, is pre-
sented. The evaluation of probability was achieved using the Liquefaction Potential Index
methodology and the relatively classification, introduced in late 80’s and modified by Papathanas-
siou (2008). 

Key words: liquefaction, urban geology, hazard, Greece

1. Introduction 

Studies regarding the probabilistic evaluation of liquefaction potential of the geological units in
Greece started in the beginning of this decade at the Department of Geology of Aristotle University
of Thessaloniki. The occurrence of liquefaction phenomena and the generation of relative failures
are crucial issues that should be taken into account regarding the safety of structures within an urban
environment due to the seismotectonic regimen and the historical seismicity of the broader Aegean
Region. In particular, Greece shows the highest seismicity in Europe and is considered as one of the
most prone to earthquakes countries globally. According to the new Greek Seismic Code (EAK
2000), Greece is subdivided into three seismic hazard zones where the design accelerations on seis-
mic bedrock are assigned as 0.16g, 0.24g and 0.36g for the first, the second, and the third zone, re-
spectively. However, regarding the local scale studies, the influence of site-effects should be taken
into account for the estimation of the surface acceleration instead of the provided by EAK parame-
ters of the design acceleration, a, which should be mainly employed in regional scale maps. 

Furthermore, the susceptibility to liquefaction of several areas in Greece is shown by Papathanas-
siou et al. (2005), where a map of historical liquefaction occurrences in broader Aegean region, in-
cluding Greece, is compiled based on descriptions included in seismic catalogues and primary
sources. The outcome provided by this study is that these types of secondary effects reoccur within
specific areas in Greece particularly in Thessaly, Ionian Islands and the Gulf of Corinth including
the urban environments of the town of Larissa, Aeghio and Corinth.

Liquefaction is the transformation of saturated granular material from a solid state to a liquid state

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



as a consequence of increased pore pressures that reduce the effective strength of the material (Youd
1973). The liquefaction of a subsoil layer may induced surface disruption such as ground settle-
ments, sand boils and lateral spreading and leads to structural damages at buildings, pipelines, bridges
etc. Areas susceptible to liquefaction can be identified through detailed geologic, geomorphic and
hydrologic mapping (Witter et al. 2006) while the liquefaction potential is evaluated based on data
regarding the susceptibility to liquefaction of the soil layer and the expected value of ground mo-
tion triggered by the earthquake.

In order to evaluate the liquefaction potential of a subsoil layer, the procedure proposed by Youd et
al. (2001) is usually applied. According to this procedure, the ability of a soil element to resist liq-
uefaction is defined as factor of safety against liquefaction, Fs, and two variables are required for
its calculation: the cyclic resistance ratio CRR and the earthquake induced cyclic stress ratio CSR
at a specific depth for a given design earthquake. This deterministic approach has been modified the
last decade by several researchers who proposed probabilistic-based approaches for the assessment
of the liquefaction potential of a soil layer. Among them, the procedures proposed by Seed et al
(2003) and Boulanger and Idriss (2004) were the most known methodologies that are applied by
engineers and geologists.

In addition, Iwasaki et al. (1978), proposed an index (LPI) for the evaluation of liquefaction poten-
tial of a site instead of a soil layer. The advantage of LPI is that it quantifies the likely of liquefac-
tion of the site, by providing a unique value for the entire soil column instead of several factors of
safety per layer. Therefore, the values of LPI were used for the compilation of liquefaction hazard
maps. These maps comprise a preliminary assessing tool of the liquefaction potential and can be
used by decision makers for urban planning purposes.

In this study, a review of liquefaction studies performed in Greece is presented, regarding the evalu-
ation of liquefaction potential in three towns; Lefkada, Larissa and Edessa. The goal of our research
was twofold; a. evaluation of the surficial acceleration using different methodologies and b. focus on
the role of the site conditions in comparison to the proposed by EAK values of ground motion and
computation of the probability of liquefaction surface occurrence at these towns. The employed val-
ues of surface acceleration in our analysis were either recorded by accelerometers or estimated using
1-D site response analysis and geology-based proposed amplification factors.  The liquefaction po-
tential and the probability of liquefaction-induced ground disruption phenomena were evaluated using
the approaches proposed by Iwasaki et al. (1978) and Papathanassiou (2008), respectively. 

2. Liquefaction-induced failures in urban environment

Reports describing liquefaction related phenomena within the Aegean broader region can be found in
seismic catalogues and primary sources from 1509 A.C. (Papathanassiou et al. 2005). Large scale man-
ifestations were reported and mapped by Schmidt (1867) regarding the Aeghio 1861earthquake while
the first event that occurred close to an urban environment and studied in detail was the 1906 San Fran-
cisco earthquake. However, the most severe liquefaction-induced damages to civil infrastructure were
observed after the Niigata and Anchorage earthquakes in 1964 which helped to identify liquefaction
as a major problem within an urban area (Idriss and Boulanger 2008). Other major events that provided
data regarding the occurrence of liquefaction were the 1989 Loma Prieta and the 1995 Kobe earth-
quakes. The latter event caused pervasive liquefaction throughout the reclaimed lands and the manmade
islands in the Kobe region, causing extensive structural damages to quay walls around the port facili-
ties and associated damage to the cranes and other supporting facilities (Idriss and Boulanger 2008).

XLIII, No 3 – 1374



XLIII, No 3 – 1375

Moreover, during the last decade of the 20th century two large earthquakes occurred in Turkey and
Taiwan in 1999 that induced severe damages to the cities of Adapazari, Izmit, Golcuk and Nantou,
Yuanlin, Wufeng, respectively. Data provided by post earthquake reconnaissance reports, performed
in these urban areas, became the base layer for the modification of existing methodologies and for
the introduction of new probabilistic approaches regarding the liquefaction hazard in urban envi-
ronments. 

In particular, sand boiling and lateral spreading were reported in association with coastal failures and
the permanent displacements in horizontal and vertical directions due to lateral spreading ranged be-
tween 60 and 480 cm and 28 and 110 cm, respectively (Aydan and Ulusay 2000). The incidents of liq-
uefaction phenomena were mainly observed in inland alluvial areas and along coastal areas inducing
damage to ports and industrial facilities but some occurred in the free field away from the structures
(Sonmez et al. 2008). The Chi-Chi earthquake (Taiwan) occurred in 1999 and induced the damages
and collapses of bridges, port facilities and buildings. According to Yuan et al. (2003) among the 39
districts of the city of Yuanlin the 17 were found to have suffered significant settlement and 8 were
found to have obvious liquefaction evidence such as sand boils (Sonmez et al. 2008). 

Regarding Greece, the most severe liquefaction-induced structures damages within an urban area
were reported at the waterfront area of the town of Lefkada. According to Papathanassiou et al.
(2005) liquefaction occurrences (sand boils and vent fractures) were observed mainly in the water-
front area, and caused damages to pavements and sidewalks behind seawalls. In addition, severe
damages to port facilities, probably due to liquefaction of the subsoil layers, were observed at the
towns of Argostoli, Lixouri and Zakynthos after the devastating 1953 earthquake. 

3. Methods for estimating the liquefaction potential

3.1 Evaluating the liquefaction susceptibility and the potential of the soil layers

The evaluation of liquefaction susceptibility used to be realized by applying the “Chinese” criteria
(Wang, 1979) or the guidelines proposed by Andrews and Martin (2000). Both of these criteria taken
into account the appearance of fine grain sized material in the soil element and particularly the per-
cent of clay size. However, published papers by Seed et al. (2003) and Bray and Sancio (2006) stated
that the plasticity behavior of fine size particles of soils is more important than the percent of clay-
size fines. Thus, they proposed new criteria where soils with fines content more than 35% are con-
sidered as potentially liquefiable when its liquid limit is less than 37% and the plasticity index is less
than 12% while the water content is high relative to their liquid limit (Seed et al. 2003).

Having evaluated the liquefaction susceptibility of the soil layers, the computation of the factor of
safety should be performed. According to Youd et al. (2001) the factor of safety, Fs, is the ratio be-
tween the cyclic resistance ratio CRR and the earthquake induced cyclic stress ratio CSR.

The CSR is expressed as:

(1)

Where σvo: total vertical stress at depth z, σ’νο: effective vertical stress at the same depth, amax: peak
horizontal ground acceleration, g: acceleration due to gravity and rd: stress reduction factor. In this
study, the term rd was estimated using the Liao and Whitman (1986) equation:

21 (3)



for z<9.15m (2)

for 9.15 m< z <23 m (3)

Finally, the CSR values have been divided by the magnitude scaling factor, MSF, which is calcu-
lated by the following equation, Youd et al. (2001):

(4)

Afterwards, the CRR, is computed using the following equation (Youd et al. 2001) 

(5)

The calculation of N1(60) is influenced by the measured standard penetration resistance N,  the over-
burden pressure factor Cn, the correction for hammer energy ratio (ER) Ce, the correction for bore-
hole diameter, Cb the correction factor for rod length Cr and the correction for samplers with or
without liners. The Cn was calculated according to the equation proposed by Liao and Whitman
(1986), Cn=(Pa/σvo)

0.5, while the others factors were estimated using the parameters suggested by
Youd et al. (2001). Additionally, a “fine content” correction was applied to the calculated N1(60)
value in order to obtain an equivalent clean sand value N1(60) cs given by the equations proposed by
Youd et al. (2001). 

3.2 Estimating the surface acceleration value

A critical issue regarding the compilation of hazard maps in urban environment is to evaluate the
earthquake parameters at the ground surface since the proposed by Greek Seismic code values should
only be used for regional scale maps. In particular, the employed amax should be estimated based ei-
ther on ground motion recorded close to the study area or using geology-based amplification factors
or performing 1-D site response analysis. Regarding the case studies that are presented in this review,
the estimation of amax was achieved based on these three options. 

In order to account for amplification effect due to surface geology, the regression proposed by Stew-
art et al. (2003) can be used. In particular, the amplification factor, f, and the surface acceleration amax
are computed using the equations proposed by Stewart et al. (2003):

Ln(f) = a + b ln(PGA) (6)

amax= PGA * f (7)

where f is the amplification factor; a, b are parameters depending on the age and the material tex-
ture of soil; and PGA is the value of design acceleration on rock outcrop conditions; amax is the value
of surface acceleration which is employed on the evaluation of liquefaction potential.

A more sophisticated method, for the estimation of surface acceleration value is achieved by per-
forming site response analyses. In particular, 1D analysis are based on shear wave velocities Vs val-
ues of the subsoil layers and real acceleration time histories that are selected with respect to the type
of causative fault, the magnitude of the earthquake and the geological conditions at the recorded
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station. A web site where time histories can be downloaded is the European Strong motion Database
(ESD) www.isesd.cv.ic.ac.uk/ESD. Afterwards, a scaling based on the value of the design acceler-
ation of Greek Seismic code is suggested and the scaled PGA time histories can be used as input mo-
tion in order to estimate the value of acceleration on ground surface. 

3.3 Liquefaction Potential Index

The evaluation of liquefaction potential in urban areas can be finally achieved based on the Lique-
faction Potential Index approach proposed by Iwasaki et al. (1978; 1982). The index is proportional
to the thickness of the liquefiable layer, the thickness of the non-liquefiable (cap) layer and the value
of the factor of safety against liquefaction and is defined as:

(8)

Where z is the depth below the ground surface in meters; F(z) is a function of the factor of safety
against liquefaction, Fs, where F(z) = 1-Fs when Fs<0.95, F(z)= 2.106 e-18.427Fs if 0.95<Fs<1.2
and if Fs>1.2, F(z)=0 (Sonmez, 2003). Equation (1) gives the values of LPI ranging from 0 to 100.

Iwasaki et al. (1982) calibrated the severity of liquefaction-induced damages with the LPI values
using data provided by 87 SPT borings in liquefied and non-liquefied sites in Japan. According to
this calibration, liquefaction failure potential has been characterized as high where LPI ranges be-
tween 5 and 15 and low at sites where 0<LPI<5. The liquefaction potential is extremely low where
LPI is equal to 0, and extremely high at sites where LPI>15. The LPI methodology was modified
by Sonmez (2003), by adding a threshold value of 1.2 instead of 1 of the factor of safety and by in-
troducing two new categories of potential, “non-liquefiable” and “moderate”. At sites where LPI
values range between 2 and 5 the potential was defined as moderate, while where LPI ranges between
0 and 2 the site was characterized as low liquefaction potential area. Finally, sites where the LPI value
is equal to zero were characterized as non liquefiable (Sonmez 2003). 

Furthermore, Toprak and Holzer (2003) attempted to relate LPI with the severity of the surface man-
ifestations of liquefaction, using CPT’s from the 1989 Loma Prieta, California earthquake. They ob-
served that the median values of LPI were 5 and 12, respectively, in areas with sand boils and lateral
spreads. Lower and upper quartiles were 3 and 10 for sand boils and 5 and 17 for lateral spreads. Re-
cently, Papathanassiou (2008) proposed a new calibration that resulted from the application of the
box-whisker plot method to data provided by borings with SPT. According to this study, at sites
where LPI>32 liquefaction-induced failures of “high” degree, such as lateral spreading phenomena,
are likely to occur, while at sites where LPI<19 no liquefaction manifestations should be expected.
At sites where the LPI value ranges between 19 and 29, “medium” degree of severity liquefaction
surface evidence, such as sand boils and ejection of material is likely to occur. As it is stated by Pa-
pathanassiou (2008), a reason for the differences among the threshold LPI proposed by Iwasaki et
al. (1982), Toprak and Holzer (2003) and Papathanassiou (2008) is that in the latter study the eval-
uation of liquefaction susceptibility of soil layers was based on the modified criteria proposed by
Seed et al. (2003) in lieu of “Chinese criteria”. 

Moreover, Lee at al. (2003) re calibrated the scale, based on CPT data conducted in liquefied sites
in Taiwan after the 1999 Chi-Chi earthquake, proposing that liquefaction potential of a site is very
high and low where LPI is greater than 30 and less than 20 respectively, while where LPI values
range between 20 and 30 the potential is characterized as medium. Sonmez and Gokceoglu (2005)



used the probability of liquefaction PL in lieu of factor of safety in order to compute the LPI or Liq-
uefaction Severity Index Ls, as they named it in their paper, and they proposed a new classification.
Furthermore, Li et al. (2006) also defined the LPI or IL as a function of probability of liquefaction
and they proposed mathematical formula for the evaluation of the probability of liquefaction-in-
duced ground failure. Finally, Papathanassiou (2008) using a logistic regression analyses, proposed
a LPI-based approach for the calculation of the probability of liquefaction manifestations. For a
comprehensive description of these procedures, the reader is referred to Holzer (2008).

The advantage of LPI is that it quantifies the likely of liquefaction of the site, by providing a unique
value for the entire soil column instead of several factors of safety per layer. Therefore, the values
of LPI were used for the compilation of liquefaction hazard maps. These maps comprise a prelimi-
nary assessing tool of the liquefaction potential and can be used by decision makers for urban plan-
ning purposes. Such thematic maps were published for Busehr, Iran (Hosseini 1998), for the state
of California, USA (Holzer et al. 2002), for the town of Inegol, Turkey (Sonmez 2003; Sonmez and
Gokceoglou (2005), for the town of Ceyhan, Turkey (Ulusay and Kuru 2004), and for the city of
Lefkada, Greece (Papathanassiou et al. 2005), California, U.S.A by Lenz and Baise (2007) and Mem-
phis, U.S.A (Cramer et al. 2008)

4. Evaluating the probability of surface liquefaction occurrence in urban environ-
ments: case studies in Greece

As it is mentioned in previous section, the assessment of liquefaction hazard within urban areas is
a crucial issue in order to avoid possible structural damages triggered by earthquakes. This can be
achieved by applying the methodology of Liquefaction Potential Index and afterwards, by correlat-
ing the estimating LPI values with the liquefaction potential as it is described in published classifi-
cations (Iwasaki et al. 1978; Sonmez 2003). Another approach for showing the hazard due to
liquefaction is the compilation of a probability-based map, using suggested probabilistic regressions
provided by statistical analysis (logistic regression, discriminant, Bayesian method).

In this article, cases studies from Greece are going to be presented where liquefaction hazard maps
were compiled based on either the classification of LPI values with liquefaction potential proposed
by Iwasaki et al. (1978) or based on the probability of liquefaction surface occurrences that was
computed using the regression proposed by Papathanassiou (2008). These case studies were selected
due to the fact that are located at different seismic hazard zones according to EAK (2000), thus in-
cluding a variety in the earthquake magnitude. Regarding the estimation of the value of surface ac-
celeration, three different approaches were applied and resulted to different acceleration values than
the proposed by EAK (2000) ones, indicating the importance of performing site–specific analyses
within an urban environment. In particular, in the first case (Lefkada) the employed value of amax,
for the calculation of LPI, was recorded within the urban area during the Lefkada 2003 earthquake,
in the second case study, the town of Edessa, the surface acceleration was estimated based on 1-D
site response analysis and finally, in the third case, the town of Larissa, the amax was estimated using
geology-based amplification factors. 

4.1 Lefkada

Within the urban area of the town of Lefkada, liquefaction phenomena have been reported more
than one time according to the historical catalogue of liquefaction manifestations published by Pa-
pathanassiou et al. (2005). The latest event occurred in 2003 and triggered soil liquefaction and re-
lated damages mainly to port facilities. As it was reported by Papathanassiou et al. (2005) in the
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town of Lefkada, liquefaction of the subsoil layers caused damages to pavements and sidewalks be-
hind seawalls. According to eyewitnesses, muddy water was ejected at a height of 50 cm from cracks
in a pavement surface near the waterfront, indicating high excess pore pressure generating during
earthquake shaking. Furthermore, we observed that the asphalt pavement was covered by a thin
sandy-silty layer which was ejected from the ground fissures. The length of the fissures varied from
few meters to tens of m and their width from a few mm to 8 cm. 

In order to evaluate the liquefaction potential of the subsoil at the urban area of Lefkada, data pro-
vided by boreholes that were performed during post reconnaissance field surveys, were collected.
Using this information, the liquefaction susceptibility and the factor of safety of the soil layers were
estimated. The employed earthquake characteristics were equal to amax=0.4g, recorded by the per-
manent network of ITSAK (Institute of Engineering Seismology and Earthquake Engineering) dur-
ing the main shock at the center of the city, while the Ms value corresponds to the one of the 2003
earthquake (Ms=6.4), and is similar to the maximum earthquake magnitude that occurred in Lefkada
island (after 1911) according to historical seismicity of the area.

Afterwards, the LPI value per borehole was computed based on Iwasaki et al. (1978) methodology
and a map of liquefaction potential was compiled using the proposed classification. The predicted
areas of high liquefaction potential are in agreement with the sites where liquefaction-induced ground
failures were triggered by the 2003 Lefkada earthquake, indicating that LPI may be a useful tool for
future seismic hazards studies.

4.2 Edessa

The case study of the town of Edessa was more complicated due to the fact that the geology and the
topography of the area indicate that an amplification of the ground motion is possible. Thus, we
concluded that the proposed value of PGA, 0.16g, by the EAK (2000) is not representative for a
“microzonation” study and we decided to perform 1-D site response analysis using data provided by
seven borings with SPT. In order to achieve this, several real acceleration time histories were selected
with respect to the type of causative fault, the magnitude of the earthquake and the geological con-
ditions at the recorded station, and were downloaded by the web site of European Strong motion
Database (ESD) www.isesd.cv.ic.ac.uk/ESD (Papathanassiou and Valkaniotis, 2009). 

Afterwards, the input acceleration time histories have been chosen for scaling based on the value of
the design acceleration of Greek Seismic code and the scaled time histories were used as input mo-
tion in order to estimate the value of acceleration on ground surface for each one of the seven site.
The computed amax values at the sites that were estimated using the EERA software proposed by
Bardet et al. (2000).

Having estimated the amax, we proceeded to the computation of LPI values based on seven geot-
echnical profiles that were provided by the boreholes. In addition, the probability of liquefaction
surface evidence per site was computed using the proposed by Papathanassiou (2008) LPI-based
equation:

(9)

The outcome of this study indicates that when the amax is equal to the proposed by the EAK (2000)
no liquefaction-induced surface disruption is expected. However, liquefaction phenomena, such as



sand boils, are expected to be triggered when the amplification of the ground motion due to local ge-
ology is taken into account. This result is in agreement with the secondary effects triggered by the
1395 event that occurred close to the town of Edessa.

4.3 Larissa

The third case study that is presented in this article deals with the assessment of liquefaction hazard
at the urban area of Larissa. This area was selected due to the fact that is classified as a liquefaction-
prone zone since historical reports exist describing earthquake-induced ground failures, including
liquefaction manifestations, triggered by the March 1st 1941 earthquake and due to the fact that the
town is situated upon sediments deposited by the river of Pinios which traverses the town that are
considered as potentially liquefiable. 

The estimation of liquefaction potential and the computation of the probability of liquefaction sur-
face evidence were achieved using data provided by geotechnical profiles of borings with SPT and
based on the LPI methodology and the LPI-based regressions proposed by Iwasaki et al. (1978) and
Papathanassiou (2008), respectively. In addition, in order to estimate the surface acceleration val-
ues of the ground motion, the provided design acceleration value of EAK (2000) was used as a base-
line layer and afterwards, for every site an amax value was estimated using geology-based
amplification factors, as they were proposed by Stewart et al. (2003).

The outcome of this research shows that the occurrence of liquefaction surface evidences is likely
only at two areas close to river Pinios, although the fact that it was expected to be triggered in more
places. This result could be explained by the fact that the majority of susceptible to liquefaction lay-
ers are not loose enough (SPT-N>25) to be liquefied under this seismic scenario and that the aver-
age depth of the groundwater table is more than 4 meters.  

5. Conclusions-Results

The basic aim of this article is to present the methodologies that are applied for the evaluation of liq-
uefaction potential of subsoil layers and for the compilation of liquefaction hazard maps in urban en-
vironments. Furthermore, a brief presentation regarding the importance of the site-specific conditions
is given and three different approaches for the estimation of the surface acceleration that are used
for the computation of factor of safety against liquefaction are proposed.

This goal is achieved by analyzing the most-known methods and their applications in urban areas, pre-
senting examples from Greece.  In particular, three case studies are presented, representing the towns
of Lefkada, Larissa and Edessa, where liquefaction hazard maps were already compiled. Regarding
the town of Lefkada, the validation of the LPI-based liquefaction potential map was realized by com-
paring it with the earthquake-induced liquefaction phenomena distribution while the provided prob-
ability map of liquefaction surface occurrence of the town of Edessa was validated using the
information regarding the 1395 earthquake secondary effects. Finally, the areas where liquefaction
phenomena are expected to be triggered within the urban area of Larissa are in agreement with the
distribution of land sliding and liquefaction manifestations triggered by the March, 1st 1941 Larissa
earthquake. As an outcome of these studies, we concluded that within urban areas in earthquake prone
countries it is important to evaluate the liquefaction hazard since by this way it is possible to delin-
eate areas where structural damages due to liquefaction of the subsoil layers are expected to occur. 
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Abstract 

The basic goal of this study is the delineation of liquefaction susceptibility zones by correlating ge-
ological, geomorphological, seismological and past liquefaction occurrences information. A lique-
faction susceptibility map should be used as a screening guide by decision makers for avoiding in
advance prone to liquefaction areas. In order to compile this map, we took into consideration pub-
lished data regarding the surficial distribution of geological units (IGME), the seismic hazard zona-
tion in Greece as it is defined by the Earthquake Palling and Protection Organization and the
distribution of historical liquefaction occurrences provided by the relatively database DALO v1.0
http://users.auth.gr/gpapatha/dalo.htm ). Initially, Quaternary age deposits were classified into cat-
egories of susceptibility based on their age and depositional process, having considered the de-
signed value of acceleration. Afterwards, areas where past liquefaction occurrences were reported
have been upgraded one level. The result obtained by this study is that as very high susceptibility
zones are considered the coastal areas at the Ionian Islands and at the Gulf of Corinth

Key words: liquefaction, hazard, susceptibility, Greece

1. Introduction 

Greece shows the highest seismicity in Europe and is considered as one of the most prone to earth-
quakes countries globally. Thus, it is obvious that earthquake-induced ground failures (landslides,
liquefaction etc.) and their effects on the man made environment should be taken into consideration. 

Liquefaction is the transformation of saturated, unconsolidated granular material from a solid state
to a liquid state as a consequence of increased pore pressures that reduce the effective strength of
the material (Youd 1973). The loss of shear strength can cause permanent ground deformations and
damage to man-made structures. Therefore, a map showing the prone to liquefaction areas could be
used by decision makers and urban planners in order to avoid areas likely to ground failures.

In order to prevent the occurrence of soil liquefaction and to minimize its effects to the man made
environment, studies regarding the susceptibility of the geological units should initially take place.
Areas susceptible to liquefaction can be identified through detailed geologic, geomorphic and hy-
drologic mapping (Witter et al. 2006). Afterwards, a prone to liquefaction area should be further in-
vestigated in detail in order to evaluate the liquefaction potential and the degree of ground and/or
structural failure. 

Liquefaction susceptibility maps delineate zones estimated to be liquefiable under given earthquake pa-
rameters and have been compiled for several regions and countries including USA, Greece, Japan,

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



Iran, Turkey etc. In particular, maps were developed for the San Francisco Bay region (Youd and
Perkins 1987; Knudsen and others 1997; Knudsen et al. 2000; Holzer et al. 2002), for Los Angeles
urban area (Tinsley et al. 1985), for the region of Thrace, Greece (Papathanassiou et al. 2008) etc.
These maps do not predict liquefaction-related ground failures, although ground failures may accom-
pany liquefaction and are more likely to occur in areas with higher liquefaction susceptibility (Tinsley
et al. 1985). Moreover, large scale maps, regarding the liquefaction-induced ground disruption, were
published for urban areas using data provided by in-situ tests (mainly SPT and CPT). These “micro-
zonation” maps were compiled based on the LPI methodology, suggested by Iwasaki et al. (1978).

The basic goal of this study was the evaluation of the liquefaction susceptibility of geologic units in
Greece and a compilation of a map of 1:500.000 scale, using information provided by geologic, ge-
omorphologic and seismic hazard investigations. The information provided by this map should be
used only as a screening guide for planning purposes

2. Geo-engineering evaluation of liquefaction susceptibility 

Several researchers and scientific groups of civil engineers and engineering geologists have studied
the liquefaction susceptibility of soil units and proposed criteria for their classification. Brief de-
scriptions of the most used guidelines are presented in this section including the procedures that
should be followed for the evaluation of liquefaction susceptibility. 

In general, the susceptibility to liquefaction of a geological unit can be evaluated based on its de-
positional environment; the depositional process affect the liquefaction susceptibility of sediments
since fine and coarse grained soils sorted by fluvial or wave actions are more susceptible than un-
sorted sediments (Youd 1998). In particular, liquefaction susceptibility can be defined based on
small scale information and/or data provided by in-situ tests. The former assessment is achieved by
collecting data regarding the depositional environment, the age of sediments, the valued of peak
ground acceleration and the depth of ground water table and the latter based on detailed information
of a soil formation such as the grain-size characteristics and the values of Atterberg limits. 

In particular, regarding the regional scale approach, Wakamatsu (1992) classified sedimentary de-
posits using geomorphological criteria in 3 categories of liquefaction susceptibility under the ground
motion at the MMS intensity VIII: likely, possible and not likely. Areas classified as “not likely” liq-
uefaction susceptibility define zones where liquefaction-induced failures are not expected. On the
contrary, zones where geomorphological units such as natural levee, former river channel, sandy
dry river channel and artificial fill were classified as the highest level of liquefaction potential, i.e.
liquefaction likely (TC4 1999). At these areas, further investigation using in-situ test and quantita-
tive parameters of subsoil layers must be performed.

Moreover, another well known procedure for the characterisation of an area as liquefiable was pro-
posed by the California Department of Conservation, Division of Mines and Geology (CDMG 1999).
According to these guidelines, a zone is considered as prone to liquefaction when is meeting the
following criteria:

— evidence of historical liquefaction occurrences,
— data from in-situ tests and analyses indicate that the soils are likely to liquefy,

in case of lacking of the above data, a site is considered as susceptible to liquefaction when:
— area containing soils of late Holocene age, the groundwater is less 13 meters deep and the peak ground

acceleration (PGA) having a 10% probability of being exceeded in 50 years is greater than 0.1g,

XLIII, No 3 – 1384



XLIII, No 3 – 1385

— soils of Holocene age where the depth of groundwater table is less than 10 meters and the
PGA (10% in 50 years) is greater than 0.2g,

— areas containing soil deposits of latest Pleistocene age, where the PGA has a 10% probability
of being exceeded in 50 years is greater or equal to 0.3g and the depth of the  groundwater
table is less than 6 meters

A second approach that is followed for the evaluation of liquefaction susceptibility of a soil unit is based
on results obtained by laboratory tests, regarding the grain-size characteristics and the values of Atter-
berg limits of the soil element. In general, sands was believed that were more susceptible than silts or
gravel, but laboratory test to fine-grained soils from liquefied soils collected after the earthquakes of Ko-
caelli and Chi-Chi in 1999, showed that cohesive soils could also liquefied under specific conditions.

In particular, Tsuchida (1971), defined boundaries curves for potentially liquefiable soils based on
their grain size distribution curves. Few years later, Wang (1979) and Seed & Idriss (1982) sug-
gested that the classification of a soil element depends on the Atterberg limits and the percentage of
clay-size material. Andrews and Martin (2000) re–evaluated the liquefaction field case histories and
transported the “Modified Chinese Criteria” to US conventions. However, recent data (Seed at al.
2003), provided by post-earthquake in-situ tests at liquefied sites triggered by the last two devastating
earthquakes of Kocaeli and Taiwan in 1999, indicated that the “modified Chinese criteria” and the
liquefaction susceptibility criteria proposed by are considered conservative. Seed et al. (2003) con-
cluded that the plasticity behaviour of fine size particles of soils is more important than the percent
clay size, and there are numerous cases of liquefaction with more than 10% clay-size fines. Ac-
cording to these recommendations, soils with fines content more than 35% are characterized poten-
tially liquefiable when its liquid limit is less than 37 and the plasticity index is less than 12 (LL ≤ 37
and PI ≤ 12), and the water content is high relative to their Liquid Limit (wc > 0.8 LL). Conse-
quently, fine-grained soils, previous characterized as non-liquefiable based on liquefaction suscep-
tibility criteria proposed by and Andrews and Martin (2000), are now considered potentially
liquefiable according to the recommendations of Seed et al. (2003).

3. Methods

3.1 Surficial Geology

Geologic criteria such as age, depositional environment, relative density, depth to free ground water
affect the liquefaction susceptibility of a geologic unit. Understanding the depositional environment and
the ages of the geologic units allows the assessment of liquefaction susceptibility. According to Youd
(1998) the younger, looser and more segregated the deposit the greater the susceptibility to liquefac-
tion. Older (Pre-Pleistocene) or cemented deposits are almost universally resistant to liquefaction.

In our study, using as a baseline data the geological map of Greece (IGME 1989), we proceed to the
digitization of the geological units. Afterwards, the geological units were classified into two cate-
gories based on their ages; pre-quaternary and quaternary. This separation was made in order to fur-
ther analyze and evaluate the liquefaction susceptibility of the deposits of Quaternary sediments
since pre-Pleistocene deposits are classified as very low susceptibility units (Youd 1998). The char-
acterization of these sediments had been realized by the Institute of Geological and Mineral Explo-
ration of Greece (IGME 1989) and was adopted in this study. 

In particular, as Holocene _1 (latest Holocene age) sediments were grouped the coastal, fluvial,
deltaic, marsh deposits: sands, clays, loams, clayely sands usually fine-grained and loose. The pres-
ence of a surficial water table (with small seasonal fluctuation of the water-level is one of their char-



acteristics. Their thickness is about 60m approximately. 

As Holocene (Holocene age) sediments were characterized recent to present formations mainly con-
sisted of alluvial deposits, fluvial deposits, dunes: sands, clays, sandy or silty clays usually without
a surficial water layer. Loose formations and locally slightly cohesive, fine to coarse grained. Their
thickness ranges from a few tens of meters, locally exceeding 100m.

Finally, the Pt (Pleistocene age) sediments include old alluvial deposits, scree, talus cones mainly
of Pleistocene age. No surficial water is observed while the thickness is usually around 20m.

3.2 Historical liquefaction occurrences in Greece

Liquefaction is known to occur repeatedly in the same site, thus maps showing the localities of past
liquefaction may be considered as potential area of liquefaction in future earthquakes (Youd, 1984).
However, lack of evidence does not provide adequate proof that a site is immune to liquefaction
(Youd 1988). 

In order to identify a detailed map of the distribution of past liquefaction occurrences in Greece, we
used the information provided by the published database of DALO v1.0. The Database of historical
Liquefaction Occurrences DALO v1.0 (Papathanassiou and Pavlides, 2009) is an open-access file
where information regarding liquefaction-induced ground and/or structural deformations is pro-
vided. The database was constructed under Ms-Access software and is consisted of six tables and
six relative forms. The constructed six tables, used for the introduction of data, are cross-linked by
key using elements that are common to several tables, such as the earthquake ID, the failure ID, site
ID and reference ID. The independent tables include information regarding the earthquake, the liq-
uefied site, the causative fault, the type of failure, the recorded ground motion and the historical
source where the liquefaction-induced failures were described. The presentation of the collected
data is accomplished using forms that were decided to be grouped in two main categories. The first
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Fig. 1: Geological map of Greece showing the
distribution of quaternary sediments (modified
from IGME, 1989).
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group provides information of earthquake-induced liquefaction characteristics while the second one
includes data regarding the liquefied site. The navigation into the database is accomplished by an in-
troductive form which gives to the researcher the opportunity to select one of these two groups for
browsing through its contents. Moreover, searching for a specific liquefied site or an earthquake
that triggered liquefaction phenomena is now possible and can be achieved by selecting the relative

Fig. 2: Liquefaction manifestations in Roupakia, Nidri, Kato Achaia and Alikes, triggered by the events of 8th

June, 2008 and 14th August, 2003 in Peloponnesus and Lefkada, respectively.

Fig. 3: Map of historical liquefaction occurrences in the broader Aegean region from 1509 AD to 2008 AD (Pa-
pathanassiou et al., 2005).



options, appeared in the menu at the right side of the introductive form. The search is realized using
the primary keys of EqID and siteID, respectively and the user can select an earthquake based on
the date of occurrence or a liquefied site based on its location.

The first entry in the dataset is in the 16th century AD (Papathanassiou et al., 2005) while the cut-
off data for this project is provided by the earthquake-induced liquefaction of June 8th, 2008 in NW
Peloponnesus, Greece. However, the oldest event that is mentioned in the seismic catalogues and was
correlated to liquefaction-induced failures is the event of 373 B.C. in Eliki (Gulf of Corinth).

A total of 55 earthquakes-induced liquefaction phenomena were introduced into the dataset provid-
ing information about 321 cases of liquefaction manifestations. Regarding the areas that were re-liq-
uefied during that period, this study resulted (fig. 3) that they are located mainly at the Gulf of
Corinth, the islands of the Ionian Sea and the region of Thessaly (Central Greece).

3.3 Seismic hazard zonation

The third criterion that should be examined for the classification of an area as liquefiable is the seis-
mic input. In case of regional scale projects, it is proposed to take into account national hazard maps
showing contours of PGA with various probabilities of exceedance (Youd, 1998). In our study, we took
into consideration the map provided by the Earthquake Planning and Protection Organisation (EAK,
2000). According to this project, Greece has been divided in three subareas regarding the seismic
hazard, where the expected value of PGA, having a 10% probability of being exceeded in 50 years.

In particular, the first zone delineates areas of low seismicity, mainly in Northern Greece, where the
expected PGA is evaluated as 0.16g and within the second one the PGA is assigned as 0.24g. Areas
located within the third zone, the Ionian islands and a smaller area in the mainland, were character-
ized as high seismicity zones where the expected value of PGA is equal to 0.36g (fig. 4).

XLIII, No 3 – 1388

Fig. 4: Seismic hazard zonation of Greece
(modified from EAK, 2000)
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4. Defining the liquefaction susceptibility classes

Taking into account the data describing in the previous section, we proceed to the compilation of the
liquefaction susceptibility map of Greece which delineates the areas where liquefaction materials are
most likely to exist. 

Initially, the categories of susceptibility were assigned based on the geologic (age and depositional
environment) characteristics of the sediments and the value of peak ground acceleration that is ex-
pected within an area according to Greek Seismic Code. In particular, geologic units characterized as
Holocene_1 (latest Holocene age) deposits are classified as Very high, high and moderate suscepti-
bility sediments when they are located in zones where the expected PGA was evaluated as 0.36, 0.24
and 0.16g respectively. Geologic units described as Holocene sediments are characterized as high
and moderate susceptibility in seismic zones of 0.36, and 0.24, 0.16g, respectively while the Pt (Pleis-
tocene age) sediments were  introduced into the groups of low and very low susceptibility, in areas
where the PGA was evaluated as 0.36 and 0.24g for the former group and 0.16g  for the latter one. 

Afterwards, we examined the occurrence of historical liquefaction phenomena within an area and we re-
evaluated the susceptibility of the soil units. In particular, the susceptibility of geologic units where liq-
uefaction phenomena were reported more than once, were upgraded one level. For example, the coastal
area at the Gulf of Corinth and the Ionian Islands were upgraded from high to very high susceptibility.
Applying the same criterion, areas in Thessaly (Central Greece) were upgraded from moderate to high
due to the occurrence of liquefaction manifestations, generated by the events of 1941 and 1954.

Finally, a total of 5 liquefaction susceptibility categories were assigned to the mapped geologic units
based on their geological, seismological and past liquefaction occurrences information and a lique-
faction susceptibility map was developed as it is shown in figure 5. These groups consisted of Very
high, high, moderate, low and very low susceptibility classes.

4.1 Categories of liquefaction susceptibility 

In this section are described the classes of liquefaction susceptibility that are proposed by our study.
Applying these criteria, the characterization of a geological unit as susceptible to liquefaction or not
can be achieved. In particular:

• As Very high susceptibility units are defined the geological units describing sediments of latest
Holocene age that are located within areas where the expected PGA is 0.36g. In addition, latest
Holocene and Holocene age deposits located within areas of 0.24 and 0.36g, respectively and
within areas where past liquefaction occurrences were reported are also classified as Very high
susceptibility zones,

• As High susceptibility are grouped the geological units included describing sediments of lat-
est Holocene age and Holocene age located within areas where, in some cases, past lique-
faction occurrences were reported and where the expected PGA is evaluated as 0.24 and 0.36g,
respectively,

• As Moderate susceptibility the sediments of latest Holocene age and Holocene age located
within areas where the expected PGA is evaluated as 0.16 and 0.24g, respectively,

• As Low susceptibility, the geological units of Pleistocene age within areas where the ex-
pected PGA is high (0.36g and 0.24g) and the occurrence of liquefaction is possible under spe-
cific conditions,



• And as Very low susceptibility, the sediments of Pleistocene age, located within areas of low
seismicity (0.16g) where liquefaction isn’t expected to be triggered.

5. Conclusions-Results

Greece is considered as the most prone to earthquake country in Europe. Therefore, the evaluation
of primary and secondary effects triggered by an earthquake is crucial for the avoidance of structural
damages. In this study, the procedure that was followed for the compilation of the liquefaction sus-
ceptibility map of Greece in scale 1:500.000 is presented. In order to develop this map several cri-
teria were taken into consideration. Initially, data regarding the distribution of geological units and
the seismic hazard zonation were collected by published maps and reports. Furthermore, the occur-
rence of historical liquefaction phenomena was evaluated using the published database of DALO
v1.0 and the sites where past liquefaction was reported were plotted as a separate layer and corre-
lated afterwards with the layers of geology and seismic hazard zonation. As a result, the geological
units were classified into 5 categories of susceptibility; very high, high, moderate, low and very low.
The outcome provided by this study delineates the areas that are susceptible to liquefy. However, in
order to evaluate the liquefaction potential of an area detailed investigations are required. 
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Abstract 

Gypsum in Hellas and Cyprus occurs in three different types: (a) bedded (mainly of Messinian age
in Cyprus and Crete), (b) domes (mainly western Hellas and Crete), and (c) as bodies, fragments and
cementing material in Triassic conglomerate formations (western Hellas). Ground failure caused by
void migration to the surface, resulting from gypsum dissolution, is a common phenomenon in such
areas, which are also found in other European countries (e.g., Italy, Spain, Switzerland, U.K., Lithua-
nia, Latvia, Poland, Romania, Turkey, Ukraine and Russia). In this paper three different case stud-
ies of ground failure are presented: Cyprus, Crete (Viannos) and Corfu. Engineering geological,
stratigraphical, geophysical, hydrogeological and hydrogeochemical studies of these areas, revealed
the direct relationship between surface runoff, and ground water circulation with the rate of gypsum
dissolution, the subsequent development of karst hollows, and the associated ground failure in urban
and suburban environments. Two main models were defined, according to different mechanisms of
gypsum dissolution. The first model is associated with the erosion activity of surface runoff, the sec-
ond with the dissolving capacity of ground water. Risks to the urban and suburban environments were
assessed, and guidelines as well as mitigation measures were proposed.

Key words: ground failure, gypsum, Cyprus, Crete, Corfu

1. Introduction

Gypsum in Hellas and Cyprus occurs in three different types: (a) bedded (mainly of Messinian age
in Cyprus and Crete), (b) domes (mainly western Hellas and Crete), and (c) as bodies, fragments and
cementing material in Triassic conglomerate formations (western Hellas).

Gypsum affects many parts of Europe including Italy, Spain, Switzerland, U.K., Lithuania, Latvia,
Poland, Romania, Turkey, Ukraine and Russia. Subsidence caused by gypsum dissolution has been
recorded in Texas (Olive 1957), Canada (Wigley et al. 1973), Germany (Hundt 1950; Herrmann 1964;
Strobel 1973), the Alps (Nicod 1977), Russia (Gorbunova 1977) and Newfoundland (Sweet 1977).

The presence of gypsum many times causes serious ground failure problems, especially when oc-
curring in urban areas. Some of the towns and cities worldwide that are affected by gypsum geo-
hazards are: Ripon and Darlington in the U.K. (Cooper 1995), the city of Zaragoza (Benito et al.
1995) and the town of Calatayud (Gutierrez et al. 2002) in Spain, the outskirts of Paris (Toulemont
1984) in France, Stuttgart and many towns peripheral to the Hartz Mountains in Germany (Pfeiffer
and Hahn 1972; Strobel 1973), and the towns of Birzai and Pasvalys in Lithuania (Paukstys 1996).

Gypsum can also cause severe problems when it is situated beneath large engineering structures: at

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



least 14 examples of dams losing water or failing (James 1992) have been recorded in the USA, and
at least two dams in China have been affected (Lu Yaoru and Cooper 1997). In the UK, at Ratcliffe,
south-west of Nottingham, power station foundations have been affected by water leakage and dis-
solution of thin Triassic gypsum beds (Seedhouse and Sanders 1993). 

There is a need for detailed site investigation and common methodology approaches for the mitiga-
tion of gypsum geohazards. In Hellas and Cyprus, several urban areas, mainly villages, are been af-
fected by sinkholes due to gypsum dissolution. In the following, three distinctive case studies are
presented.

2. Gypsum dissolution rates

Gypsum (CaSO4.2H2O) dissolves in flowing water about one hundred times more rapidly than lime-
stone, but at only about one thousand the rate of halite. At Ripon Parks where Permian gypsum abuts
the River Urea a large block (3m3) of gypsum fell into the river and dissolved in 14 months. This
occurrence was reported by James et al. (1981) who presented formulae from which the gypsum dis-
solution rates can be calculated (dissolution rates were estimated between 0.1 and 1.7 m per annum). 

The rate of gypsum dissolution increases with temperature and the speed at which water passes the
gypsum surface. The gypsum dissolution rates observed in the field agreed closely with those ob-
tained from laboratory experiments by James and Kirkpatrick (1980), James and Lupton (1978) and
by Kemper et al. (1975). These observations considered the dissolution of gypsum by pure water.
In subsurface conditions where calcium carbonate is dissolved in the groundwater (waters rich in
CaCO3) the solubility of gypsum is increased; gypsum solubility may also be increased by the pres-
ence of other ions in solution such as chloride (Deer et al. 1962; Kempe 1972).

Water abstraction could affect gypsum-water systems. Calculations for a major water abstractor
pumping from the Permian gypsum and limestone beds in Northern England show some alarming
results. The water contains approximately 1200 ppm of SO4 mainly as dissolved CaSO4; the ab-
stractor pumps 212 M1 of water per annum. This is equivalent to removing approximately 200 m3

of gypsum a year from the area. It is likely that much of the dissolution represents the enlargement
of joints over a wide area. (Cooper 1988). In places, such as at Ripon in North Yorkshire, the dis-
solution is so active that a new subsidence feature appears every year or two (Jones et al. 2005).

3. Case studies

3.1 Cyprus

Gypsum in Cyprus occurs in the form of strata layers created during Messinian Salinity Crisis in
Mediterranean. These Messinian evaporates (“Kalavassos formation”) were deposited usually in
fault controlled basins. (Koutsouveli et al. 2008). Gypsum layers are found between the Lower and
the Upper Gypsiferous Marls.

Several ground failure problems were encountered in urban areas, mostly during the last decade,
that resulted mainly by an increase of water abstraction (over-pumping).  A two-year (2005-2006)
project has been carried out by the Geological Survey Department of Cyprus in collaboration with
the Institute of Geology and Mineral Exploration (IGME-Greece), and its external partners (Geoin-
vest-Cyprus, cbs - C. Stergiopoulos), for the study of sinkholes due to gypsum dissolution in Cyprus.

The target of the project was, a) the study of areas with known problems affecting urban environment
and b) the definition of sinkhole prone areas and recommendation of appropriate mitigation measures.
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The following works were conducted by a multi scientific team:
• Interpretation of airphotos and satellite images,
• IEngineering Geological Studies,
• IGeophysical Investigations,
• IHydrogeological – Geochemical studies,
• IUnderground stability analysis of cavities,
• IGeotechnical Evaluation – Geological “Suitability” (using GIS). 

Interpretation of airphotos and satellite images

The contribution of the interpretation-analysis of airphotos and satellite images to the current study
was the definition of faults and its relation to karst structures and phenomena. Several geo-forms,
such as sinkholes, lowlands, and cracks, were recognised and recorded.

Engineering Geological Studies

Detailed site investigation was carried out in areas formed by Kalavasos formations, with emphasis
on two pilot areas (Pera Chorio – Nisou and Aradipou), leading to the following works:

• Engineering geological mapping,
• Palynological  analysis,
• Surveillance – evaluation of geotechnical boreholes,
• Laboratory tests (soil and rock mechanics),
• GIS database,
• Correlation and interpretation of all data – design of engineering geological cross sections.

In the areas of Cyprus gypsum outcrops, engineering geological maps were produced in a scale of
1:5,000, using field data, palynological analysis, data from the interpretation of satellite images and
airphotos, as well data from the boreholes. 

In seven areas, twenty eight (28) geotechnical boreholes were drilled with total length 1,537.50 m.

Soil and Rock mechanic tests were carried out for the determination of natural and mechanical char-
acteristics of the formations. Several specimens, representative of the various types of gypsum (mar-
ble, selenite, brecciated), were tested in uniaxial compression and then slake durability tests were
performed on the “broken” samples.

The slake durability test examines mainly the mechanical corrosion of the rocks trying to simulate
the climatic changes of dryness and wetness. The initial water used for the test was pure (distilled)
water, while the used water at the end of the test was chemically analysed.

The following results were deduced from the correlation and interpretation of chemical analyses,
slake durability index and the uniaxial compressive strength of the gypsum specimens:

• Gypsum of “marble” type present greater strength,
• Mechanical corrosion is not influenced by sample strength nor by the type of gypsum,
• Chemical analysis of the used water shows that all types of gypsum are soluble. The used water

was found rich in Ca2+ and SO4
2-, consequently the samples were supersaturated in gypsum,

• The values of the proportion Na:Cl <1.0 show that gypsum samples present low relevant con-
centrations of Na explained by the way of gypsum genesis,

• The values of the slake durability index, which corresponds to the percentage of dry mass of
the fragments retained by a drum of 2.0 mm (No 10) square-mesh after two cycles of oven
drying and 10 min of mixing in water, vary between 76.2 and 95.6.



Engineering geological cross sections were designed in all selected sites, which helped the better un-
derstanding of the geological structure. The data used for the design of engineering geological cross
sections derived from morphological relief, field mapping, geophysical investigations and boreholes
(195 boreholes with total length 6,132.60m were decoded and evaluated).

Geophysical Investigations

The Electrical Resistivity Tomography technique was utilized in the Cyprus study with good re-
sults. Targets tend to appear as conductive anomalies when filled with clay material and resistive
anomalies when they are empty. The work was carried out using a 24-electrode system with a Pole
Dipole array and an electrode spacing of 3 and 5 m.  

In Figure 1 an example is presented of the typical anomaly pattern of  ERT obtained over an open
sinkhole. The cavity is filled with clayey material with resistivity values smaller than 2 Ohm*m. 

The method was applied on grids with parallel lines at a distance of 10 m. In Figure 2 the results of
3 parallel lines are presented. The lines were located within the banks of a river and this resulted to
a large number of anomalies possibly associated with sinkholes.

A layer of coarse grained sediments is shown near surface to a depth of 3 to 5 m with resistivity val-
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Fig. 1: Example of resistivity anomaly obtained over visible large sinkhole.

Fig. 2: Inverted resistivity sections of lines 1 to 3 at Pera Chorio, Cyprus.
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ues between 20 and 60 Ohm*m (1.25 to 1.8 in log scale). The layer of gypsum marl is detected at
that depth, with resistivity values in the range of 5 to 12 Ohm*m (0.6 – 1.2 log scale). The presence
of possible sinkholes is identified by the characteristic circular or funnel shale conductive anomalies
with values between 1 to 3 Ohm*m.

In certain cases, the presence of a sinkhole is been evidenced by a conductive lineament migrating
and reaching the surface. 

“Anomalies” with characteristics of cavities were detected in all sites except Aradippou because the cav-
ities there are found in great depths, greater that the max depth where geophysical investigation can reach.

Hydrogeological – Geochemical studies

In the frame of the hydrogeological, hydrochemical and geochemical investigations, a network of
hydro-points was established in two reference sites (Aradippou and Pera Chorio Nisou) and water
table measurements and sampling of underground water were carried out. The frequency of measure-
ments for year 2005 was every six months and for year 2006 every month. Moreover, hydrochemical
and geochemical analyses were carried out on selected soil and rock samples from the drill cores.

The physicochemical parameters evaluated were pH, Ca, SO4
2-, HCO3

- and electrical conductivity
(E.C.). The physicochemical “trends” were correlated to the hydraulic characteristics of the under-
ground water flow.

The karst forms observed in the drill cores allowed the introduction of the reference sites into the
following four categories of karst types: 

“young”,
“active”,
“mature” and
“inactive”.  

The main conclusions referring to genetic mechanism of gypsum karst were the following:
•  An important factor of gypsiferous formations solubility is the groundwater. This is con-

firmed by the tracing of “active” or “young” karst cavities in great depths under imperme-
able overburden formations with thickness ≥ 60 m. Within these conditions, surface water
cannot act mechanically.

• Karst processes are natural phenomena that are under development. The progress of karst
formation depends on the local engineering geological conditions. Consequently, the time
occurrence and magnitude of sinkholes varies in every location.

• Finally, “saturation” conditions, namely equilibrium state and pausing of solution processes,
cannot be reached as both groundwater systems, Aradippou and Pera Chorio – Nisou, are not
“closed”. Thus, the whole process of karst development is a natural phenomenon in progress
and cannot be stopped.

Underground stability analysis of cavities

Underground stability analysis was performed for the determination of the geological suitability of
a village called Maroni (Poyiadji et al. 2009). The stability analysis was carried out for karst cavi-
ties under the central area of the village with a hypothetical geometry. According to the results of the
stability analysis and the calculations of safety factors for the examined wedges it was concluded that
there is a stability problem of a tetrahedral wedge falling from the roof, but the expected ground fail-
ure on the surface should be very small. 



Geotechnical Evaluation – Geological “Suitability” (using GIS)

In the frame of the geotechnical evaluation, the distribution and magnitude of sinkholes in a selected
area were statistically evaluated. Every sinkhole was numbered and for each one several character-
istics were recorded (time of occurrence, distance from the river, thickness of overburden loose ma-
terials, thickness of cohesive overburden material, max diameter and surface area). 

The greater number of sinkholes occurs in the zone of 30-60 m, an area that coincides with the
riverbed (Fig. 3a). The distance from the river of younger sinkholes, tend to increase (Fig. 3b). This
can be explained by the theory that the mechanical action of the water washes out filling materials
and progressively can reach more remote areas.

The distance from the river is determinative factor while the overburden thickness also affects the
development of sinkholes. Another controlling factor for the development of sinkholes is the depth
of groundwater table as the mechanical action of river water decreases when entering in the regional
water table because of the reduction of its velocity.

The greater recorded distance of a sinkhole from the river was 137 m (Fig. 3a) and the greater over-
burden thickness 54m (Fig. 4a).

The study of sinkholes due to gypsum dissolution revealed that in Cyprus two are the most signifi-
cant genetic models (Table 1).

One of the main targets of the study was the estimation of ground failure consequences on urban en-
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Fig. 3: a) left – Number of sinkholes versus distance from the river, b) right – Overburden thickness versus dis-
tance from the river



XLIII, No 3 – 1399

Fig. 4: a) left – Overburden thickness versus diameter of sinkholes, b) right – Overburden thickness versus area
of the sinkholes

Table 1. 

MAIN CHARACTERISTICS MAIN INFLUENCING FACTORS

TYPE I (Pera Chorio – Nisou) the dissolution of gypsum and associated problems occur in the vicinity
of rivers

• Mature karst environment
• Direct inflow of runoff water
• Washout of filled karst
• Low dissolving capacity of groundwater

• Distance from watercourse
• Thickness and lithological overburden type
• Groundwater table depth

TYPE II (Aradippou), the dissolving capacity of groundwater is high, there is no direct flow of runoff
water and the associated problems at the surface are controlled mainly by the fault systems.

• Young karst
• Overburden formations of low permeability
• Widening of underground voids
• High dissolving capacity of groundwater

• Thickness and lithological overburden type
• Overburden formations of low permeability
• Dissolving capacity of groundwater
• Fault systems

vironment and the design of geological housing “suitability” maps for the selected areas. The main
target of a geological “suitability” study is to define zones with same characteristics in respect to safe



housing.  The term “safe” refers to any kind of geo-problem and its consequences; thus any geo-
logical condition that can affect people, buildings and infrastructure. In the case of this study, the
main geo-problem is the development of sinkholes and so the zones correspond to different degree
of sinkhole prone areas but also are related to the set of respective measures or directives that can
be applied for every zone.

Geological “suitability” can be determined provided that the genetic model is defined together with
the determination of the local engineering geological conditions. Geotechnical maps of 1:2,000 scale
were designed for this purpose in six (6) areas mostly effected by gypsum geo-problems. 

The general criteria that were used for the determination suitability zones were the following: 
•  Gypsum thickness,
•  Presence or not of karst forms, type, magnitude, distribution and depth,
•  Gypsum depth (overburden thickness),
•  Lithological type and geomechanical characteristics of overburden formations,
•  Type of groundwater and fluctuations of water table,
•  Solubility,
•  General engineering geological conditions.

3.2 Crete - Viannos

In May 2000 a large sinkhole developed in an agriculture area south ofAno Viannos village in Crete, caus-
ing the collapse of a local road. The sinkhole had a conical shape with 50m diameter and depth (Fig. 6).

IGME conducted a preliminary site investigation, which included engineering geological mapping
in 1:5,000 scale, hydrogeological and geophysical works.

The sinkhole occurred in the edge of a small internal basin consisting by alluvial and Neogene de-
posits. The surrounding cliffs are formed by alpine formations (mainly limestones and flysch) be-
longing to two geotectonic zones: Olonos – Pindos and Gavrovo – Tripolis. Oligocene gypsum
domes were also recorded as intrusions in flysch and limestone of Pindos zone. 

The site investigation revealed that there were several old sinkholes in the greater area. The possi-
ble formations that could be connected with such phenomena were limestones and gypsum. Gypsum
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Fig. 5: a) left – An old sinkhole in a riverbed , b) right – Linear ground cracks.
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outcrops were mapped in the greater area and two old sinkholes were directly related to them (Fig.
6b). The geophysical investigation in the vicinity of the sinkhole confirmed the existence of gypsum
in the form of dome, exactly under the sinkhole. The estimated depth of the gypsum dome roof was
about 130 m. The projection of the gypsum dome on the surface had an elongated shape with max
diameter of approximately 180 m in a NNE-SSW direction and min, which fluctuated between 30
and 90 m. 

This preliminary study suggested that the investigations (mainly geophysical surveys and geotech-
nical drillings) should expand in a wider area to cover the whole region where old sinkholes were
recorded.

The local road should abandoned and construct a diversion, away from the sinkhole. Moreover, in-
structions were given for the filling of the sinkhole under examination:

•  The filling must consist of large rocks at the base of the sinkhole, fragmented and earth ma-
terials on top of them,

•  After a logical time when any settlements should be eliminated by adding more earth mate-
rials, concrete should be introduced in the hole,

•  The final stage should be the construction of a reinforced concrete plate, which will cover the
hole plus a ring with 15m thickness.

According to information received from the local authorities the road was diverted but the sinkhole
is still open, gradually filling from river materials.

3.3 Corfu

Near the town of Corfu (Temploni area) a large sinkhole was developed in May 2008 (Fig. 7). IGME
conducted a hydrogeological, engineering geological and geophysical survey for the study of the phe-
nomenon. The region is a typical karstic area from the dissolution of gypsum with characteristic
morphological features like dolines, karstic shafts and generally karstic geo-forms. Geologically the
area consists of Triassic breccia (limestone fragments with gypsum as cemented material) and Tri-
assic gypsum.

The tectonic structure of the area affects the geographical distribution of failures as the circulation
of water and its dissolving action act much easier along the faults and discontinuities in general.

Fig. 6: a) left – A sinkhole in Viannos village (May 2000), Crete , b) Topographical map of Viannos village area.



The sinkhole under study has a symmetrical cylindrical form, inclined towards North, with 11m di-
ameter. The depth of it was estimated 40m, using stratigraphic and hydrogeological data. The area
of this ground failure geologically consists from Triassic breccia covered by clayey marly material
with thickness at least 7m. 

The Electrical Resistivity Tomography technique was also utilized in Corfu study with excellent re-
sults. A number of 15 lines were surveyed at 2 orthogonal orientations and spacing of 5 and 10m.
As can be seen in Figure 8 a large resistivity anomaly is recorded over the void, with a characteris-
tic funnel shape. The gypsum is easily distinguished from the overlying breccias sediments, with high
resistivity values in the range of 500 to 700 Ohm*m. The effect of 3D geometry is evident in the in-
terpreted 2D sections. The void which is easily detected on line SV1 is not seen on lines S10 and
S11. A large resistive layer is seen instead and the resolution is lost. The large number of available
data enabled the 3D processing and interpretation of the surveys. This was effected with the use of
the program DC_3Dpro by Junh-Ho Kim and Μywong-Jong Yi of the Korean Institute of Geo-
sciences and Mineral resources. In conclusion the application of ERT has proved the effectiveness
of the method and the relative merits of using 3D interpretation schemes. Sinkholes are 3D targets
and they require 3D processing and interpretation approach. 

The under study phenomenon of ground failure and the development of the sinkhole was studied in
detail and the geophysical achieved to determine the geometry of the underground cavity, while the
hydro-geological and engineering geological findings clarify completely the genetic mechanism.

As it was described in the aforementioned paragraphs the geophysical investigations revealed the ex-
istence of an underground cavity under the sinkhole. The cavity is unfilled and was formed in gyp-
sum formations. The elevation of upper part of cavity is estimated at absolute altitude +55 with
overburden thickness 10m of rock formations (gypsum and Triassic breccias) and 13m of soil ma-
terials (clayey marly materials). The creation of the sinkhole derived from the partial failure of the
roof of the cavity, which created a passage for the overburden loose soil materials.

The existence of the underground unfilled cavity complicates the rehabilitation of the sinkhole by fill-
ing it, while there is a risk of total collapse of the cavity which would result in the creation of a larger
ground failure. Dissolution of gypsum is a continuous and relatively rapid process leading to the widen-
ing of cavities and the induced seismicity of the region increases the probability of a total collapse.

The study focused on the consequences of a total collapse. The best approach to the specific prob-
lem was the delimitation of a high risk zone, where it was proposed that building should be prohib-
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Fig. 7: The sinkhole in Temploni are.
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ited and the existing buildings should be abandoned. The determination of high risk zone resulted
from the greater diameter of the cavity, the average thickness and the angle of friction of overbur-
den loose soil materials (13m - 45°). The resulted zone outside the sinkhole had a width of 13m.

The whole area is at a stage of development and as it was already mentioned similar engineering ge-
ological and hydro-geological conditions exist. The possible impacts on built environment as well
as on humans should be investigated. For this reason the following were proposed:

•  Determination of investigation zones according to engineering geological and urban planning
criteria,

•  Detailed engineering geological and hydro-geological investigations,
•  Geophysical surveys,
•  Geotechnical evaluation and determination of hazard zones.

In addition to aforementioned and until their implementation, geological, geophysical and geotech-
nical investigations should be conducted locally prior to any new construction of buildings or any
other structures.

4. Conclusions - Discussion

The presence of gypsum and associated karst formation many times cause serious ground failure
problems, especially when occurring in urban areas. Karst processes are natural phenomena that are
continuous and the rate and type of karst development depend on the local geological conditions (tec-
tonism, type of gypsum, overall geological structure). 

Experience gained through aforementioned studies shows that there is a need for detailed site in-
vestigations (engineering geological, hydrogeological, geophysical and geotechnical surveys) with

Fig. 8: 2D Inversion results of lines SV, S10, S11. Line SV1 is running over the sinkhole.



target the good understanding of the genetic mechanism and local conditions, before applying any
mitigation measures.

For large areas geological suitability maps help the determination of “safe” zones. A first logical
approach would be to avoid the problematic areas by relocating structures to an area not affected.
In the case that this is not possible mitigation measures depend mainly on the size of ground fail-
ures and the importance of structures under risk. 
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Abstract

In August 2007, a wildfire affected an area of approximately 135.000m2 in the Municipality of
Zacharo, located in Southern Greece at the Peloponnesus peninsula, causing the loss of 41 human
lives, and having a dramatic impact on both ecology and economic-social welfare.

The present study applies a simplified model for the evaluation of soil erosion and the susceptibil-
ity to landslide manifestation on the hydrological basins of the Zacharo Municipality, as conse-
quence of wildfire. The methodology was based on the evaluation and analysis of territorial
parameters such as lithology, geomorphology, hydrography and land cover, which are thought to be
directly or indirectly related to soil erosion.

The final product was a series of hazardous maps showing pre and post-fire soil erosion. An almost
double increase in the post-fire area of high vulnerability was identified, covering 48% of the total
area, and affecting dramatically the nearby communities. The outcome of this study helped the local
and prefectural authorities to address certain mitigating measures in order to face the disastrous con-
sequences of post-fire soil erosion.

Key words: wildfire, soil erosion, landslide manifestation, modelling vulnerability to soil erosion,
post-fire management plan, Municipality of Zacharo.

1. Introduction

In August 2007, a wildfire affected an area of approximately 135.000m2 in the Municipality of
Zacharo (75% of the total land area), located in Southern Greece at the Peloponnesus peninsula. It
was considered as one of the greatest natural disasters in the history of modern Greece, followed by
the loss of 41 human lives and the dramatic impact on both ecology and economic-social welfare.
About 70 % of the total cultivated area has been severely burned. According to the Greek office of
World Wildlife Fund, the 22.5% of the Kaiafa Lake and forest, an area of exceptional ecological
value, was severely burned. Its unique biodiversity has been harmed to a great degree, while en-
demic species of both flora and fauna suffered severe damage.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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As a response to that disastrous event a research team from the National Technical University of
Athens was formed to help the local Authorities to confront the disastrous effects of wildfire on the
environment and the economic and social welfare of the nearby communities, associated with the
geological environment and the natural processes that followed the wildfire.

It is well documented that areas affected by wildfire are frequently prone to flooding, landslide man-
ifestation, debris and sediment flows (Gartner et al. 2004), events that are found to be accelerated
during the wet season immediately after the wildfire. The parameters that influence the degree in
which such events will be triggered are namely: topography, geology, soil characteristics, type of
flora, precipitation (amount, intensity and duration) and finally fire severity (Swanson 1981). In
general, such extreme events have as a result the removal of plant cover and litter layer, two mat-
ters that play an important role in the prevention of soil erosion caused by rainfall impact and over-
land flow. The consequence of this process is the significant increase in soil vulnerability to erosion
processes, while soil alteration in physical and chemical properties is also observed (DeBano et al.
1998). The reactivation of landslide phenomena, mainly destructive debris flows, is also to be ex-
pected as a result of high intensity rainfall events, and this will result in blocking drainage path-
ways, damaging residential structures and network and most importantly endangering human life.

The extend of soil cover and weak rocks that appears along with the recorded high rainfall intensity
in the Zacharo area indicate that the manifestation of adverse affects, such as flooding, landslide, de-
bris, and sediment flows, are expected to be very significant and therefore mitigation measures
should be implied as soon as possible.

Consequently, the effort of this work was aimed towards identifying, through modelling, the areas
of high soil vulnerability to erosion processes and areas prone to landslide manifestation, in order
to apply the necessary mitigating measures presenting a valuable post fire erosion control treatment.

2. Methodology 

The procedure followed during the preparation of a post-fire management plan can be grouped into
the following three (3) phases:

a) Collection and process of all available bibliographical data concerning the research area.
Mapping and classifying the burned areas according to the burn severity and also verifying
and accomplishing a geological map at a scale of 1:25.000, were necessary. Determination
and inspection of areas prone to flooding, and areas prone to landsliding.

b) Construction of a valuable database, by processing and digitizing the available data. The
data were introduced into a GIS system, in order to construct a variety of thematic maps
that would assist the study of the geomorphologic characteristics of the area. Also, a quan-
titative analysis of the hydrological networks was done and the development of a simplified
model for estimating the vulnerability of the formations against soil erosion was established
during this phase.

c) Suggestions of mitigating measures in areas of concern and validation of the outcomes of the
study will be the aim of this phase.

3. Geomorphology and Geological settings

Based on the geotechnical survey carried out (Rozos et al. 2008) the study area morphologically is
placed among the basin fold of Zacharo, characterized by a multifold evolution on the account of the

23 (3)
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adjacency with the Ionia trench. Lapithas Mountain to the north and Minthis Mountain to the east
are dominant, while a lowland area is observed to the west with small morphological elevation vari-
ance, due to the presence of sand-dunes along the coastline. Lake Kaiafa, north to the city of Zacharo,
is considered as another dominant morphological element (Fig. 1).

The hydrographic network of the area is relatively dense mainly to the south and west presenting a
more complex form, while its type is considered as dentritic και rectangular, with asymmetry within
the hydrological basins. It typically reaches the 4th and 5th class according to Strahler scale while the
Kallidonitic River reaches the 6th class. The area has a mean annual precipitation of 900mm at the
hilly and lowland areas, while in the highlands it is higher than 1000mm. Also, the mean annual
temperature is 17.40C, and the mean annual moisture reaches 69%. Finally, the dominant wind di-
rection is southwest.

Geologically the study area consists of alpine and post-alpine formations, which belong to the Ion-
ian, Gavrovon and Pindos Geotectonic zones (IGME 1972; 1974; 1979) (Fig. 2). The formations are
limestones Triassic, Jurassic and Cretaceous in age, Schist – Chert formations, transition sediments
to flysch and flysch formations. Concerning the post-alpine deposits, Neogene sediments and Qua-
ternary deposits, which appear mainly in the basin of Nedas and Zacharos Rivers, dominate in the
hilly and lowland areas. Regarding the permeability of the above formations, they are classified into
three categories, namely: a) high permeable, b) low to medium permeable and c) practically imper-
meable, while a sallow water table is observed within the intense weathering zones.

4. The Soil Erosion Vulnerability model

The estimation of the spatial soil vulnerability index and the identification of the prone to landslide
manifestation areas was the main objective of the second phase. The spatial soil vulnerability index

Fig. 1: Morphological Map of the
study area.
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was evaluated by applying a simplified model (Alexoudi et al. 2002; Lykoudi et al. 2004) while
lithological type, slope gradient, hydrographic texture and vegetation cover were considered as input
variables.

A few modifications to the original model were necessary to be done. Specifically, the precipitation
parameter was not included in the developed model as it was indirectly calculated by the drainage
texture, drainage density and drainage frequency, and also it appeared to have insignificant spatial
variation.

However, the most important modification was the input in the original model of a thematic map of
“burn severity”, which showed the relative amount of damage attributed to an area, as a consequence
of wildfire (Key and Benson 2006). It has been observed that in high burn severity areas the prob-
abilities of instability and soil erosion problems are more likely to occur (Benavides-Solorio and
MacDonald 2001). The resulting classified map was conducted after field inspection and was coded
into three (3) classes of fire severity, namely (a) unburned, (b) moderate burned, and (c) highly
burned (Fig. 3).

The classification of the formations into three (3) lithological categories was made according to
their likelihood to erode, taking into account the knowledge gained after the field inspection, but also
the combined estimation of the lithological texture, the infiltration ability and permeability of the for-
mations in question. In the first category, unweathered intact formations with high permeability, but
also those with a weathering mantle of small thickness were classified; In the second category for-
mations which exhibit medium to high infiltration and medium to low permeability value, but also
those which are covered by a weathering mantle of medium to big thickness were grouped; In the
third category formations that are characterized by high infiltration values and low permeability,
and also those which are covered by weathering mantle of great thickness were included.

Fig. 2: The geological map of the
study area.
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Slope gradient thematic maps were prepared from digital elevation models (DEM) using topographic
maps. According to the numerical values of the slope gradient, the research area was classified into
three (3) categories: the first one (66.5km2) with values less than 12% (gentle slopes), the second
(96km2) with values between 12 and 35% (medium to high slopes) and finally the third one (43.0km2)
with values greater than 35% (steep slopes).

The produced map of hydrographic texture is referred to combined evaluation of drainage density
and stream frequency parameters that characterize the hydrographic network. Each parameter is
classified into three (3) classes, low, medium and high hydrographic density and stream frequency.
From the combined evaluation of these two parameters we distinguish two (2) classes: one of low
to medium texture, and one of medium to high texture. The first one is characterized by low to
medium values of density and frequency while the second one is characterized by medium to high
values of density and frequency.

The protection that soil cover provides to an area is considered competitive to the erosion process
and in general depends on the type of vegetation. The best protection is provided in areas were
densely forest and bushes are identified. On the contrary cultivated areas provide insufficient pro-
tection against erosion process, while wastelands are totally unprotected. In the relative map, three
(3) classes of soil cover were distinguished: (i) natural rangelands and areas without vegetation
cover, (ii) olive groves and other permanent crops and (iii) broad leaved forests and sclerophyllous
vegetation.

Based on the above thematic layer maps and the expert knowledge, logical relationship - rules rep-
resenting boundary conditions of all influential variables on different soil erosion vulnerability val-
ues were formulated. Also, by applying spatial analysis techniques a vulnerability map which classifies
the research area in low, medium and high vulnerability soil erosion areas was produced (Fig.4).

Fig. 3: Burn Severity Map of the
Zacharo municipality.
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5. Landslide spatial distribution and characteristics

As already mentioned, areas with high burn severity values would be more likely to exhibit insta-
bility problems. Such behaviour could be influenced by several factors that have as a result the re-
duction of the strength parameters of the formations and the manifestation of landslide or debris
flows. The main primary parameters responsible for landslide manifestation throughout the studied
area could be grouped as follows:

•  The presence of geological formations that are characterized by low geomechanical properties,
•  The sequence of geological formations with different geomechanical properties both to the

horizontal and vertical extent,
•  The intense tectonic action, and seismic activity,

while the main secondary ones are:
•  The weathering and erosion process,
•  The amount, intensity and duration of precipitation,
•  The human intervention, concerning road infrastructure, and cultivation,

The last two are the main triggering factors to slope failures manifestation.

The instability problems were mainly connected with the neogene sediments, the flysch formations
and the schist-chert series of Pindos zone. They were also observed in highly weathered zones of car-
bonate formations and in sites where the main discontinuity systems of the rock formations had the
same direction to the natural or artificial slopes. They appear in large cultivated areas and on the main
road network (Fig.5a & 5b).

Significant landslides have also been reported to influence populated areas, with main examples the
landslides in Kalidona and Lepreo villages.

Fig. 4: Vulnerability map of Soil
Erosion
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6. Defining areas of high risk

By using the developed model, areas characterized by high risk were identified by taking into con-
sideration the susceptibility of soil erosion and landslide manifestation. The area that showed an in-
crease in vulnerability, as a consequence of the August 2007 wildfire, was about 55km2, i.e. 27% of
the total area, while the 73% has remained the same. From the area that shows vulnerability increase,
about 10.1km2 (5% of the total area) changed from low to medium vulnerability, about 16.0km2 (8%
of the total area) from low to high vulnerability, and 29.0km2 (14% of the total area) from medium
to high vulnerability class. The areas that are located mainly at the Northern part of Zacharo mu-
nicipality (Lapithas mount.), at the central (between Kalidona and Chrisochori village) and the south-
ern part (north of the valley of river Neda) were considered as the most vulnerable ones (Figure 6).
Therefore, the suggested mitigation measures should be mainly applied in those areas.

During the study another problem was revealed to the research team. The volumes of water at the
exit of the final drain channel downwards the residual area of Zacharo town, compared with the vol-
umes entering the drain channel before the residential area, show a considerable increase. This in-
dicates that the pluvial water of the residential area is added to that of drainage through the sewer
channel network. To avoid the flood risk in such cases, the construction of a parallel to the main drain
channel or a parametrical one to the town of Zacharo could be the solution.

7. Mitigation measures – Post fire erosion control treatment

The implementation of a post-fire erosion control treatment was the main objective of the third
phase. The goal of this treatment is to cost-effectively protect the onsite and downstream areas, until
the native vegetation germinates, by reducing and delaying the volume of accelerated sediment yield
that typically follows a wildfire. The effort was focused in the direction of providing actions that
could be followed by the local authorities. The proposed remedial measures were mainly directed
towards mitigating the effects of wildfire by taking into consideration the combined evaluation of
soil vulnerability index and the zones of landslide instability. Many types of mitigation measures,
both on the hillslopes and stream channels were utilized, taking the form of mechanical barriers that
retain debris or thick soil covers in place, and reduce the erosive processes caused by rain splash and
overland flow, or the form of specific actions that had to be applied before the beginning of the wet
season. Those actions included:

Fig. 5: Significant Landslide phenomena in (a) the road of Koumouthekla – Makistos and (b) outside the
Koumouthekla village.
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•  Immediate installation of an emergency alarm system, that could warn the local authorities
in the case of intensive precipitation events, in order to evacuate if necessary the populated
areas.

•  Construction of log-barriers, and small wooden dams, which retain the material of the eroded
soil cover on slopes; thus contributing to the increase of the infiltration rate and reduce of the
water runoff velocity.

•  Installation of ‘‘fences’’ from steel panels of certain diameter in certain sites along the river
path, in order to capture objects that would otherwise block the drainage pathways and act
as obstacles forcing the water to flow outside its path.

•  Clearance and is some cases widening the main hydrographic network axes.
•  Continuous inspection and clearance of the sewer network within the residential area of the

Zacharo municipality.

Regarding the construction of log-barriers on slopes, the burned trees should have been cut down,
trimmed, and their brunches and/or logs should have been placed on the ground along certain con-
tour lines (Figure 7). As a result, water runoff is not permitted to follow a straight down-slope path.
The water is forced to meander back and forth between logs; thus is reducing its velocity and allow
water with sufficient time to percolate into the soil. Log-barriers of 3 to 9m long and 40 to 60cm in
diameter should be used in areas of high vulnerability indicated by the model (Fig. 6).

The debris racks (metallic fences) have to be installed in the main drainage pathways and for work-
ing effectively, the local authorities are obligated to continuously inspect and when necessary remove
the captured material (Fig. 8a & 8b).

8. Discussion and Results

In general, the behavior of geological formations, in response to the natural processes that followed the

Fig. 6: High risk areas showing the
spatial distribution (of what?)
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wildfire, depends on their lithological composition, their tectonic history, the susceptibility to the
processes of weathering and erosion, along with the geo-mechanical action of ground and surface water.

Furthermore in the examined burned areas, the strength properties of the formations are reduced as
a consequence of both, the geo-mechanical action of water (ground and surface) and the changes on
the surface layer of the burned area. Specifically the carbonate rocks present a relatively good geo-
mechanical behavior; with rare instability problems (mainly rock falls). The frequent instability
problems manifested in flysch, schist-chert and other clastic formations, are creep and various types
of slides. In general, landslide manifestation increases in frequency and density in areas where slopes
(natural or man-made), have high gradient and in zones of intense weathering. In plio-pleistocene
formations altering behaviour could be found, as a consequence of the differences in lithological
composition and tectonic distress. In those formations the gradient between the slopes and the dip
of the strata is also a parameter that influences their behaviour. Finally the alluvial deposits that
cover the lowland area of the municipality of Zacharo (gentle slope gradient) do not exhibit any in-
stability problems.

The implementation of the developed methodology has been helpful in the evaluation of the vul-
nerability degree of the formations concerning soil erosion. By using GIS system, i) a map of litho-
logical formations prone to erosion, ii) a map of slope gradient (S), iii) a map of hydrographic texture
(Y), iv) a map of land use / land cover, and v) a map of burn severity area, were produced. Further-
more, by applying spatial analysis techniques, the vulnerability of formations to soil erosion was cal-
culated in order to produce the final vulnerability map. In particular, severely burned areas with over
35% of slope gradient, with high hydrographic texture value covered by formations of high infil-
tration and low permeability values are considered as high vulnerability soil erosion areas. Also

Fig. 7: Log or brunch barriers (a) and small wooden dams (b) for soil erosion protection.

Fig. 8: Debris Rack (metallic fence) (a), widening and clearance of river network (b).
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those which are covered by weathering mantle of great thickness and are severely burned are con-
sidered as high risk areas.

After a wildfire the severity and amount of the disastrous events which affect landscape evolution typ-
ically decline in subsequent years as the environment becomes stable. The recovery rate varies and
is influenced mainly by the magnitude of the wildfire, the climate, and the soil characteristics of the
region in question. These features probably persist longer in arid and semi-arid climates than in humid
ones. In the region of Zacharo a medium to high recovery rate was observed. As already mentioned,
the area receives a significant amount of precipitation, while the mean annual moisture content reaches
69%, enhancing the vegetation recovery in great parts of the burned area. Parallel to that, the proposed
mitigation measures seemed to work well in most of the implemented areas. Their success was also
supported by the mild climatic conditions during the first wet season after the wildfire, as well as the
relative coordination and efficient actions performed by the local authorities.

Evaluating the applied measures, it was revealed that the grain size of the material produced by soil
erosion processes is a significant factor for the effectiveness of the log-barriers. Indeed, large amount
of fine-grained material makes the effectiveness of the log-barriers insufficient. The consequences
of the present high or low amount of fine-grained soils are shown in Figure 9. Finally, the con-
struction of log-barriers in carbonate formations was found to be inappropriate having in most cases
negative influence.
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Abstract 

In our days the strategy of an integrated planning approach in dealing with urban development
matters, is a reality and engineering geology plays a primary role. In the present study an ap-
proach of the engineering geological conditions of Nafplion city and the wider area are given. 

In the region of interest, four (4) sampling boreholes were drilled by IGME, up to the depth of
40m. During the boring procedure in situ SPT and permeability tests were carried out, as well
as the lithology of obtained material has been described. Samples, undisturbed and disturbed,
have also collected for further laboratory tests. After the completion of each borehole, piezo-
metric tubes were installed, for the monitoring of the underground water table. Laboratory
tests for the determination of physical and mechanical characteristics of all drilled formations
were executed. 

The geotechnical distinction and unification of the geological forma tions was made on a
1:5,000 topographical map, in accordance with the up to date in ternational practice. The en-
gineering geological map in the urban and suburban region of Nafplion city is presented and
the geotechnical characteristics of the formations struc turing the area are evaluated. The com-
bination of the results of the drilling programme as well as on the engineering geological ap-
proach and the geological structure of the studied area, resulted the compilation of the
engineering geological map (scale 1:5,000) of Nafplion city wide area, where 18 engineering
geological types are distinguished. The boreholes data of other public bodies have been also
taken into account for this compilation. As the task of this project was the contribution to the
urban development of Nafplion city, this engineering geological map will be a useful tool for
engineers, planners, civil authorities, etc.

Key words: engineering geological mapping, urban development, Nafplion, Argolis, Greece.

1. Introduction 

The region of study is extended north the city of Nafplion up to Tiryntha, southern up to the Ste-
faniotiko hill and eastern up to Exoni region. The morphology of studied area is characterized
by the mountainous landscape that prevails in southern and the soft flat landscape that domi-
nates to the north, with the exception of certain small hills. The drainage pattern in the moun-
tainous part has a short length, as well as in the flat part small streams and torrents are seasonal
developed. In the coastal region, according bibliographic references, the aquifer is found about
the sea level, while in the plain is found in depth 1-4 meters.  This happens because of the in-

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



tensive exploitation of the wells and boreholes of the area, resulting to the subsidence of the
aquifer and the salinity of waters. 

2. Seismicity and seismic hazard

The wider area of Nafplion is characterized by low seismic hazard, as far as it has not been af-
fected by very big earthquakes, but is influenced by neighbouring centres of seismic activity.
Relating to the seismic action planning, according to the last modification of Greek Antiseis-
mic Regulation (EPPO, 2001), the wider area is classified in the category I of seismic hazard,
with seismic acceleration of territory A=a.g, where a=0,16 and g the acceleration of gravity
(=981 cm/sec2).

3. Geological structure

According to the IGME Geological map of Greece in scale 1:50.000 (sheet NAFPLION, by
Tataris et al.) the dominated geological formations in the wide studied area from the older to
younger are:

•  Limestones of Middle Triassic age: They occur southern of Palamidi and eastern of Naf-
plion city. It concerns a carbonate rock group in which the lower members consist usu-
ally of reddish, hard limestones with cherts and thin intercalations of marls, they are
followed  by white-yellow slabby limestones with thin intercalations and cherts and
thick-bedded ones with coarse clastic material.

•  Limestones of Lower Cretaceous age: They are well bedded to massive, usually gray, and
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Fig. 1: Location of the wider Nafplion area, Argolis, Greece.



in places with intercalations of marls. They occur at Palamidi, Akronafplia,  Exostis  and
Profitis Elias regions. 

•  Limestones of Upper Cretaceous age: They occur in small outcrops at Akronafplia re-
gion and consist of thin bedded to thin slabbed limestones of white-pink colour, in places
with intercalations and nodules of cherts.

•  Idivided flysch of Maestrichtian age: It dominates in eastern and southeastern of Naf-
plion city and consists of calcite shales, sandy marls, sandstones and conglomerates with
intercalations of clastic limestones. In the lower layers and towards the transition sedi-
ments to the underlying limestones serpentines are presents.

•  Quaternary deposits: They occur mainly in the plain area, which is extended north of
Nafplion city. They consist of thin-grains to gross-grains loose materials of coastal and
terrestrial origin. On the mountainsides and hillsides of the area, old and recent screes
and talus cones are developped 

The tectonic activity in the studied area is quite complicated with faults, folds and upthrusts jn
large scale.The folds and the large scale upthrusts appear to the preneogene formations, while
the faults usually normals are responsible for the morphology of the recent landscape and the
creation of seashores, such as the trench of Argive plain. The main faulting directions are E-W,
NW-SE, and NE-SW.

4. Engineering geological mapping and structure of the wider Nafplion area

Engineering geology developed in response to the increasing demands of various technical
works, which required a better understanding of the interaction between the ground, foundations
and constructions, in order to build more economically and on a safer base. 

In the Hellenic territory, engineering geological maps have been progressively developed and as
far as practical have incorporated information from various technical works. Even a few years
ago, there was lack of regional maps giving basic engineering geological information, such as
for planning land use and technical works, the selection of the most appropriate types and meth-
ods of construction and the better protection of the environment. To this end, the engineering ge-
ological map of Greece, at a scale of 1:500,000 (IGME, 1993), constituted one of the first
important efforts.  In addition, the 1:10,000 engineering geological map of the wider Thessaloniki
area is considered to be a basic infrastructure tool for more detailed investigations, as well as a
useful aid for responsible civil authorities and technical personnel, during the preliminary stage
of various technical works (Hadzinakos et. al, 1990; Rozos et. al, 1990; Rozos et. al, 2004).  

The engineering geological distinction and unification of the geological forma tions was made
on a 1:5,000 topographical map, in accordance with the up to date in ternational practice. Neces -
sary adjust ments for the peculiarities of the Greek territory (Koukis, 1980; Koukis, 1988) and
especially of the area under study were also taken into account. According to the international
views and rec ommendations (Anon, 1972; Anon, 1979; Anon, 1981; Bell, 1981; Carter, 1983;
Dearman and Matoula, 1976; Matoula et. al, 1986; UNESCO/IAEG, 1976), the above map is
characterised as a multi purpose, synoptic and large scale engineering geological map, and is
shown with a simplified legend in Figure 3. In the above map (Figure 2) the surface de velop-
ment of all lithological types is given, while their geotech nical description is presented below.

The data used in the description of the li thological types were obtained from many boreholes
executed by a number of in vestigators from both the public and private sec tors. Also, in the re-
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gion of interest, four (4) sampling boreholes were drilled by IGME, up to the depth of 40m. Dur-
ing the boring procedure in situ SPT and permeability tests were carried out, as well as the
lithology of obtained material has been described. Samples, undisturbed and disturbed, have
also collected for further laboratory tests. After the completion of each borehole, piezometric
tubes were installed, for the monitoring of the underground water table. Laboratory tests for the
determination of physical and mechanical characteristics of all drilled formations were exe-
cuted (Apostolidis and Koutsouveli, 2007). 

The engineering geological map of the wider Nafplion area, at a scale of 1:5,000, contributes
significantly to the optimization of land use and better planning of technical works.  However,
such maps cannot be considered a substitute for in situ geotechnical investigations at the mi-
croscale for every individual construction. This map distinguishes eighteen (18) engineering ge-
ological types, ET (Figures 2 and 3). Many geotechnical boreholes as well as in situ
observations and sampling were used in the preparation of this map. Special emphasis was
given to those units, which are present in inhabited/industrial areas. The brief descriptions of
the engineering rocks and soils follow those prepared for Engineering Geological Mapping.
The engineering geological type (ET) has the highest degree of physical homogenerty. It should
be uniform in lithological character and physical state. These units can be characterized by sta-
tistically determined values derived from individual determinations of physical and mechani-
cal properties and are generally shown only on large-scale maps (UNESCO/IAEG, 1976).

A little lower are given in details the descriptions of eighteen (18) engineering geological types
(ET) that were divided in the region of interest, from the younger to the older one (Apostolidis
and Koutsouveli, 2008):

•  Type Ia: Loose materials of embankments of historical and younger age, small thickness
(less than 1 m). These materials consist of structural stones, tiles, coats and other con-
structive materials mixed with soil deposits, which mainly have a silty-sandy composi-
tion, with some grits and gravels. 

•  Type Ib: Loose materials of embankments and recent deposits of sandy clays, sands and
gravels in places. The thickness of this formation usually varies between 1- 4 m. 

The formations of type Ia and Ib appear in a great section to the down town of Nafplion. Their
geomechanical behaviour is unsatisfactory imposing the improvement of the soil to the safety
of the various constructions.   

•  Type IIa and IIb: Deposits in river-beds. They are incohesive materials of small thick-
ness, from cobbles of various size and origin, sands and locally silty-clays. They have
divided in two types, type IIa (mainly coarse-grained materials) and type IIb (mainly
fine-grained materials and sand). In general, their geomechanical behaviour is controlled
by the characteristics and percentage of the fine material.    

•  Type III: Clays, silts and locally sandy-silts, soft, mainly grey or grizzled colour. At
places, it contains organics, shells and plant remains. They are characterized, usually, by
high plasticity, while locally, under certain conditions, are expected phenomena of sub-
sidences and liquefactions. 

Physical and mechanical properties (usual range of values): 

wL = 22.0 - 67.0 % c  =  6  - 122 KPa



XLIII, No 3 – 1422

Fig. 2: Engineering geological map of the wider urban and suburban region of Nafplion city, Argolis,
Greece.



ΙP = 11.0 - 43.0 % qu = 10 - 201 KPa

w  = 17.8 - 65.3 % cc =  0.041 - 0.46 

γb = 16.7 - 20.3 kN/m3 eo = 0.728 - 1.348

e  =  0.62 - 0.74

•  Type IV: Clays and silts, brown or red-brown or yellow-brown colour, with small vari-
ations in the percentage of sand and small gravels at places. They are characterized by
middle to high plasticity and middle to big coherence. 

Physical and mechanical properties (usual range of values): 

wL = 20.0 - 65.0 % c  = 8 - 155 KPa

ΙP = 10.5 - 50.0 % qu = 26 - 598 KPa

w  = 13.0 - 41.4 % cc = 0.08 - 0.33

γb =  18.1 - 21.6 kN/m3 eo = 0.499 - 1.045

e  =  0.50 - 0.94

•  Type V: Loose deposits of mixed phases, brown or red-brown colour. They are com-
posed of silty-clays, sandy-clays, sands, grids, gravels and cobbles of various size and
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Fig. 3: Legend of engineering geological map (Figure 2).
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origin.  They are characterized by frequent and rapid changes in their lithological com-
position and grain size distribution towards their horizontal and vertical development.
Their behaviour is controlled by their thickness, their lithological anisotropy and the in-
clination of the ground (especially in the case of dynamic loading). The strong hetero-
genelty of these formations results in high anisotropy of their mechanical behaviour, but
they usually show satisfactory shear strength parameters, especially in areas with gen-
tle morphology. In general, their geomechanical behaviour is usually controlled by the
characteristics and percentage of the fine material.

•  Type VIa: Screes and talus cones. Pebbles, cobbles and small fragments of limestones,
with sandy-clay materials, constitute them. Usually, they present poor coherence, with
decreased geomechanical characteristics. 

•  Type VIb: Cohessive (usually) to semi-cohessive screes and breccias. They are com-
posed of coarse-grained elements of different origin (mainly from limestones) and var-
ious sizes with reddish colour cement (usually red calc-clays). At places, olistholiths of
various dimensions are presented. In its entirety, this formation behaves as weak-rock,
with decreased geomechanical characteristics. 

•  Type VII: Coherssive conglomerates in banks, with red clayey cement. At places, the for-
mation has the look of pebbly and encloses the characteristic fossils Strombus bubonius
(Photograph 1). In its entirety, this formation behaves as powerful weak-rock, with sat-
isfactory geomechanical behaviour.

•  Type VIII: Cohessive conglomerates-microconglomerates, from cobbles of various ori-
gin and size and red calc-clay cement, in layers 10-15cm. In its entirety, this formation
behaves as weak-rock, with satisfactory geomechanical behaviour.

•  Type IXa: Flysch consisted of sandstones, quartzitic sandstones, sandy-marls, siltstones
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Photo 1: The formation of engineering-geological type VII, with the characteristic fossils Strombus bubonius.
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and conglomerates with intercalations of limestones. They are usually thin-bedded, but
often with sandstone layers, 0,50-1,00m thick. The layers present strong traces of hori-
zontal tectonic deformation (folds, wrinkles, inversions, fractures and fragmentations).
In macroscale, flysch is considered as an impermeable formation, allowing the occurence
of small springs (usually between the fragmentation zone and/or weathering mantle and
bedrock). Surface beds usually show a medium to strong weathering and a dense net of
discontinuities (bedding planes and joints) causing intense secondary looseness. Flysch,
usually, gives a weathering mantle of varying thickness. This formation characterized by
an obvious instability, which is usually connected with the numerous heterogeneous
layer contacts and the steep bed inclinations, in conjuction with the strong relief and the
action of water. Therefore, problems connected with foundation of technical works are
very often, usually shown as shear strength problems of the formation. In general, ge-
otechnical behaviour presents a clear anisotropy and rapid changes, controlled by the de-
gree of looseness (weathering-fragmentation), the orientation of discontinuties, the dip
of slopes and the action of water. The landslide phenomena usually affecting weather-
ing mantle and upper fragmentation zone.

•  Type IXb: Flysch consisted of calcareous schists, sandstones, quartzitic sandstones, con-
glomerates, reddish marls, sandy-marls, siltstones, with intercalations of limestones in
thin layers. At places, usually near upthrusts, flysch is semi-metamorphic with
olistholiths of various dimensions (limestones, dolomites, ophiolites, etc). This forma-
tion is intensely fractured and multifolded and gives a weathering mantle of varying
thickness. They present downgrading geomechanical characteristics and strength pa-
rameters, but unfavourable factors such as the intense-multiple fracturing and weather-
ing of the cement, in conjunction with steep slopes and possible base erosion often cause
loosening of the rockmass.

•  Type X: Formation intensely fractured and multifolded, which is constituted from ser-
pentines, ophiolites, serpentinized peridotites, siltstones, sandstones, conglomerates, lime-
stones, cherts, etc. It is presented as one completely fractionally rockmass with decreased
geomechanical characteristics, which at places, due to erosion, is changed in remaining soil.

Physical and mechanical properties (usual range) of values for soil materials of alterated
mantle of serpentines: 

wL = 30,3 % c  =  67 KPa

ΙP = 14,6 % qu = 35 KPa

w  = 20,5 % cc = 0,145

γb = 20,0 kN/m3 eo = 0,612

Physical and mechanical properties (usual range) of values for soil materials of decom-
posed serpentine: 

wL = 29,3 - 46,2 % c  =  219 KPa

ΙP = 9,4 - 31,1 % qu = 321 - 477 KPa

w = 12,2 - 15,2 % cc = 0,040

γb = 21,4 - 24,5 kN/m3 eo = 0,266



•  Type XIa: Limestones, white or pinkish or reddish in colour, thin-bedded to thin-slabbed,
hard, with nodules or lenticular silica layers at places. The intact rock is characterized
by high values of strength parameters, while the rockmass shows medium to high per-
meability and good geomechanical behaviour for the foundation of technical works.

•  Type XIb: Limestones, white-gray or grayish in colour, medium - thick-bedded or unbed-
ded, usually fractured and strongly karstified in the upper beds. In certain cases and in
a local scale, limestone rockmass breaks in fragments. Failures are usually observed as
rockfalls on steep slopes, where an increased secondary loosening of the rockmass oc-
curs or in cases where disturbances of the natural stability state and dynamic loading
have taken place. In its entirety, this formation is characterized by good geomechanical
behaviour.

•  Type Xic: Cherts, in intercalations with thin-bedded limestones, conglomerates or brec-
cias and few ophiolites in places. Reddish formation, with satisfactory geomechanical
behaviour.

•  Type Xid: Limestones and dolomites, white-gray or grayish in colour, medium to thick-
bedded, compact, fractured and faulted. Underground water is restricted in the fractured
zone of limestones, while dolomites are considered practically impermeable or semi-
permeable. At places, usually on steep slopes, failures are observed as rockfalls. In its
entirety, this formation is characterized by good geomechanical behaviour.

5. Conclusions 

From the above analysis, regarding the compilation of the engineering geological map of Naf-
plion wider area at a scale of 1:5,000, the following remarks can be made:

• For the preparation of the above-mentioned map, which is thought to be a very useful tool
for the better land use and planning, both an extended fieldwork and the evaluation of
many geotechnical boreholes were used.

• Thus, eighteen (18) engineering geological types (ET) have been distinguished. Special
attention was given to those units which structure inhabited zones as well as industrial
areas, to avoid problems to the future development of the wider area.

• For every type, the ranges of the values of some main physical and mechanical properties
examined, as well as a general description of their geomechanical behaviour, are given.

• As the task of this project was the contribution to the urban development of Nafplion city,
this engineering geological map will be a useful tool for engineers, planners, civil au-
thorities, etc.
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Notation

The following symbols were used in this paper:

wL: liquid limit

c: cohesion (from direct shear test or triaxial shear test – Unconsolidated Undrained)  

ΙP : plastic index

qu: uniaxial compressive strength

W : moisture content

cc: compression index (from consolidation test)

γb: bulk density

eo: initial void ratio (from consolidation test)

e: void ratio 
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Abstract 

The wider studied area does not present strong seismic activity, and is characterized however by the
existence of active and potentially active faults that were estimated by the fieldwork and the air pho-
tographs and satellite images. These faults are located mainly in the boundaries of basins. Some
faults are potentially active and have been activated in the Pliocene-Pleistocene under a NE-SW
stress field, while some other faults have been activated in the Quaternary under NW-SE stress field,
as show the results from the  neotectonic analysis. According to the usual seismic magnitudes that
were observed in the broader area, they are roughly about 6 Richter maximum vertical displace-
ment expected in the 65 cm and as calculated by the theoretical magnitude.  This observed maximum
displacement is near the active or seismic fault and is decreasing or increasing depending on  the
distance from the fault trace. 

Particular attention needs in the cases, where the Nauplio urban area, is found in the passage of solid
geological formations of the Alpine basement to the unconsolidated Neogene or Quaternary for-
mations. 

In this case, a different distribution of seismic waves is observed between the solid rocks and the un-
consolidated Neogene or Quaternary formations. In this region the magnitude of vertical displace-
ment is maximum because the strengthened considerably and the dynamic condensation of not
cohesive materials. 

An also important element is the determination of width zone of both sides of the fault, where sur-
face changes are observed (faults, subsidences etc) during the earthquake activity. The width of this
area depends on the geological and tectonic structure.

Key words: neotectonic fault, slip-vector, fault scarp,  Argolikos gulf, Peloponnesus.

1. Geological setting

The Hellenides consist of NW-SE-trending parallel tectonic belts or “isopic zones” (Aubouin 1959).
The Pelagonian zone forms the boundary between the internal and external Hellenides. This zone
where includes also the Argolis Peninsula, is represented by Palaeozoic metamorphic basement,
with cover of Permo-Triassic clastic sediments bearing rift volcanics, with Triassic-Jurassic meta-
morphosed and non-metamorphosed platform carbonates (Fotiadis, 2008, Gaitanakis P. & Photi-
ades, 1992, Photiades & Skourtsis – Coroneou, 1994a). This zone upwards is overthrust by ophiolites
and melanges (Aubouin et al. 1970, Jacobshagen 1986), and is transgressed by Late Jurassic to Late
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Cretaceous carbonate cover sequences and flysch.

The main orogenetic phase of Greek territory was expressed in the late Messozoic- Eocene (Jacob-
shagen 1986, Bortolotti et al 2003), when was realized the microplate conflict with movement to the
noth. The final orogenetic phase was completed in Oligocene and followed by geodynamic  move-
ments under an extension stress field in neogene as a result of the creation of many neotectonic
basins.

Three main Alpine tectonic phases have affected the Argolida region and present the following char-
acteristics  

1st Compression phase: The upper Tithonian characterized by overfolding axies to have a N-S di-
rection and internal overthrusts of the same direction.  

2nd Extension phase: The NE-SW direction had affected as mentioned before the N-S tectonic structures.
It caused interruption in the sedimentation from NW and led to the deposition of autochthonous
limestones of Albian age, which were followed by flysch formation of Ypresian age.  

3rd  Compression phase: The Eocene age flysch is of an important geodynamic regime (is con-
nected also with the blueschist phase of Cyclades). This compressional phase that reacti-
vated old NE-SW tectonic structures and caused shear zones and the compressional
movement to NW.  

Two newer extensional phases that followed, from Miocene-Pliocene until upper Quaternary, af-
fected the older geological structures and formed the Argolida peninsula.  

Argolikos Gulf is one of the east Peloponnesus neotectonic grabens, that extended south of Nafplio
region (fig 1) with a maximum depth of 700 m and is also linked with the Aegean sea. The western
coast of Argolikos gulf delimited by a mountainous chain, that is interrupted locally from alluvial
fans and in these sites the maximum sea depths are decreased abruptly. 

In north Argolikos Gulf a wide submarine horst 8-10 km length characterizes the creation a wedge
of sediments of plio-pleistocene age, due to the river depositions and these horst is delimited by the
presence of neotectonic faults, (Van Andel et al 1993).

2. Neotectonic regime of Argolikos gulf 

The more important neotectonic structure of Argolikos gulf is the system of faults of western mar-
gin with NNW-SSE direction and subsidence in the Eastern part (fig. 1). The Eastern margin to-
wards the Nafplio area is affectted by smaller faults and a system of  joints which are connected with
the margins.

In central Argolida territory in the Karnezaiika region is affected by a shear faults system with sinis-
tral component (Fig. 1). In southern Argolida, the neotectonic fault system affect, the Alpine base-
ment of the region.

The action of this fault system has influenced the Pleistocene sediments of the total region,  which
subsidies in the Argolikos gulf area in 300-400 m isobaths with a dip of 3° to the south-west.

Along of western side of Argolikos gulf, during Holocene the rate of is of 50cm/kyr (Finke 1988)
while to the southern is of 100cm/kyr and tends to zero in the Eastern side near Nauplio city. In the
Spetses area the subsidence is approximately 150 cm. /kyr (Flemming & Webb 1986).

According to these data, the Argolikos gulf constitutes a neotectonic structure with half-graben char-

XLIII, No 3 – 1429



acteristics. Even though the Argolida region shows very low seismic activity, characteristics fea-
tures of active tectonics regime are observed.

The Karnezaiika region and the broader are affected by transtentional system faults in a roughly E-
W direction which gives an explicit morphology of the active faults, thus creating the narrow and
steep Karnezaiika valley. The surfaces of the faults present various generations of tectonic slicken-
sides due to the different reactivations.

According to the seismological and bibliographic data, (Drakopoulos & Makropoulos 1982, Am-
braseys, N.N. 1988 and Greek Antiseismic Regulation G.A.R.  2003) as well as from the evaluation
of seismotectonic data of Greek territory, the studied area is classified in the (I) category zone of seis-
mic hazard. with seismic territory acceleration A = a x g, where a = 0,16 typical feature of category I.

2.1 Study of Faults

During the fieldwork, seven neotectonic faults were recognized, mapped and measured close to the
Nafplio city.

The faults that described below, are normal and are activated under an extensional stress field, that
prevailed during the creation of Argolikos gulf, or in a later stage at the duration of Quaternary-
Holocene and they are characterized as active or potential active faults.

The stress field analysis of faults and the analysis of tendencies, gave the places and the position of
axes σ1, σ2, σ3. The latter (σ3), determines the direction of extension stress field in different geo-
logical time.

NAF-1: The NAF-1 fault in the geological map (fig. 2) of the present study, is a normal fault and

XLIII, No 3 – 1430

Fig. 1: Neotectonic map of the wider studied area and the rate of subsidence in various places of Argolikos gulf
(Van Andel et al 1993) This map is modified with new tectonic data from the Nauplio region which are con-
nected with submarine data.
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has a NNW-SSE direction and dip 75o - 80o W. The main surface fracture of this fault is located in
the submarine region in the west of Nafplio. 

This fault has influenced also the early Tyrrhenian sediments, which are found up to 10 meters above
the current sea level. Inside these sediments, exist characteristic marine fauna with Strombus Bobo-
nius (Zötl et al 1999) which characterize the Tyrrhenian age (fig. 3). This uplift movement appears
clear along the Arvanitia coast south of Nauplio city (fig. 4).  

The tectonic and stratigraphic data mean that the fault NAF-1 is an active fault with length that exceeds
the 15 kilometres. The expected movement uplift, in the case of a future seismic activity of this fault,
can exceed the 40 cm (Bonilla et al 1984, Wells & Coppersmith 1994, Ambraseys & Jackson 1998).

NAF-2: The NAF-2 fault in the geological map (fig.2) is normal and has also a NNW-SSE direction
and dips 80o to the west. 

Fig. 2: Geological map of Nafplio area present normal faults 

Post Alpine Deposits:
Holocene: 1. Swamp deposits, 2. Alluvial deposits, 3. Fluvial terrestrial deposits, 4. Talus scree and cones,
Pleistocene : 5. Cohesive talus scree,  

Alpine Deposits (Pelagonian Zone): 
6. Limestone with charts (Upper Cretaceous), 7. Limestone (Lower-Upper Cretaceous), 8. Tectonic mélange
(Jurassic), 9. Tectonic nape of flyschoide mélange (Upper Cretaceous-Eocene), 10. Flysch, 11. Limestone with
cherts (Upper Cretaceous-Paleocene), 12.  Conglomerate and Breccias carbonate serie(Cretaceous)    13. Lime-
stone and Dolomite (Triassic – Lower Jurassic)



This fault has affected the Alpine basement and the Quaternary depositions (Fig. 5). Based on the
neotectonic study of the wider area it can be said that the fault NAF-2 is an active fault with length
that exceeds the 4,5 kilometres. The expected uplift in an event of seismic activity of this fault, can
exceed the 15 cm. (Wells & Coppersmith 1994, Ambraseys & Jackson 1998, Pavlides et al 2000).

The fault planes that are located in the Triassic-Jourassic marbles of the region have oxide deposi-
tions and tectonic slickensides. The analysis of measurements show that this system of faults is ac-
tivated under extension stress field with NW-SE direction that is the same with the present extension
stress field, (fig. 6).
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Fig. 3: Marine and terrestrial sediments with characteristic Tyrrhenian fossils with Strombus Bobonius char-
acteristic Tyrrhenian age.

Fig. 4: Characteristic form of uplifting movement of Arvanitia coast (1,5m) from the sea level (a) and 4 m. from
the fossil site of  the previous picture (b). 
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NAF-3: The NAF-3 fault in the geological map is normal and it has also a NNW-SSE direction and
dips to the East. 

This fault has affected the Neogene and Quaternary deposits of the region, as shown by the morpho-
tectonic, satellite and cartographic data because it deforms small streams and form small graben and
horst. The tectonic study of the wider region shows that fault NAF-3, is an active with length that ex-
ceeds the 21 kilometres. The expected surface displacement in a future seismic activity of this fault
can exceed the 48 cm (Wells & Coppersmith 1994, Ambraseys & Jackson 1998, Pavlides et al 2000).

Fig. 5: Active fault plane NAF-2 in the marbles with oxides depositions and tectonic slickensides. 

Fig. 6: Tectonic analysis of measurements on
the Alpine basement in the region, where the
fault plane of NAF-2 are located. In the rosedi-
agram network Schmidt (southern hemisphere)
the faults planes, the slickensides, as well as the
positions and directions of axes σ1, σ2, σ3 are
shown.



NAF-4: The NAF-4 fault (fig. 2), is normal and has also a NNW-SSE direction and dips to the West. 

This fault affected the Neogene and Quaternary deposits of the region based on morfotectonic, satel-
lite and cartographic data. The tectonic study of the wider region shows, that fault NAF-4 is poten-
tially active, with a length that exceeds the 21 kilometres. The expected displacement in an event of
seismic activity of this fault, can exceed 48 cm.

NAF-5: This fault (fig. 2) has also the same NNW-SSE direction and dips to the East. This fault af-
fected the Neogene and Quaternary deposits of the region us shown by morfotectonic data. The neo-
tectonic study of the broader area shows that the NAF-5 fault is potentially active with a length that
exceeds the 15 km. The expected displacement during seismic activity can exceed the 41 cm.

NAF-6: This normal fault has an E-W direction and dips to the Noth. This fault affected the Alpine
basement and the Neogene sediments of the region. The tectonic study of the wider region reveals
that the NAF-6 fault is potentially active with a length that exceeds the 5,6 kilometres. The expected
shift in an event of seismic excitation of this fault, can exceed the 16 cm (Wells & Coppersmith
1994, Ambraseys & Jackson 1998).

NAF-7: The normal NAF-7 fault (Fig. 2) has an ENE-WNW direction and dips to the North. The
main fault plane is located East of Nafplio city (fig. 7). This fault has influenced the Alpine base-
ment and the neogene sediments. Based on the tectonic study of the wider study area, it can be said
that fault NAF-7 is potentially active with a length that exceeds the 2,6 kilometres. The expected
shift, in case of seismic activity, can exceed the 10 cm.

The fault affected the Triassic-Jourassic marbles of the region and on the fault plane iron oxides
depositions, with slickensides, are observed. The analysis of measurements (fig. 8) shows that this
system of faults of this specific direction, is activated under extension stress field with a NE-SW di-
rection which is identified also in the older stress field as shown by the position of axis σ3. 

3. CONCLUSIONS

The broader studied area does not present intense seismic activity, however is characterized by the
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Fig. 7: Fault NAF-7 of ENE-WNW direction affects the marbles and Quaternary sediments, East of Nafplio
area. 
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presence of active or potentially active faults where mapped during the fieldwork. These faults are
connected with boundaries various basins. The faults show that, the older NAF-4, NAF-5, NAF-6,
NAF-7 (table I), are potentially active and have activated during Pliocene-Pleistocene and charac-
terized by extension stress field of NE-SW direction. The newer ones, NAF1, NAF2, NAF3 (table
I) have been activated at Quaternary and are controlled by the new extension stress field of NW-SE
direction.

Because the usual maximum seismic magnitudes that are observed in the wider region, are around
6 Richter, it is calculated, that the theoretical magnitude of maximum vertical surface displacement,
is in the order of 65cm. This maximum displacement is observed near the surface of the active or
seismic fault and decreases as the distance from the fault is increasing.

Particular attention must be shown in cases where the urban area of Nauplio extends over the com-
pact Alpine geological formations to the unconsolidated Neogene and Quaternary ones.

In this case, different behaviour of seismic waves that crosses the compact rocks and the unconsol-
idated geological sediments is observed. In those sites we observe the maximum vertical displace-
ment, due to the dynamic condensation of no cohesive materials caused by seismic vibrations.

An also important element is the determination of the width of the area at both sides of the fault trace,
in which surface changes (ruptures, subsidences, liquidations etc) are expected during a future seis-
mic activity. The width of this area depends mainly on the geological and tectonic structure and on
the degree of seismic risk of the region, which is crossed by the fault.

For the calculation of the maximum displacement during seismic activity, the existing empiric rela-
tions can be used correlating the magnitude of earthquake (Ms) and length of fault (L) and the sur-
face displacement (D). The most recent results that concern Greek territory and Eastern Mediterranean
give more reliable magnitudes (Wells & Coppersmith 1994, Ambraseys & Jackson 1998). 

With regard to these characteristics, the surface fault plane, the length of the fault and the earthquake
magnitude, the maximum seismic surface displacement in the Nafplio area can reach the 48 cm.

Fig. 8: Stereonet Schmidt, showing slickenside, slip vectors, as measured in the field, with the three principal
σ1, σ2, σ3 stress axes and the NE-SW direction of extension stress field (σ3). Data from the area West of Naf-
plio (NAF-2 fault). 



Contrary, the usual seismic magnitudes that were observed in the broader area, are roughly 6  Richter,
and the theoretical sizes of maximum vertical displacement is calculated to be around 65 cm.
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NAF 7 2,6 10 Normal  - Potentially Active
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Abstract 

An efficient and cost effective site characterization, with regard to the seismic hazard and liquefac-
tion risk assessment, was accomplished with the aid of geophysics in the area, where the Nafplion
city of Greece is expanding. The methodology adopted includes the recognition of the possible earth-
quake sources of the wider region, their modelling, in order to stochastically simulate the strong
ground motion at the investigation area, and finally the calculation of the liquefaction risk. The in-
vestigation area was suspected of high liquefaction potential since the foundation ground consists
of loose sandy silt with very shallow aquifer. The geophysical techniques considerably contributed
to the detection and characterization of possible local seismic faults with the implementation of
gravity and seismic methods. Special emphasis was given to the seismic depth migration and par-
ticularly to the construction of valid velocity models, in order to precisely calculate the dips of the
possible faults. Additionally the geophysical techniques provided the near surface velocity struc-
ture for the calculation of the amplification of the seismic motion up to the surface, also required for
the final estimation of the liquefaction risk. The seismic methods (seismic reflection, seismic re-
fraction, seismic modelling, MASW, multichannel analysis of microtremors and crosshole investi-
gations), if combined with geo-technical borehole testing, enhance their reliability and cover large
areas in a cost-effective way in comparison with the standard borehole tests. In Nafplion area, evi-
dence was found for a low factor of safety against liquefaction at specific sites within the study area.
The results show that liquefaction probability can reach 80% at some sites depending on selected
earthquake scenario, mainly at depths between 5 and 10 meters. This should be considered as highly
important information for making risk-based design decision in this region.

Key words: seismic techniques, faults detection, liquefaction.

1. Introduction 

The urban planning of many cities is usually based on economic and social factors, without taking
always into account the local geology and the active geodynamic processes. The problems emerg-
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ing due to this constraint are accentuated with the increase of the population, the industrialization
and the seismic impact during the last decades. Nafplion is one of these cities (see Fig. 1), originally
founded on safe ground, but it is expanding in recent years along the coastline on ground of ques-
tionable safety factor with reference to seismic and liquefaction risk.

The need to set up and test a methodology, able to give reliable evaluation of the seismic and liq-
uefaction risk for extensive areas, is considerable, especially for the countries with high seismicity,
like Greece. 

The methodology followed, combined the usual borehole testing measurements of the standard reg-
ulation for the seismic and liquefaction risk with geophysical measurements, in order to spread out
high credibility information to wider areas. The geophysical techniques also aided to the detection
and study of the local active faults. According to the legal framework of many countries, the regu-
lar building is hindered in the adjacent to active faults areas. Similar restrictions apply to soils liable
to liquefaction during a strong earthquake, to areas with slope stability problems, or to unconsoli-
dated embankments etc. (EAK, 2000 - Greek Earthquake Design Code). Therefore, building can be
allowed only if these factors are excluded. However exceptions are also possible, in special cases,
after conducting special studies on the assessment and dealing with these particular risks. The grav-
ity survey, as a reconnaissance method, is suitable to locate possible deformations of the bedrock,
which can be attributed to faults. As a follow-up survey, seismic depth imaging can delineate the
structure if this is related to an active or inactive fault. In the case of active faults, the dip and the
total throw are usually examined.

The procedure for liquefaction assessment included the calculation of the Factor of Safety (FS) against
liquefaction and the potential of liquefaction in terms of probability, (where FS = cyclic shear stress
required to cause liquefaction / equivalent cyclic shear stress induced by earthquake), the evaluation
of liquefaction time history for specific historical earthquakes scenarios and the analysis of site re-
sponse in region of Nafplion taking into account the liquefaction susceptibility of the stratum. 
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Fig. 1: Geological map of the investigated area. The seismic lines are presented with black colour. The bore-
holes are indicated with red coloured points. The embedded map shows the survey area (small box) close to Naf-
plion city.
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2. Geological setting

The regional geology of the Argos plain is composed of: Coastal deposits, made of loose, fine silty
sands and silty-clayey soils, alluvial fans and fluviotorrential deposits. The sediments’ bedrock in-
cludes alpine and post-alpine sediments, such as flysch, limestone and Neogene marl conglomerates.
The investigation area (see the geological map of Figure 1) is formed by alluvial, mainly lagoonal
deposits, overlying flysch and limestone formations.

With regards to groundwater regime, within the Quaternary deposits, successive groundwater
aquifers are developed, being under intensive exploitation by well boring. This resulted to a con-
siderable sea water intrusion in recent years. Within some parts of the investigation area, at an alti-
tude lying of a few meters above sea level, a weak unconfined coastal aquifer is developed at a small
depth near surface, which is underlain by deeper confined aquifers. This shallow unconfined aquifer
belongs to a local marshland. The sand-silty, clayey-silty nature of soils and the presence of the
ground water table near the surface, constitute a particularly unfavourable regime concerning the
foundations. Within this regime an attentive control of the liquefaction potential is pertinent.

In the Argos plain, where Nafplion is situated, a liquefaction has been recorded in the past, hap-
pened on 2/6/1898 and caused from an earthquake of M=7 with epicentre (37.6o, 22.5o) only 27 km
far (NWW) from Nafplion (Ambraseys and Jackson, 1990, Papathanassiou et al., 2005). Three im-
portant seismic zones in the wider region of Nafplion have given strong earthquakes in the historic
era (Iria fault, Epidaurus fault and Xylokastro fault) (Papazachos and Papazachou, 2003).

3. Geophysical investigations

The geophysical techniques were carried out in the area aiming at: a) the detection of possible local
seismic faults and b) the determination of the velocity models in order to contribute to the estima-
tion of the amplification of the possible peak ground acceleration (PGA) in the study area and the
evaluation of the Factor of Safety against Liquefaction.

3.1. Geophysical investigations for mapping the bedrock relief and detection of pos-
sible faults 

Gravity survey

The gravity survey covered an area of 35 km2 with 270 stations, conducted with a Scintrex CG-5
gravity meter. From the Bouguer map a residual map was extracted (Fig. 2). Two major lineaments
(see Fig. 2) can be seen possibly attributed to faults:  The first one lies at the eastern side of the area
with NW-SE direction. This is a known fault that has been mapped in the past from geologists as an
inactive one. The second one, at the western part of the map, runs through the investigation area. Fur-
ther investigation work with seismic methods was considered necessary. 

Seismic Survey

A seismic survey was conducted to delineate the suspected fault as pointed out from the gravity sur-
vey. Each of the seismic profiles (see Fig. 1) ΑΑ΄, CC΄, ΕΕ΄, FF΄ was about 300 m long. The line
HH΄ was 180 m long. The main target of the seismic profiles was the determination of the dip of the
bedrock surface and whether this could be associated to an active fault plane. 

The survey layout for the shallow reflection seismics mostly used, was the “fixed spread” instead
of the usual “roll-along”. The “fixed spread” layout was not only easier in acquisition, in the case
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of urban environment, but was also very valuable since permitted the acquisition of data usable for
refraction – wide angle reflection velocity modelling. A reliable velocity model is needed for depth
migrating seismic data. We must bear in mind that if a fault is present in a seismic profile, then mi-
gration is a prerequisite.

The seismic source utilized, was an accelerated dropping weight and provided us with high quality
records in all the seismic lines.

The joined lines EE΄ and CC΄ run perpendicular to the strike of the gravity lineament.

The first arrivals of the refracted waves in both profiles after tomographic processing, did not suc-
ceed to reach the bedrock. However the arrivals of reflected waves were processed by Zelt and Smith
(1992) code, and produced velocity models with excellent fitting between calculated and observed
arrival times (Fig. 3a). The resulted velocity models (Fig. 3b) indicate a fairly smooth layering to the
bedrock. The bedrock is detected at 90 m depth at the beginning of the line EE΄, reaching the 200
m at the end of CC΄. The results are in agreement with an old water-wall at the starting edge of EE΄,
which intersected the limestone bedrock at 93 m depth.  

Two layers can be distinguished above the bedrock at line CC΄. The second layer, probably flysh,
pinches out within the line EE΄, but this cannot be resolved due to the limitation of vertical resolution. 

Figure 4a shows the joined time migrated profile with simple depth conversion. Figures 4b,c show
the resulted profiles after Kirchhoff depth migration with the use of the velocity model of the Fig-
ure 3b. The slope of the bedrock surface is steeper at the depth migrated profile.

The results of the depth migration (Fig. 4b,c) of the EE΄ and CC΄ lines suggest that the gravity lin-
eament is caused by two smooth subsidence features of the bedrock at the starting parts of CC΄ and
EE΄. Both dip values are at about 25o and cannot suggest an active seismic fault. It is noted that ap-
parent dips are measured and probably at a direction different of the bedrock gradient. Assuming that
the strike of the gravity contour lines follow that of the slopping bedrock, the EE΄ profile is at an

Fig. 2: The residual gravity anomaly map indicates the existence of two possible faults at the investigation
area. 



angle of 8° - 17° with this. The line CC΄ is almost vertical to the gravity contour lines. Therefore after
simple geometric calculations the real value of the dip up to 26°, can be estimated.  

Similar dip values were also obtained in the AA΄ profile after similar processing and calculations.
The profile FF΄ confirmed also the pinch out of flysh layer. Figure 5 shows also the results of HH΄
processing in different stages. The results of HH΄ are also in full accordance with these of the other
profiles.

In conclusion, the linear features of the Bouguer map cannot be attributed to active seismic faults
but only to small and low dip inactive faults.

3.2 Geophysical investigations to the characterization of foundation ground

Aiming to the assessment of the foundation ground, crosshole seismic tests were conducted at two
sites within the study area, along with SPT testing and laboratory tests on borehole core samples. 

In addition seismic surveys were jointly carried out between the boreholes in such a way to fill in
with the adequate information. Figure 2 shows all the sites where the seismic surveys were con-
ducted. At ΒΒ΄, DD΄, ΚΚ΄, ΡΡ΄, QQ΄, the methods of seismic refraction of P and S waves, MASW
(Xia et al. 1999) as well as microtremors analysis were applied. Additionally at the sites ΑΑ΄, CC΄,
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Fig. 3: Velocity modelling of the profiles EE΄ and CC΄.

Fig. 4: a) Time migrated and depth converted joined seismic section of the profiles EE΄and CC΄ (b) and (c)
Kirchhoff depth migrated profiles EE΄ and CC΄ respectively.
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ΕΕ΄ and FF΄ where seismic reflection and refraction data were acquired, MASW was also applied.

The seismic crosshole tests were conducted according to the ASTM D4428/D4428M-07 standard.
At each site a pair of boreholes was drilled at 5 meters distance, at the depth of 40 meters. The re-
sults showed that the shear wave seismic velocity values in the loose sandy-silt and clayey silt in-
tercalating formations did not exceed 0.4 km/s, but moreover there are parts with values lower than
even 0.2 km/s. The P-wave velocity is high due to the saturation from the sea intrusion at the area.
The results of the crosshole testing G2 and borehole log (Fig. 1) are presented in Fig. 6.

At the site of borehole G2 (Fig. 2) Reverse VSP (RVSP) modelling was also conducted with the
seismic source in the borehole and the receivers at the surface. The results of tomographic algo-
rithm (Hayashi and Takahashi, 2001) were excellent and it was found that the drilling of second
hole could be spared. 

Figure 7 shows the result of the RVSP modelling and a comparison diagram with the crosshole test.
The crosshole testing and RVSP were also used to calibrate and validate the results of MASW.

The application of MASW gave satisfactory results and detected low S-wave velocity zones. In a

Fig. 5: a. Unmagrated stack section of the profile HH΄ b. A section after deconvolution c. A deconvolved sec-
tion after depth conversion d. Time migrated and depth converted section.

Fig. 6: Crosshole test results with the geological log.



close distance to G2 borehole MASW was applied and the results were in full accordance to the
crosshole test.

As shown in Figure 8 the S-wave velocity presents low velocities in the first 10 m in all investigated
area. This is also found from S-wave seismic refraction profiles. Microtremors analysis also assisted
to the description of the deeper S-wave velocity variation.

From information derived from the local boreholes the layer corresponding to the low S-wave ve-
locity values is sandy-silt to silty-sand, soft formation without plasticity. The laboratory analysis
found sand concentration of 29% and 66% at 4.90- 5.55 m and 7.90 - 8.55 m depth respectively. This
evidence supports the high liquefaction risk.

4. Liquefaction analysis

The assessment of the liquefaction risk was based on the results of the seismic surveys, the geotech-
nical borehole testing and the stochastic simulation of strong ground motion for specific earthquake
scenarios (Beresnev and Atkinson, 1997), selected based on the historical seismicity of this region. 

The procedure consisted of the following steps:

1. Calculation of the Factor of Safety (FS) against liquefaction, and estimation of the potential
for liquefaction in terms of probability (PL), based on factors of safety.

2. Evaluation of liquefaction time histories at the potentially liquefiable sites, using nonlinear,
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Fig. 7: Left: Comparison of RVSP (circles) with crosshole testing (squares). Right: The velocity model of RVSP
at the site K. 

Fig. 8: MASW results systematically showed low
S-wave velocity values at the first 10 m depth.
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effective stress site response analysis (Matasovic, 2006), capable of modelling pore water
pressure generation and dissipation. 

3. Analysis of seismic site response in the Nafplion area taking into account the liquefaction
susceptibility of the ground depending on the earthquake scenarios.  

The results of our analyses indicated the scenario of the activation of the Iria fault (Argos fault in
Papazachos and Papazachou, 2003) as the worst one in terms of the liquefaction potential. The Ep-
idaurus fault also showed similar characteristics in contrast to the Xylokastro fault that did not give
high probability of liquefaction.

In the cases where high liquefaction potential was predicted, low values of PGA at the surface and
seismic motion enriched in longer periods were observed. This was due to the fact that some layers,
at depth, liquefied. 

An example of this analysis is given for an M=6.4 hypothetical earthquake on the Iria fault in Fig. 9.
Figure 9 shows (a) the surface acceleration time history (b) the acceleration time history at the po-
tentially liquefiable layer, (c) the time history and (d) the depth distribution of pore water pressure
ratio for the test site AA΄. In the case of this earthquake scenario, liquefaction effect will prevent the
effect of soil amplification. The ground acceleration at the surface level (Fig. 9a) has lower ampli-
tudes and longer periods than the respective one below the liquefiable layer (Fig. 9b). This can be
attributed, to the soil liquefaction occurrence to some extent at this site (Fig. 9c, d). For this earth-
quake scenario, the occurrence of liquefaction, in terms of probability, was high, reaching 86 % at
depths between 6 to 10 m. 

The discussion of the results of the site response analysis is not a subject of our present paper; how-
ever, the reader can find such detailed analysis in the paper of Karastathis et al. (2010).

5. Conclusions

The area where the Nafplion city is expanding, after its examination with realistic earthquake sce-
narios based on known earthquake sources associated with strong and catastrophic events in the re-
cent past, can be considered as liable for liquefaction phenomena under certain conditions of seismic
loading. The problem was mainly found at the depths of 8 to 10 meters, where a loose sand-silty layer
is present with particularly low S-wave velocity values. The liquefaction potential was calculated,

Fig. 9: Results of the liquefaction
analysis for the AA΄ test site of Naf-
plion: (a) surface acceleration time his-
tory; (b) the acceleration time history
at the potentially liquefiable layer; (c)
the time history and (d) the depth dis-
tribution of pore water pressure ratio.



based on the results of the geotechnical investigations, laboratory tests and the results of the seismic
surveys. A high liquefaction risk is anticipated mostly for strong earthquake scenarios at Iria and Ep-
idaurus faults. 

The study area was also examined for possible unexposed faults by a combined application of grav-
ity and seismic methods but the results cannot support the presence of active faults. 

The techniques utilized in Nafplion case, can also be applied with low cost in any other site with sim-
ilar conditions as far as the liquefaction phenomenon is concerned. The view, that the geophysical
techniques have already reached the required reliability to be included in the standard liquefaction
risk studies, is well supported by the results.
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Abstract 

The application of selected geophysical methods within the framework of an Urban Geology inves-
tigation program performed by IGME at Nafplion city, contributed to the overall geo-scientific char-
acterization of the study area. The methodology adopted included the application of Time Domain
Electromagnetic, Electrical resistivity tomography, Gravity and Seismic Crosshole surveys. The re-
sults of the geophysical investigation provided quantitative information regarding the distribution
of seawater intrusion in the area and determined factors controlling its extent within the investi-
gated region. The intrusion may occur in three distinct horizons. The first within the shallow un-
confined aquifer within the top 12 meters of fluvial deposits showing values of electrical conductivity
in the range of 1 and 4 Siemens/m, corresponding to TDS values between 5000 and 20000 mg/L, as
determined by the TEM surveys. Lower conductivity values between 0.3 and 1 Siemens/m are found
within the second aquifer occurring between 15 and 45 meters. Similar order of conductivity val-
ues are found within the deeper horizon, lying below 45 meters depth, attributed also to seawater
intrusion mainly in carbonate formations. Areas of fresh groundwater, were delineated by a combi-
nation of  TEM, ERT and gravity methods. These areas are structurally controlled by faults and the
presence of impermeable flysch overlying the limestone formation.

Key words: Geophysical  techniques, salinization, electrical conductivity.

1. Introduction 

The present paper deals with the results of the geophysical surveys carried out in 2007-2008 within
the urban area of Nafplio, within the framework of the project Urban Geology undertaken by IGME.
The program of geophysical surveys included Gravity, Electrical resistivity tomography (ERT),
Transient Electromagnetic soundings (TEM) and seismic crosshole tests. Information derived by
Gravity data is complimentary to TEM and ERT

The results of the geophysical investigations provided quantitative information regarding the geo-
logical structure and the distribution of saline water intrusion in the area and determined factors
controlling its lateral extent. The Argos plain has suffered serious groundwater degradation in re-
cent years, due to the seawater intrusion which mainly occurred during the second half of the last
century.  The application of TEM and ERT techniques can supply information regarding the extent
of this phenomenon and to delineate aquifers with respect to their salinization. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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2. Geological and hydrostratigraphic setting

The regional geology of the Argos plain is composed of Quaternary alluvial deposits, composed by
alternations of fine and coarse sediments such as clays, marls, silty sands and silty-clayey layers
and fluvial deposits while at the outskirts of the plain those sediments are transitionally surrounded
by alluvial fans constituting a “piedmont” type of deposition. The underlying bedrock of the plain
is made up by alpine and post-alpine sediments, such as flysch, limestone and Neogene marl con-
glomerates (Giannoulopoulos, 2000,2001).  The investigation area (see Fig. 2, 3) is formed by al-
luvial, mainly lagoonal deposits, overlying flysch and limestone formations, locally outcropped and
historically attracting well known Mycenaean settlements such us Tyrins 

With regards to groundwater regime, within the Quaternary deposits, successive groundwater

Fig. 1: A representative hydrostratigraphic section (west – east) of the alluvial deposits of Argos plain (Gian-
noulopoulos, 2000, 2001).

Fig. 2: Geological map of the investigated area (Α.Fotiades, D.Metropoulos, 2008) . The resisistivity tomog-
raphy lines are coloured red. The numbered dots indicate the location of TEM soundings.
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aquifers are developed, being regionally overexploited through numerous dug wells and boreholes.
This resulted to a considerable seawater encroachment in recent years. Within some parts of the in-
vestigation area, a weak and shallow unconfined coastal aquifer prevails, which is underlain by a suc-
cession of deeper confined aquifers separated by layers of fine sediments.  

3. Geophysical investigations 

The geophysical techniques aimed to the detection of the bedrock relief, the major structural and hy-
drostratigraphic elements and also to assess the extent of the sea intrusion in the area. 

Gravity survey

The gravity survey covered an area of 35 km2 with 270 stations, conducted with a Scintrex CG-5
gravity meter. 

From the Bouguer map of Fig. 3 a residual gravity map is extracted (Fig. 4) and overlain on the ge-
ological map. The positive anomalies GP1, GP2, GP3 are associated with the Cretaceous Limestone
outcrops in the area. The anomalies GP4 and GP5 are associated with Triassic Limestones belong-
ing to the basement. The negative anomalies GN1, GN2 and GN3 form a tectonic graben, bounded
to the SW by a well known fault.  Another NW-SE striking lineament is observed to the further
south of the positive anomaly GP1, possibly associated with a second fault. 

Electrical resistivity tomography (ERT)

The ERT method is the most commonly used 2D resistivity imaging method in recent years. This
powerful method nowadays is being employed on a routine basis in various configurations with
multielectrode arrays (48 electrodes), with spacings up to 20 m, reaching investigation depths of
200 m.

Fig. 3: Bouguer map of Nafplio area
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Profiles N1 and N2 (Figure 5) were cited on the marsh land close to the coastline and were surveyed
in order to evaluate the effect of salinization structure. 

The results show the presence of sand-silty and clayey-silty sediments, saturated with solutions, of
relatively high salinity. In fact, resistivity values even lower than 1 Ω.m are recorded from the land
surface to the depth of 5 m (Profile N1). The presence of another low resistivity layer reaching
depths of 30 m is evident on both profiles N1 and N2. The higher resisistivity values, of 20-40 Ω.m,
occurring deeper than 30 and 40 m are probably attributed to the underlying flysch bedrock (Fig. 5).

Bulk electrical resistivity values are generally dependent both of the rock - soil type and the pore fluid
properties.  Allowing for the very high conductivity of saline water with respect to the relatively
moderate conductivity of prevailing sediments, it can be inferred that the recorded resistivity values
reflect the order of salinity of pore water.  This methodology calibrated on site specific data can be
used as tool for the quantification and mapping of sweater intrusion in coastal areas.

Fishman and Friedman (1989) proposed an empirical relationship relating the electrical conductiv-
ity of aqueous solutions to the Total Dissolved Solids (TDS).

σ(S/m) ≈ α TDS (mg/L) 

Fig. 4: Residual gravity map overlain on the geological map.

Fig. 5: Modeled resistivity sections of profiles N1 and N2.
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where σ is the electrical conductivity and α a constant ranging from 1.2x10-4 to 2x10-4  .  Making use of
more that 250 chemical analyses data (Giannoulopoulos 2000) of major ions and calculating the corre-
sponding  TDS (Lloyd and Heathcote, 1985) it was found that a factor in the Aplain of Argos is 2x10-4.

Assuming that the bulk electrical resistivity (or conductivity) is dominated by the pore fluid resis-
tivity we use the above formula to calculate the groundwater salinity. An average value of 0.5 Ω.m
was used, and a value of α = 2x10-4 resulting to an average TDS value of 10.000 mg/L. 

In figure  6   profiles N3 and N4 were surveyed to test the possible occurrence of  sea water intru-
sion in the valley formed between the two limestone hills. Resistivity values higher than 4 Ω.m are
recorded, and attributed to the confining marl and clayey sediments. There is no evidence of sea in-
trusion in this area. The geometry of the limestone constraining fault is clearly seen at the SW end
of profile N4. 

The modeled resistivity section of profile N5 (Fig.7) shows the occurrence of a conductive layer ex-
panding mainly from 30 to 50 m depth being overlain by shallow layers of varying resistivity. Low
resistivity values of 3-5 Ω.m are attributed to clayey deposists. A resistive bedrock (Limestone) can
be seen at a depth of 60 m. 

ERT was also conducted close to the centre of Nafplio city along the railway park and the resistiv-
ity section is shown in figure 7.  The presence of the seawater intrusion can be recognized with low

Fig. 6: Modeled resistivity sections of profiles N3 and N4

Fig. 7: Modeled resistivity sections of profiles N5 and Nafplio park.

Fig. 8: Modeled resistivity sections of profiles N6 and N7.
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resistivity values of 0.3 to 1 Ω.m. The seawater intrusion is bounded to the South-East by a fault zone.
The presence of flysch bedrock to the SE limits the extent of the salinization. 

The interpreted sections of figure 8 show the ERT results of profiles N6 and N7, sited at the tectonic
graben shown on the gravity map of figure 4. The occurrence of a fault can be clearly seen at the mid-
dle of profile N6. There is no indication of seawater intrusion in this area. 

4. Transient Electromagnetic Method (TEM)

The TEM method has been developed mainly since the mid-1980’s and tutorial articles specifically
concerned with the method can be found in McNeill (1980), West and Macnae (1991), Ward and
Hohmann(1987) and Zhdanov and Keller (1994).  The method was originally developed for use in
the mining industry to image electrical contrasts to depths of hundreds of meters. Compared with
other mapping methods TEM is relatively cheap, has a large penetration depth and it gives both
structrural and lithological information. Its strength lies on its ability to resolve and quantify low-
resistivity  layers, while resistivity values exceeding 80-120 Ωm are not precisely determined.

TEM has a decreasing capability in resolving individual layers with depth, due to the diffusive na-
ture of the method, meaning that succession of individual thin layers will commonly be averaged into
one model layer. Due to difficulties in recording data at very early decay times the upper 10-20 m
of the geoelectrical model are averaged into one layer. Recent improvements in transmitter turn-off
time and sampling rate has improved resolution of the top 20 metres below surface making fast-
sampling TEM a useful tool in salinity surveys. It has been used as an airborne tool covering large
areas in the search of paleochannels, hidden valleys and mapping salinity.

Fig. 9: Examples of TEM soundings with interpretation models. Salinization affects only  the shallow uncon-
fined aquifer.
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A number of 70 TEM soundings was conducted in the project area using single loop configuration
of 100x100 m or 50x50 m used simultaneously as transmitter and receiver.

All soundings have been processed and inverted using 1D modelling code (Karmis 2003). 

The results are classified according to the degree of the saline intrusion and the nature of the basement.

In the following figures characteristic examples of TEM soundings are presented. In figure 9 the ap-
parent resistivity versus time is plotted on the left part of each graph, along with the interpretation
model on the right side. The sea intrusion is evident at all soundings in depths between 12 and 40 m.
The limited penetration depth, due to cultural noise, on N27 and N29 limits the interpretation depth of
stratigraphy to the depth of flysh, whereas at soundings N25 and N26 limestone was detected as
bedrock below flysch. A second category of TEM soundings show the salinization effect both on the
surface layers (top 40 m) and within the basement. By combining available drilling information, the
porous formation of the basement is assigned to limestone which is also vulnerable to salinazition.

Fig. 10: Sea intrusion occurs both near surface and at the porous basement.

Fig. 10 Limestone detected as basement
with no salinization. Results are cali-
brated with borehole G10 which inter-
sected limestone at 92 m depth.
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Sounding N62 (figure 10) shows the effect of seawater intrusion at depths between 27 and 40 m.
Below this depth a relatively resistive layer is detected, interpreted  as sand layer. The salinization
is also evident at the depth of 118 m, which probably marks the top of the limestone. This interpre-
tation is verified by the drilling results of borehole 3042, to the SE of N62, which intersected this
limestone at the depth of 110 m.  Similar results are shown at N21, where the limestone can be seen
at 132 m depth. The results of N26 indicate that seawater intrusion comes into effect at 45 m depth.
The results of N60 are typical patterns of responses obtained over porous carbonate formation pol-
luted by seawater intrusion. The presence of an aquifer affected by seawater intrusion is detected at
23 m depth. This aquifer is followed by a succession of fine clayey sediments, with the limestone
at 112 m with resistivity of 1.4 Ω.m, due to the saline water. The results of figure 11 show the pres-
ence of fresh - water carbonate layer. This is probably due to the presence of a flysch layer on top
of the limestone which acts as a protecting barrier. 

The N57 and N58 soundings show also the presence of limestone bedrock at depths of 120 m. How-
ever, the penetration depth of N54 does not allow the detection of the limestone bedrock.

5. TEM Profile 

The TEM profile was surveyed with a dense spacing of 50 m and a 50x50 m loop. The results are
shown in figure 12. The interpretation model is a pseudo-2D section with resistivity and depth val-
ues are calculated per each decay channel, resulting to a dense and closely spaced dataset. 

Fig. 11: TEM soundings N58 and N57 located limestone not affected by salinization. 

Fig. 12: TEM 2D resistivity section
of TEM profile. 
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The section shows the geologic succession gently dipping to the SouthWest at small angle. There is
no indication of a fault in this line. The seawater intrusion is clearly recognized with resistivity val-
ues lower than 2 Ω.m. Below the shallow silty-clayey sediments the flysch layer is detected. 

6. Conclusions

The application of the geophysical surveys added important new and detailed information to the
construction of hydrostratigraphic models in coastal areas, giving a more comprehensive under-
standing of the formation of the subsurface layers and structures. Gravity survey provided general
information on the subsurface structures, whereas the results of the ERT and TEM surveys show the
importance of these methods in environmental and groundwater investigations in coastal areas. They
constitute an effective tool for mapping the fresh -seawater interface in the alluvium and carbonate
aquifer. They are particularly suitable for determining the resistivity and thickness of highly con-
ductive targets such as clays and saline aquifers.  Accordingly they can be used to map potential
aquifer layers, recognized as sediments with relatively high resistivity.

The low resistivity sediments are indicative of low permeability deposits such as clays. These low
permeability clayey layers may serve as protection against groundwater contamination caused by
seepage of pollutants and seawater. 

With regards to the particular results of the aforementioned geophysical surveys the effect of the sea
water contamination is mainly identified within three horizons. The first is a shallow layer from sur-
face to approximately 12 meters close to the coastline of the march land, with very low values of elec-
trical resistivity below 1 Ω.m.  These values, according to an empiric formula, correspond to TDS
values in the range of 5000 and 10000 mg/L. The second horizon corresponds to saturated sediments
made of sand and gravel (confined aquifer) with resistivity values between 1 and 3 Ω.m located in
relatively shallow depths between 15 and 40 m. The third horizon has similar resistivity values at

Fig. 13: Areas A, B, C, D and E with limited salinization pollution due to existence of impermeable cap lay-
ers above the carbonate basement. 

26 (3)



depths larger than 40 meters and corresponds to the porous formation (limestone) which is heavily
polluted by the sea intrusion.

As a rule of thumb it can be stated that bulk resistivity values lower than 2 Ω.m correspond to saline
water, where higher values between 2 and 4 Ω.m may be attributed either to various combinations
between brackish water or to the lithology.  

Occurrence of low-permeable layers such as flysch above the carbonate aquifers was detected in
certain areas delineated in the map of figure 12. In areas A and B the seawater intrusion is limited
only within the second horizon due to the presence of flysch overlying the deeper limestone. The fly-
sch is gently dipping towards the sea and limits the effect of the sea intrusion to the limestone. 

In areas C, D and E sea intrusion is not observed. In this region fault discovered seen by gravity
method, control the encroachment of seawater intrusion. The rest of the area is heavily polluted by
the sea intrusion. The region between areas A and B and between B and Palamidi hill act as conduits
for the salinization of the mainland.

The combined application of high resolution TEM and ERT surveys can be an effective tool for
studying the effect of the sea-intrusion and map salinity changes. 
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Abstract 

Radon is trapped in the terrestrial cover as a transmutation product of natural radioactive elements.
It is directly related to the geotectonic environment and the atmosphere contains traces of radon near
the ground, as a result of emanations from soil and rocks, both of which contain minute quantities
of radium; it also infiltrates into the ground and circulates in groundwater. Because naturally oc-
curring radon gas has come to be recognised as a potentially serious health hazard, especially in
the built environment, a radon and radiometric (α- and γ-radiation) survey was carried out in the
urban and suburban region of Nafplion, using the same grid of 500 x 500 m that was used by other
methods, i.e., urban geochemical and geophysical surveys. Radon was measured down to a soil
depth of 50 cm, and at each site α- and γ-radiation measurements were taken. The survey results
have shown that these concentrations are low compared to other regions of Greece. However, po-
tential accumulations of radon in closed underground spaces cannot be excluded. The isoradon con-
tours of these concentrations form anisotropy axes of main NW to NE and N-S direction related to
geological-tectonic structures.

Key words: Radon, γ-radiation, α-radiation, urban, Nafplion, Peloponnese, Greece

1. Introduction 

It is well known that radon gas is widespread in the environment at low levels, however it can easily
accumulate in closed underground spaces and with passive escape it can reach houses and endanger
human health. Its short half-life allows radon to travel long distances, before its radioactivity decreases
by half, rendering it a good indicator- tracer of deeper causes of the background, invisible from the sur-
face (Vougioukalakis, et al., 2000), due to the fact that as a noble gas it does not participate in reactions.

The current study is performed in the context of a more integrated design involving the geological,
geotechnical, hydrogeological, geochemical and geophysical research and study of urban and sub-
urban pilot area of Nafplion in Argolida Prefecture. The measurement of radon at the depth of 50 cm
is followed by the measurement of γ-radiation in the same position on the surface, in order to cor-
relate the radioactivity of rocks with radon. 

The radon concentrated in the soil depends on its high or not high production, on the rock back-
ground, or on its escape or not escape to the atmosphere. These mechanisms can change from one
rock to another, or even in the same rock, therefore the study of radon in soil requires special atten-
tion to the geological - tectonic environment, as well as the general mechanisms of permeability,
porosity, solubility in water, etc. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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Upon processing the first data, specific distribution structures were already revealed, which demon-
strate the sensitive behaviour of the method applied for the correlation of radon in soil with geotec-
tonic structures in research area. A first interpretation of the sensitive variations is given with the
geological map of research area on scale 1: 5,000.

2. Geological Environment

The geological structure of research area came from the tectonic accumulation of three units, after
a series of compression and tensile events, which occurred generally in the Pelagonic zone from
Jurassic until the post-Eocene period. It is distinguished (Photiadis, 2008) as follows:

The para-autochthonous or lower unity, of middle Triassic-Lias age consisting of a carbonate, ner-
itic sequence with pelagic, nodular limestones, pelagic sediments of red cherts, siliceous silts and
a tectonic-sedimentary mixture of Malm age. The carbonate conglomerate sequence of Creta-
ceous and the post-Ypresian flysch of Argolida follow unconformably after several erosion and
emersion events.

The intermediate unit, of post-Eocene occurring through a flyschoid tectonic mixture of conti-
nental and oceanic tectonic bodies into a flyschoid cementing material due to the collapse, de-
struction, detachment and tectonic accumulation of the internal pelagonian - continental margin
during the collision of the Hellenides.

The upper section, which is tectonically drifted with (or without) intercalation of the previous unit,

Fig. 1: Geological map (A), tectono-stratigraphic column (B) and geological section (C) of the greater Nafplion
area. Lower Unit, Triassic-Jurassic shallow-water carbonate (Ts-Ji.k,d), tectono-sedimentary ophiolitic melange
(Jm-s.mg) , Meso-autochthonous series with Cretaceous carbonates (Ki-s.c & Ks.k1), post-Ypresian flysch
(fg1); Middle Unit, flyschoidal melange complex (fl-mg); Upper Unit, serpentinite sole (Js.mg), Triassic-Juras-
sic carbonate outlier (Ts-Ji.k,d),Cretaceous carbonate outlier (Ki-s.k,c & Ks.k2) with flysch (fg2) and late
Eocene tectonic phase. (Photiadis, 2010).
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Table 1. Average calculated correspondence for different units in four (4) representative radon value
groups in Nafplion area.

Class c/s EPP 10 pci/lt Bq/m3 % Prices

0,0-1,0 0,0-27,4 0,0-1.015 47,47

1,0-3,0 27,4-82,2 1.015-3.045 27,85

3,0-4,5 82,2-123,4 3.045-4.570 9,49

>4,5 >123,4 >4.570 15,19

Total 100

consisting of limestone flakes of Cretaceous age with accompanying tectonic foot of serpen-
tinites, as well as mega-blocks of carbonate rocks of middle Triassic-Lias age, detached from
the underlying lower unit.

3. Methods

3.1 Measurement Instruments

Measurements of radon in soil of urban and suburban areas Nafplion, initially started with the use
of two instruments:  RAD 7 by Durridge (USA) and EPP 10 by Saphymo - Stel company (France).
Both are portable units designed to measure radon in air sample in soil.  RAD 7 is a monitoring, sen-
sitive and automated instrument, but has a significant turnaround time, of about 1 h. The instru-
ments’ measurement is taken in automatically controlled humidity, which must be less than 5%.
The electronic detector of moisture blocks often rendering the instrument difficult to handle for sys-
tematic research. The instrument has a silicon detector. The measurements are repeated in 4 equal
time intervals and are given in pci/l with a deviation of a few tens of units.  Printed histograms of
the radioactive element that emits radiation are given too.  EPP 10 is not a recording – automatic in-
strument, but it is suitable for systematic work and, more importantly, it does not block outside. For
the above reasons, after a series of double measurements and due to the fact that significant prob-
lems were encountered with the electronic instrument, the measurements were limited to EPP 10.

The scintillation- meter consists of a 150 AVP photomultiplier, which transforms into electricity the
sparks emitted by ray alpha upon hitting the inner walls of glass vial coated with zinc sulphide and
activated with silver (ZnS [Ag]). These electrical impulses then determine the electronic circuits of
information processing, from which finally a micro amber meter gives results expressed in beats
per second, c / s, (Dumoulin, 1978). 

The measurement of γ-radiation at ground level is fast becoming a routine using the Saphymo – Stel
company (France), SPP2N meter of scintillation for small, intermediate and large scales of measure-
ments, 50, 150, 500, 1,500, 5,000 and 15,000 c / s. A NaI crystal is built into the portable device and
the measurement refers primarily to the γ-radiation emitted by radio with the farther degradations el-
ements lead and bismuth 214 with a small half period of 26.8 and 19.7 minutes, but with the relevant
energy being at the highest level of 0.188 - (0.250-0.294-0.350) and 0.606 MeV respectively.

The measurement of gamma radiation is proportional to the quantity of the parent uranium, as long
as there was enough time to reach radioactive equilibrium, 1 million years for the group of uranium
and 70 years for that of thorium. Usually the radioactive equilibrium exists in nature, but sometimes



Table 2. Data of γ radiation in the urban and suburban area of Nafplion.

Serial
Number Class Mean class Frequency Cumulative

Frequency % Prices

1 0,0-5,0 2,5 0 0

2 5,0-10,0 7,5 9 9 25.95

3 10,0-15,0 12,5 23 32

4 15,0-20,0 17,5 24 56

5 20,0-25,0 22,5 37 93 46.20

6 25,0-30,0 27,5 12 105

7 30,0-35,0 32,5 16 121

8 35,0-40,0 37,5 20 141 22,78

9 40,0-45,0 42,5 5 146

10 45,0-50,0 47,5 11 157 10,76

11 50,0-55,0 52,5 1 158
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there is movement, solubility, leaching or precipitation of one element and as a result some already
existing elements, for example in water, are found in abundance and other insoluble elements will
be deposited because of their nature. In this case, a full analysis of radioisotopes, which can be iden-
tified, such as uranium, thorium, radium, radon, etc. (CREGU, 1981) is necessary.

3.2 Field research measurements

Based on the research needs of the project, the measurements in the field were carried out using
grid of 500 m. The identification of the location spots in the countryside was determined with GPS
of a few meters’ accuracy, in relation to fixed points such as roads’ intersections, canals, streams, etc.,
as well as morphological data of the area. The approach of the desired point was achieved either by
car or on foot, while in case this was difficult or impossible; the closest accessible spot to the loca-
tion was selected, in order to increase productive work time.

Before air sampling, from a depth of about 50cm in the ground, the instrument was prepared, vac-
uum was created inside, the indications were controlled etc. In the first five minutes of operation of
the instrument, which is the accepted constant of integration, the average price represents the best
measurement of the position.

For a total research area of about 36Km2, 158 measurements were taken, which are, prima facie, sat-
isfactory for the identification of sensitive variations of radon, i.e. approximately 5 measurements
per Km2.

4. Results - Assessment

The summary of data measurements is presented in Tab. 2 and Table 3, expressed in c / s, SPP2N
and EPP 10, for the γ and α radiations of stations of the research field.

In an ideal case, the values of radon in soil should remain at stable levels. However, in most cases
radon prices often vary, due to various factors, such as changes in the uranium-thorium contents in
different background rocks, or even in one and the same rock, variations to thickness, porosity, per-



Table 3. Radon subsoil in urban and suburban area of Nafplion.

Serial
Number Class Mean class Frequency Cumulative

Frequency % Prices

1 0-0.5 0.25 63 63 47.47

2 0.5-1.0 0.75 12 75

3 1.0-1.5. 1.25 9 84

4 1.5-2.0 1.75 12 96

5 2.0-2.5 2.25 12 108 27.85 

6 2.5-3.0 2.75 11 119

7 3.0-3.5 3.25 10 129

8 3.5-4.0 3.75 4 133 9.49

9 4.0-4.5 4.25 1 134

10 4.5-5.0 4.75 6 140

11 5.0-5.5 5.25 5 145

12 5.5-6.0 5.75 5 150

13 6.0-6.5 6.25 4 154

14 6.5-7.0 6.75 2 156 15.19

15 7.0-7.5 7.25 0 156

16 7.5-8.0 7.75 0 156

17 8.0-8.5 8.25 1 157

18 8.5-9.0 8.75 0 157

19 9.0-9.5 9.25 0 157

20 9.5-10.0 9.75 1 158

TOTAL 100

meability, the circulation of hot or cold water, or some changes from cracks, joints, etc., allowing
dissolution in water or passive removal - release of radon into the atmosphere.

According to the measurements from all plants (Table 3):

— 47% of the data indicates very low values of 0,0 - 1,0 c / s EPP 10, namely 0, 0 - 27,4 pci /
lt or 0,0 - 1.000Bq/m3,

— 28% of the values also remains lower than 1, 0 - 3.0 ERP 10, namely 27,4 -82,2 pci / lt or
1.000 - 3.050 Bq/m3,

— 25% of the values is higher than 3.050 Bq/m3, although they are still lower than the values
of radon in other regions of Greece.

As a measure of comparison it should be mentioned that in France, 200 - 500 Bq/m3 are accumu-
lated in closed spaces, when values greater than 10.000 Bq / m3 are measured in the underground
(Lempereur, 1988). Also in the urban area of Kalamata, in all 370 radiotracer open- type LR 115 in
schools and underground spaces, almost all values of radon were below the level of 200 Bq/m3
(Geranios et al., 2001). 
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For the overall assessment of risk from radon in the human environment three key parameters are
necessary to evaluate: the contents produced by the background rock, the selective-passive escape
of radon in the air and the potential accumulation in enclosed and thus habitable spaces. Therefore,
the measurement of radon in soil expresses the result of the first two factors.

Fig.2: Distribution of γ-radiation in urban and suburban area of Nafplion.

Fig 3: Points of measurements of radon and uranium in the urban and suburban area of Nafplion.



XLIII, No 3 – 1463

The level of measurement of radon is affected significantly by water, since radon has a large solu-
bility in water depending also on its physiochemical characteristics such as pH, temperature, pres-
sure, concentrations of various ions, metals, non-metals compounds, etc.  It is soluble in certain
circumstances and less in others, for example at 0o C exhibits the double rate of solubility in com-
parison with the 25o C (Ball et al., 1991).

Given the above, the values of radon stand out in the old and new deposits of streams, north-east of
the outskirts of Nafplion, which exhibit a high background with most of the highest rates of radon
above the X + 2 σ.

Low concentrations are present in the Cretaceous limestones, in contrast to those of Senonion, where
two stations measured amongst the highest concentrations.

Interim radon values, with the greater range, from very low values to well above X+σ are present in
the flysch. The same prices are presented in alluvial deposits in the area of St. Panteleimon.

Tiryntha and Nafplion. In these cases, however, the values form North – East axes anisotropy near
the town of Nafplion and in North – South direction close to Tiryntha, associated with non-visible
from the surface geotectonic structures.

However, the main anisotropy in the distribution of radon, which is almost parallel to the coastline
and is about 3 Km from this, found at the level of the town of Nafplion up to 1Km of the level of
Tiryntha, appears to have a northwest direction. It extends across virtually all geological formations
with a thickness exceeding the 2Km and is associated with deeper tectonic structures invisible on
the surface, but also on the geological occurrences under study.

The average Triassic limestone for example, or those of the lower Cretaceous and flysch appear to
eliminate the impression of these deep structures, southeastern of Nafplion town, in relation to ex-
isting deposits in North -East .

An interruption or also cover of the mega-structure in North – West appears at the area of Prophet
Elias of Nafplion and Tiryns, having a North –East direction and a smaller North-South direction re-
spectively with reduced radon values, which could be interpreted as a possible definition of the entry
area of the sea to the well horizon.

5. Conclusions

The concentrations of radon in urban and suburban area of Nafplion, which are measured on the
ground, do not represent a source of additional radioactive burden for the population. These values,
like the values of γ-radiation at ground level are low compared with other regions of Greece. As low
as they may be, potentially, one cannot exclude the possibility of radon accumulation in enclosed un-
derground spaces to levels that require check of the house for the existence of radon. 

The isoradon curves show anisotropy axes, which vary according to the geological formation and
the underlying deeper or not tectonic structures, prevailing in the area of research.  Three issues can
be identified: 

1) Separation of rocks with the lowest, intermediate and above the level X+2σ concentrations.

2) A dominant anisotropy Northwest, almost parallel to the coastline, which is associated with
underlying tectonic structures and shows a slight growth of  her conjugate at North- East di-
rection, at the level of Nafplion town.
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3) Smaller North- East and North - South anisotropies at the height of Prophet Elias Nafplion
area and Tiryntha respectively, may designate the possible range of sea entrance shaft to the
well horizon.
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Abstract 

The morphological and geological setting of Greece, the active tectonics and the irrational human
activities results to the fact that several natural sightseeing areas or even more, archaeological sites
and monuments are located in areas with unfavourable geotechnical conditions. The selection of the
proper support and protection measures in most of the cases appear to be very difficult because the
applied measures must reassure the minimum aesthetic destruction of the sites. 

The natural sightseeing area of the Arvanitia walkway, in Nafplio city, is a typical example of site, with
extensive human activities, manifesting serious rockfall stability problems. The applied stability analy-
sis pointed out the geotechnical problems and allowed the suggestion of measures for the improve-
ment of the geotechnical behaviour of the rock mass. The measures were planned with respect to the
natural beauty and the historical character of the site. Further more, the stability problems located
at the slopes of the Kastoria lake walkway are briefly presented. The differences between the two
sites revealed the geotechnical problems arising when the landplaning engineers do not take under
consideration the engineering geological conditions during the construction of infrastructures.

Key words: rockfall, natural sightseeing areas, Arvanitia walkway, Nafplio city.

1. Introduction 

Within the limits of Greece Territory several natural sightseeing areas or even more archaeological
sites and monuments are located in areas with unfavourable geological conditions. Areas subjected
to sliding, creeping or settlement phenomena have been used as foundation formations. Also several
sites are founded on the base of unstable slopes arising issues for their safety and stability. 

The natural sightseeing areas of Porto Katsiki beach in Lefkada and Navagio beach in Zakynthos Is-
land are located along the base of extremely high and unstable slopes. Several sections of the walk-
way along the Kastoria Lake are constructed at the base of steep slopes. The slopes of the Acropolis`
hill in Athens contain numerous rock wedges threating the safety of the surrounding monuments
(Andronopoulos & Koukis, 1976). Delphi archaeological site is located on the base of an extremely
high limestone slope appearing numerous rockfalls. These examples clearly present the variety of
the sites affected by geological – geotechnical causal factors causing slope instability. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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The selection of the proper support and protection measures in those cases appear to be very diffi-
cult. No matter how intensive the problems are the applied measures must avoid or even restore, in
a certain extent, the aesthetic alteration of the sites. 

The natural sightseeing area of the Arvanitia walkway is a typical example of a site appearing rock
fall stability problems. Arvanitia walkway connects the pier of the city with Arvanitia square, ex-
tending to a total length of 1100m (fig.1). The southern part of the street, along the Akronafplia gulf
(650m), was constructed by means of extensive excavations along the base of the peninsula. These
artificial slopes appear serious stability problems because the excavation was done using  mass of
explosives and without taking any measures for the removal of the overhanging rocks.  Further-
more, in several sections the road was constructed attached to the base of the slopes or even worse
under overhanging parts (negative inclinations). The occurred stability problems beside the numer-
ous walkers threat the life of the climbers exercising on these slopes.   

The objective of this study  was to reveal  and analyse the stability problems of the slopes and to pro-
pose the proper remedial measures by taking under consideration the sightseeing character of the site
and the request for its minimum aesthetic destruction. Apart from Arvanitia walkway, the stability
problems encountered at the slopes of the Kastoria lake walkway are briefly presented. The differ-
ences between the two sites presented the geotechnical problems arising when the landplaning en-
gineers do not take under consideration the engineering geological setting during the construction
of infrastructures.  

2. Morphological - Geological setting

The old city of Nafplio was build at the north foot of Acronafplia peninsula. Arvanitia walkway en-
circle the peninsula connecting the pier, from the west, with the Arvanitia square, to the east (Fig. 1). 

The inclination of the slopes surrounding the peninsula vary, affected mainly by the tectonics. The
slopes along the north side of Acronafplia present relatively smooth inclination and therefore the city

Fig. 1: Satellite pictures - taken from Google Earth - pointing the location of Arvanitia walkway in relation to
Nafplio city.
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extents towards the hill. Οn the contrary, the north-western and the southern slopes are effected by
normal faults and fractures presenting steep to very steep inclination, respectively. 

This status affects proportionally the safety of Arvanitia walkway. Along the southern side of Acron-
afplia peninsula, with the very steep slopes, the walkway is constructed attached to the base of the
slopes. Also because of the limited space, in several sections extensive excavations with negative in-
clination, or even more a small tunnel were conducted in order to open up the walkway. On the con-
trary, along the north-western part of the pedestrianized street with the smoother slopes, the
excavations were reduced to the minimum and the walkway was constructed on a safe distance from
any steep slope. 

The Arvanitia walkway was constructed intersecting mainly the Cretaceous neritic limestones and
the base conglomerates (Ki-sk,c) consisting of the peninsula. Some parts of the walkways also cross
Pleistocene cohesive debris (Pt.sc) and  Quaternary alluvial fans (Qsc), as shown in the geological
map of figure 2 (Fotiadis, 2008; IGME, 1982). 

The limestone appears to be massive with limited karstic erosion mainly along the faults. The rock
mass of limestones is fractured by multiple joint sets forming numerous wedges along the natural
and artificial slopes. The Pleistocene debris and the alluvial fans appear to be cohesive with
favourable mechanical characteristics, classifying them as soft rocks. 

During the field work numerous normal faults were recorded. The projection of the tectonic data on
the Schmidt net reveals that their orientations are NE-SW, NNW-SSE and NW-SE determinately af-
fecting the geomorphologic structure of the peninsula.

3. Geotechnical setting- safety assessment

The slopes along the Arvanitia walkway can be distinguished in two categories, taking into account
both  the location of the road in relation to the base of the slope and the available space for the in-
stallation of the support and protection measures. As presented in figures 3, 4 and 5 sections A, B

Fig. 2: Geological map of the Akronafplia peninsula. Geological formations: Ki-sk,c: Cretaceous Neritic Lime-
stone and Base Conglomerate, Pt.sc: Pleistocene cohesive Debris, Pl.st: Pliocene Limestone Breccias with,
Qsc: Quaternary alluvial fans (Fotiadis, 2008). 
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Fig 3. Satellite picture (Google Earth) pointing the parts of Arvanitia walkway (A, B and C) constructed along
the base of the slopes. The Schmidt stereo diagrams presenting the numerous joint sets intersecting the A, B and
C parts of the slopes. The numerous unstable wedges are clearly presented by checking the intersected major
planes in the ``zone of potential instability `` (grey area) (Hocking, 1976; Hoek & Bray, 1981). 
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and C are constructed attached to the base of the slopes without living any space for the installation
of any protection measure. Those sections appear serious stability problems, due to  the rock mass
fracturing, and the disturbance caused by the excavation procedure. 

The Schmidt stereo-diagrams presented in figure 3 prove that the A, B and C parts of the slopes are
intersected by multiple joint sets. Most of the joints appear very high persistence (>20 m), wide spac-
ing (1-2 m), no separation (< 0.1 mm) and lack of weathering. Those parameters explain the high
RQD values (reaching up to 80-90%) and justify the also high RMR ratings (75-80) that classify the
limestones in the “good” rock mass category (Kolligri, 2008). Based on the before mentioned char-
acteristics of the joints, the wedges formed along the slopes are common and almost always oversized. 

Beside the tectonics, the rock mass condition was affected by unadvised excavation procedure. The
lack  of any pre-splitting technique during the cutting of the artificial slopes (figure 5c), led to the
intensive cracking of their rock mass. The abundance of the over hanging blocks, the height of the
slopes (reaching up to 40 m) and the installation of the road on the base of the slopes without keep-
ing any safety distance, cause serious safety issues. 

All these problems are even more intensive along section C. Several meters of the walkway are con-
structed not only attached at the base of the slope, but along overhanging parts. Even a small tunnel
was constructed in order to cross a ledge of the rocky slope (fig. 5). 

The slopes along the rest of the walkway (except parts A, B and C) manifest the same tectonic frag-
mentation but they are not disturbed by any excavation procedure. Further more the available space
along the base of these slopes, as well as the tree cover, allow the installation of all necessary pro-
tection measures without causing any aesthetic destruction to the site (fig. 6).

Fig 4. Photos presenting the condition
of the rock mass in the before men-
tioned parts A, B and C of the walkway.
Pictures A΄, B΄ and C΄ present focus on
main wedges in the corresponding
slopes. 



4. Proposed support and protection measures

For the selection of the proper support measures of sections A, B and C, besides the stability analy-
ses, rockfall propagation analyses were conducted (Fig. 7A), using the RocFall statistical analysis
program. These analyses revealed that the spreading of the falling rocks covers the entire road width. 

Unfortunately, the above mentioned stability problems require the application of remedial measures
causing disturbance to the natural sightseeing character of the site. Indeed, the actions needed to be
applied are: a) removal of all overhanging detached rock blocks, using controlled quarrying b) ap-
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Fig 5.: A) A small tunnel constructed along section C. B) Wedges hanged over the entrance of the tunnel. C)
the intense artificial fracturing  around a drill used for the installation of explosives. 

Fig 6.: Photos taken from the slopes extending between section A and B. The available space allows the in-
stallation of camouflaged protection measures. 
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Fig 7.: A) Analysis for the estimation of the rock fall propagation in a typical cross section of the slope, B, C,
D and E) typical support and protection measures. Wire nets (B and C), fences (D) and gabion boxes embank-
ments (E). 

plication of spot bolting in order to stabilize all the big rock wedges and c) installation of a high
strength rockfall protection uniaxial netting along the entire slope (Fig. 7B, C). 

Alternatively, as the net, causes a visible aesthetic demission, it could be substituted by the instal-
lation of a metallic frames shelter, covered on top with wavy sheet iron. Metallic frame constructions
could be designed to take over the impact of a rock fall and at the same time their architectural de-
sign could make them fit the natural sightseeing setting. 

The selection of the proper protection measures for the slope parts being at a distance longer than
ten meters from the walkway can be easily confronted. The available modern protection fences sys-
tems (Fig. 7D) could be very effective without causing any aesthetic distraction to the sightseeing
site. These fences could be installed along the base of the slopes within the limits of the declivity
extending between the slope base and the walkway, and can be camouflaged by planting trees or
bushes. Along the western part of the walkway, with the larger available base declivity space, gabion
boxes embankments (Fig. 7E) can be installed instead of fences. The installation of these embank-
ments is cheap and they require no maintenance expenses, unless they are damaged. 

5. Rock slope stability problems in Kastoria lake sightseeing walkway 

Unfortunately, the ignorance of the engineering geological characteristics and the underestimation
of the stability problems led to the inappropriate land planning design of many other natural sight-
seeing areas all over Greece (Rozos & Nikolaou, 1996; Koukis et al. 1997; Koukis & Rozos, 1997;
Koukis et al., 2005; Loupasakis & Karfakis, 2007). Figure 8 presents as an example, the sightsee-
ing site of Kastoria lake walkway exhibiting similar geotechnical problems. The Kastoria lake walk-
way is a, 8,5 km long, narrow road surrounding the peninsula. The stability problems vary from
section to section, but generally they are not so intensive as these reported in Arvanitia walkway. The
slopes are sorter and gentler and the distance between the base of the slope and the road is sufficient

27 (3)
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for the installation of proper protection measures, such as metallic fences, sort concrete walls or ex-
cavated trapping ditches (Fig. 8C & D). Limited sections with steep slopes (Fig. 8B) can be protected
with wire nets, without causing serious aesthetic alteration to the site because of their reduced con-
tribution to the total length of the road.  Most of the before mentioned geotechnical problems could
have been avoided if during the construction of the road the condition of the rockmass was taken
under consideration. For example the road could have been constructed 1m higher in order to give
space for a trapping ditch. Also, due to the sallow depth of the lake, limited section could have been
constructed over the lake, avoiding the excavations.

6. Conclusions – discussion 

The stability analysis of the slopes at Arvanitia practically prove that with the present conditions,   the
examined walkway can be considered as an extremely dangerous sight seeing location. The numer-
ous rock blocks hanging all over the slopes can very easily harm the citizens using the road. A strong
earthquake motion or even an intensive rainfall could become the triggering effect of a rockfall
(WP/WLI, 1994). Moreover, the climber athletes using the slopes as a practise field could trigger a
rockfall by unlocking a wedge with their own bodyweight. As it can be easily understood an inci-
dent like that could be fatal for their lives.

The proposed measures are unavoidable going to cause an aesthetic destruction to the site. The in-
stallation of netting along the entire slope faces of sections A, B and C is going to cover the natural
wildness of the rockmass but also to abolish  the numerous birds nesting along the slopes. 

Although the morphology of the peninsula, especially along the south side, is steep, the stability
problems could have been reduced or even avoided if the walkway was constructed closer to the sea
over embankments without disturbing or approaching the slopes, leaving space for the installation
of proper protection measures. Obviously, the walkway was designed without taking under consid-
eration the stability problems of the slopes. 

As a result, the engineering geological characteristics of the slopes should be taken into considera-
tion when natural sightseeing areas are upgraded for public use. The proper engineering geological
study helps land planning of sightseeing sites, to the direction of their correct development. Further

Fig 8.: A) Satellite pictures - taken from Google Earth - pointing the Kastoria peninsula surrounded by the, 8,5
km long, lake walkway, B, C and D) variant views of the walkway sections.  
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more, proper land planning of the facilities can reduce the hazards and, consequently, can reduce the
cost of any slope support measures. It is imperative that the study of engineering geological condi-
tions must precede the land planning and development of these sites .
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Abstract

The recent palaeogeographic history of the Gulf of Argolis was studied by means of marine geo-
physical surveys and sediment sampling for subsequent laboratory analyses. Data interpretation
suggests a relatively smooth seafloor gradient, characterized by an amphitheatrical pattern of
the sea bottom. Prominent beetling features comprise the Bourtzi islet near Nafplio coast, small
ridges in the southern margin of the studied area, and several conical ridges in the central part
of the gulf. Four unconformities were identified, defining four different sedimentary units. Gran-
ulometry measurements allowed the mapping of present-day seafloor sediment distribution,
where fine sediments prevail; the only exception was observed at the eastern coastal areas,
where sand con-tent reaches 70%. Contouring of granulometry statistical parameters highlights
a NW towards SE transfer of fine-grain sediments. Finally, taking into account the results of the
present study and all available information for the broader area, a model for the Upper Qua-
ternary palaeogeographic evolution of the Argolis Gulf was constructed.

Key words: Upper Quaternary, marine geophysics, seismic profiles, bathymetry, stratigraphy,
Aegean Sea, Argolis Gulf

1. Introduction 

The Institute of Geology and Mineral Exploration (I.G.M.E.) of Greece, in the frame of “Com-
munity Support Framework 2000 – 2006”, Operational Program “Competitiveness”, imple-
mented the project called “Collection, codification and documentation of geothematic
information for urban and suburban areas in Greece. Pilot studies”. In the framework of sub-
project 3 “Integrated geological, geotechnical, hydrogeological, geochemical, geophysical and
marine studies of the urban and suburban pilot area of Nafplio, Argolis municipality”, marine
geology research was carried out at the Gulf around the broader Nafplio area (Andrinopoulos
et al., 2008). This paper presents the Upper Quaternary stratigraphy and paleogeographic evo-
lution during the same period of the northern Argolis Gulf (Fig. 1) using high-resolution seis-
mic-reflection profiles and surface sediment sampling.

2. Geological setting

The Argolis Gulf is a located off the east coast of Peloponnese, opening into the Aegean Sea.
It is surrounded by two prefectures, Arcadia and Argolis. At the head of the gulf we find its prin-
cipal port, Nafplio, and the mouth of the Inakhos River. Just north of the head of the gulf is the

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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city of Argos, an important Mycenaean and Dorian centre. The prominent topographic features
of the gulf are: Bourtzi, a small island in shallow waters with the homonymous castle, and
Akronafplia peninsula, bounding from the north Nafplion seaport. The inclination of the slopes
surrounding the gulf vary, affected mainly by tectonics, while the wider studied area is char-
acterized by the existence of active and potentially active faults (Georgiou & Galanakis, 2009). 

The Argolis peninsula geotectonically belongs to the Pelagonian isopic zone of the Internal
Hellenides. It comprises a composite nappe pile (Bortolotti et al., 2003 and references therein)
of several imbricated pre-Neogene tectonic units, tectonically assembled in two major distinct
tectonic phases, one in the late Jurassic and the other in the late Eocene (Photiades & Skourt-
sis-Coroneou, 1994). A detailed geological survey in scale 1:5.000 of the greater Nafplion area
was carried out by Photiades (2008).

3. Data acquisition

Geophysical data from the Argolis Gulf were collected during a single cruise by the vessel Agni
3, in September 2006. The acquisition area covers a rectangular area of 3 km×4.5 km (Fig. 2),
with 22 parallel lines in E–W direction, track spacing of 200m, and 4 profiles in N–S direction,
track spacing of 500m (for a total of 100 km).

A Geoacoustics 3.5 kHz 10KW high-resolution shallow seismic system (Fig. 3) was used with
a resolution of 20-50 cm and an average penetration of 30-40 m. Data were recorded in ana-
logue format with a EPC 9800 graphic recorder. Recording sweep rata and triggering of acoustic
waves was set to � and ¼ of a sec respectively. An assumed sound velocity of 1500 m/s was
used to derive the water depths and the thickness of subbottom layers (Houtz, 1973). Bathy-
metric data were collected with a KNUDSEN LED 320M precision depth recorder (12 and 200
kHz), with increased resolution, 10-20 cm, and satisfactory penetration, 30m.

The recognition of seismic sequences and their interpretation are based on the seismic strati-
graphic analysis methods outlined by Mitchum and Vail (1977), Sangree and Widmier (1979)
and Brown and Fisher (1980). Processing and plotting of the seismic data was carried out at
IGME using Surfer software (Golden Software); kriging interpolation was applied. Our knowl-
edge of the oceans from geophysics depends heavily on positioning observations accurately. In
the present study a GPS Magellan sportrak map system was used for navigation giving an ac-
curacy of about 5m, which is adequate for sea geophysical studies. To avoid interpretation er-

Fig. 1: Satellite image – taken from Google
Earth – showing the location of the Argolis
Gulf and main topographic features of the
broader Nafplion area.
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rors, acoustic response data should be complemented with sedimentological data from surface
samples. Thus, 14 samples (Fig. 2), of both fine- and coarse-grained material, from the sea-bot-
tom surface were gathered, using a Dietz la Font and a Van Veen bottom grab samplers.

4. Results

4.1 Bathymetry

Seismic data is generally of good quality and allowed the elaboration of a high resolution, scale
1:5.000, bathymetric map of the northern Argolis Gulf. Bathymetric contour lines are drawn every
1m (Fig. 3). The Argolis gulf is characterized by regular seafloor morphology with an amphithe-
atric pattern. A maximum depth of 22m, below sea level, is measured, while the steeper inclina-
tions are observed in the southeastern sector of the study area. Prominent feature of the gulf is the
mound forming Bourtzi islet, off the coast of Nafplio; it is a ENE-WSW trending elliptically
shaped mound, defined by the 2m bathymetric contour line. In the central part of the gulf small
underwater conical peaks, of 20-50m diameter and 2m height, are present (Figs. 3 and 4). Another
element, worth noting, is the morphology observed throughout the channel between Bourtzi is-
land and Cape Arvanitia, at Akronafplia peninsula. It constitutes a deepening corridor of the chan-
nel and the port of Nafplio, with approximately 1200m length, 200m width and 8m depth.

4.2 Sub-bottom structure

Seismic reflection data comprise the most obvious and directly analysed seismic parameter and
show the gross stratification patterns from which depositional processes, erosion and palaeoto-

Fig. 2: Index map showing the location of seismic-re-
flection profiles and numbered surface samples col-
lected from the Argolis Gulf.

Fig. 3: Present-day bathymetry of the study area,
obtained from marine geophysical data. Bathy-
metric contour lines every 1m.



XLIII, No 3 – 1477

pography can be determined (Mitchum et al., 1977). Three main seismic reflectors, that define
three unconformities (horizons a-c), bounding four seismic units (A-D), are observed in the
study area (Figs. 5 & 6). Two examples of seismic profiles are shown in Figures 5 and 6, where
the interpreted profiles illustrate the primary seismic stratigraphic and geomorphic elements
discussed in the text. The unconformities observed are, from top to bottom the following: Hori-
zon a: The upper unconformity appears as a strong reflector, extending almost everywhere in
the study area. It is found at depths varying from 1-6m below present-day sea bottom level,
while in places it is wedge-shaped towards the seafloor. This horizon is regular, in general, with
erosional features, e.g. old channels, only locally present. Horizon b: A second unconformity
is detected in the seismic profiles as a very strong reflector, irregularly shaped, spanning all over
the studied area. It is found at varying depths, 1-10m, below the present-day sea bottom sur-
face. This horizon is a very irregular surface, characterized by the presence of old channels and
stream beds, dipping 1-8m. The morphological differences between unconformity b and the
present-day seafloor can be seen in Figure 4. Seismic horizons a and b converge and wedge into
the seafloor around the Bourtzi mound. Horizon c: The lower unconformity is detected only
around the Bourtzi islet; as we move away from this mound it is steeply dipping, soon ex-
ceeding depth penetration of our equipment.

Fig. 4: 3D view of the present-day
seafloor morphology (top) and
horizon B (bottom).
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The sedimentary units determined from seismic data are, from top to bottom, the following: Unit
A: The upper unit comprises mostly fine-grained sediments (silt and clay), while in the coastal
areas a gradual transition to more coarse-grained materials is observed.  This unit extends over
the whole study area, with thickness varying from 0-6m. Its upper limit, which constitutes the
present-day seafloor, exhibits locally at 4-7m depth, wavy ripplemarks formed during rough sea
periods. At the northeastern part of the gulf, over the base of unit A, well-developed deltaic de-
posits are observed, with prograding delta characteristics. Unit B: Reflectors a and b define a
sequence of intercalating coarse- and fine-grained sedimentary layers. This unit, spanning all
over the study area, varies in thickness from 0-13m; the smaller values are observed along a
zone northwest of Bourtzi mound, while at both sides of this area the thickness is increased
abruptly, reaching 12m. In the interior of unit B seismic data indicate the presence of numer-
ous secondary unconformities, old channels and watercourses of rivers filled by younger sed-
iments that are often re-eroded and refilled. In the central and southern regions the emersion of
this unit creates small elevations at the seafloor; from the top of these peaks an escape of fluid
material into the sea water is observed, while at the regions where this unit is overlain by thin
sedimentary layers perforation of unit A and creation of small craters on the sea bottom takes
place. The nature of these fluids was not possible to be precisely determined from the existing
data. However, from the seismic characteristics it can be deduced that they are probably due to
the escape of freshwater that circulates within unit B. Finally, in the interior of this unit there

Fig. 7: Sediment distribution
over the seafloor surface.



are obvious signs of sapropelic deposits and biogenic gases. Unit C: This seismic layer extends
almost throughout the gulf, with intense characteristics of erosion over its surface. The thick-
ness was not possible to be thoroughly mapped because it appears opaque to acoustic waves.
This unit comprises a cohesive sandstone formation, rich in marine shells. At the eastern part
it appears affected by a NW-SE directed fault system, which caused the development of a horst
and a graben, both NW-SE trending. Unit D: This seismic unit is only locally detected, around
the Bourtzi mound and the Arvanitia coastline, up to 18m depth. It constitutes an extension of
the Mesozoic limestones from these regions beneath Unit C.

4.3 . Sediment texture

Granulometry analyses allowed the compilation of a distribution map for sediments of the
seafloor (Fig. 7). In this map we can observe the predominance of fine-grain sediments (silts,
sandy silts, clayey silts), with the exception of the coastal – and mainly the eastern – areas
where sand content increases up to 70%. Examining the statistical parameters (Table 1) de-
rived, using the formulas of Folk (1974), from the granulometry analyses data it is obvious that
for the majority of sediments the mean size is less than 4Φ (0.0625mm). The values of skew-
ness, which for all samples exceeds 1Φ, characterizes poorly sorted sediments. Finally, the spa-
tial distribution of statistical parameters indicates a trend for transportation of fine-grained
sediments from NW towards SE.

From the microscopic examination of the sand fraction of each sample it is evident that the
sediments of the gulf can be divided in two categories, based on their qualitative and quantita-
tive composition. The first group includes coastal sediments, which comprise quartz crystallo-
clasts and biogenic components in a fraction up to 95% of the total sand content; the second is
made up by sediments from the central and southern areas that are characterized by the pres-
ence of calcareous rocks lithoclasts and biogenic components up to 95% (Fig. 8). This fact
leads to the conclusion that sediments of the first category emanate mainly from erosion of fly-
sch formations from the east and northeastern areas of the Argolis gulf, while the second are
mostly products of erosion from calcareous rocks around the northwestern coasts of the gulf.
In both cases biogenic material consistes of shells and fragments of benthic foraminifera, lamel-
libranchii, bryozoa, porifera, gastropods, brachiopods, biogenic structures and aggregates.
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Fig. 8: Representative sediment samples with predominance of quartz crystalloclasts (left) and calcare-
ous rocks lithoclasts (right). Photos from stereoscopic microscope (x20). 



Table 1. Statistics derived from granulometry analyses, using the formulas of Folk (1974). Depth (in
meters) measured from sea level; Mean size Mz=(Φ16+Φ50+Φ84)/3; Standard deviation
σI=(Φ84-Φ16)/4+(Φ95-Φ5)/66; Skewness SK1=(Φ16+Φ84-2Φ50)/2(Φ84-Φ16); Κurtosis
KG=(Φ95-Φ5)/2.44(Φ75-Φ25)  

Sample Depth (m) Mean Size (Φ) Standard 
Deviation (Φ)

Skewness (Φ) Kurtosis
(Φ)

08 3.5 5.47 3.08 -0.05 0.95

09 10.5 5.84 3.46 -0.29 0.76

10 3.0 4.08 1.75 0.40 1.97

11 3.0 6.80 2.80 -0.27 1.53

12 4.5 2.88 1.00 0.36 0.69

13 11.1 6.64 1.86 -0.23 1.68

14 9.2 5.20 2.45 -0.12 0.95

15 15.0 7.12 1.05 -0.15 1.49

16 6.5 6.60 2.04 -0.38 1.92

17 6.8 5.24 3.18 -0.53 1.44

25 2.5 5.68 2.73 0.17 1.13

26 2.9 5.17 2.27 0.35 1.21

28 3.3 3.88 3.29 0.15 0.73

27b 6.5 0.76 2.75 0.93 1.20
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5. Conclusions - Palaeogeographic evolution 

Based on all data and published information (Finke, 1988; Perissoratis & Van Andel, 1988;
Perissoratis et al., 2000; Stanley & Vitaliano, 1987; Stanley et al. 1990; Van Andel & Perisso-
ratis, 2006) the palaeogeographic evolution of the Argolis gulf during the Upper Quaternary can
be determined: 

During the last glacial period, that took place 18,000 years ago, sea level reached a minimum
of 120m below the present datum (Fig.9) and thus dry land extended down to this depth. Sub-
sequent melting of ice and important growth of the local hydrographic network resulted in in-
tense erosion of the area and collection of significant amount of sediment from the same area;
thus, the sandstones of Unit C were revealed, through a much eroded surface, namely uncon-
formity b. 

The presence of a horst, NW-SE directed and dipping towards the NW, played a decisive role
in the palaeogeography of the Argolis gulf. After sea regression this horst acted as a barrier and
did not allow the total drainage of the adjacent tectonic ditch, resulting in the creation of lakes
at the level of -13m down to -15m approximately. These lakes most probably extended north-
ern from the present-day coastline (Fig.10) and linked at the time the northeastern hydrographic
network to the northwestern one. The fine-grained sediments deposited by both networks con-
stitute Unit B. 
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The continuing melt of glaciers resulted in a rapid rise of the sea level that gradually covered
Unit B, which was unconformly overlain – originally at the deeper regions and successively at
the shallower ones – by the more recent marine sediments of Unit A. 

When the sea level reached the level of the lakes, the latter had been completely filled by the
ultrafine-grain material of Unit B. The continuous sea transgression caused a rise in the sea

Fig. 9: Global eustatic sea level change dur-
ing the last 80,000 years (Van Andel &
Perisoratis, 2006).

Fig. 10: Topographic and morphologic map
of unconformity b.
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level up to -5m, covering the whole region of the lakes, creating a lagoon area. In this new en-
vironment sediments, transported by the hydrographic network, were deposited as deltaic thrusts
over a long period.

Finally, 6,000 years ago the level of the sea reached its present-day status, submerging the lower
dry land up to the fringes of the ancient Tiryns mounds. At that time the growth of delta deposits
seizes and they are covered by the more recent Holocene marine sediments of Unit A. The con-
stant infill of material resulted in the repletion of shallow lagoons, moving thus the coastline
to its current position.  

The uninterrupted sedimentation, on-going even today, will result in the continuous expansion
of land against the sea. However, at present this phenomenon appears to have slowed down
considerably, due to a decrease in rainfalls over the last years and to anthropogenic interven-
tion (e.g. overpumping of the aquifers, interventions in the hydrographic network).
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Abstract 

In the frame of the “Urban Geology” project of IGME a lot of remote sensing applications were car-
ried out: DSMs creation and accuracy verification, orthorectification of very high resolution satel-
lite data, data fusion, multitemporal and multisensor image analysis, land cover and land use change
detection e.t.c. The applications that took place in the pilot case of Nafplio are presented in this study.

Key words: DSM, orthorectification, fusion, multitemporal data, Corine Land Cover. 

1. Introduction 

One of the major projects of the Institute of Geology & Mineral Exploration (IGME) regard a mod-
ern issue of geology called “Urban Geology”. In the frame of that project there was a need for a high
accuracy Digital Surface Model “DSM” covering the whole country and update high resolution satel-
lite data for the prefectures capital cities. Thus, many remote sensing applications were carried out:
DSMs were created from different satellite data and accuracy control was done. The DSMs and the
derived products were compared with respective data from topographic maps and airphoto stere-
opairs. The DSMs were used for the orthorectification of high resolution images and other applica-
tions such as slope and aspect map creation, environmental planning et.c. High resolution (Ikonos and
Quickbird) data was also orthorectified. Those data is used for the land use classification, land cover
change detection and the urban area mapping. Land cover change detection was done using multi-
temporal and multisensor satellite data covering the last thirty years. For the broader area of Nafplio
all the changes that occurred in the urban and suburban area were detected and mapped. The urban
expansion rate was estimated and the human interferences in the natural landscape were recorded.
Land use classification and change detection was also done. The scope of this study was to briefly de-
scribe all the remote sensing applications carried out in the frame of “Urban Geology” project.

2. DSM creation from satellite data and accuracy control

For the purposes of “Urban Geology” project there is need for a high accuracy DSM. The DSM
should be used for the orthorectification of high resolution images and other applications such as
slope map creation, environmental planning et.c. Thus, there is a huge pressure for very accurate el-
evation data covering the entire country surface. 

The official sources of elevation data with a Pan-Hellenic coverage are only two: the topographic
maps of the Greek Military Service and DSMs created from airphoto steropairs provided by the
Ministry of Agriculture in ASCII format. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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The most popular data sources for the creation of DTM are the digitized contours of the toporaphic
maps. The 1:50.000 topographic maps, with a contour interval of twenty meters, present a nominal
horizontal accuracy of 20 meters and a nominal vertical accuracy of 10 meters with 90% confidence.
The data were in most cases extracted with photogrammetric techniques from aerial stereo-pho-
tographs during the 80’s. The usual update rate for these maps ranges from ten to twenty years. As
a result in many cases a lot of changes have been done during this period and there is a need for up-
dating. The 1:5.000 topographic maps present better nominal horizontal and vertical accuracy as
the contour interval is 4m but in many areas there are also intermediate contours of 2 or 1m but the
update rate is even worst and most of the maps have been created during the seventies. 

The Ministry of Agriculture provide DSMs in ASCII format created from airphoto stereopairs. The
pixel size of that DSM is twenty meters and the nominal vertical accuracy ranges between 2 and 3
meters. The data is distributed in tiles of 12 km2. 

Image stereopairs form satellite sensors seem to provide a quite accurate and cost affordable source
of elevation data. Thus we had to assess the accuracy of DSMs created from different satellite stere-
opairs. DSMs from ASTER, Cartosat and ALOS data were created and compared with the DEM
from the 1/5000 topographic maps and the DSMs of the Ministry of Agriculture. Different accuracy
controls pointed out that the DSMs created from the Cartosat (Fig. 1) and the ALOS stereopair are
suitable for the needs of the Urban Geology project (Tsombos et al. 2008; Tsombos and Niko-
lakopoulos 2008; Nikolakopoulos et al. 2009). In general, it was proved that the accuracy of the
DSMs from ALOS and Cartosat data ranges between 2.5 and 5m and it comparable with the nomi-
nal vertical accuracy of the DSMs of the Ministry of Agriculture. 

3. Data fusion

In the frame of “Urban Geology” project of IGME there is need for very accurate remote sensing
multispectral data with the maximum spatial resolution context. This data is used for the updating
of the existing topographic maps, for land use classification, land cover change detection and the
urban area mapping. 

Six different fusion algorithms Modified HIS (Siddiqui Y., 2003), Local Mean Method (LMM) (De
Béthune et al. 1998), Local Mean and Variance Method (LMVM) presented by (De Béthune et al.
1998), Wavelet (King et al. 2001; Lemeshewsky G., 1999; Lemeshewsky G., 2002)., Ehlers (Ehlers
M., 2004; Ling et al. 2007; Ehlers et al. 2008)  and Pansharp (Zhang Y.,1999) were applied to Quick-
bird data set in order to assess the quality of the fused products.

The data set covering Nafplio area corresponds to a Quickbird panchromatic image (0.6 m) and its

Fig.1: (left): Part of Cartosat DSM with a pixel size of 20m; (middle): Part of Airphoto DSM with a pixel size
of 20m; (right): Part of DEM created from the 1/5000 topographic maps with the same pixel size. 

28 (3)
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synchronous acquired multispectral channels (2.4 m). The panchromatic band and the multispectral
bands have been fused in images that combine the spectral characteristics of the multispectral data
with the relatively high spatial resolution of the panchromatic band. In all cases, the nearest neigh-
borhood resampling method was applied. For each fused image the following issues have been ex-
amined: a) the visual qualitative result (Fig. 2), b) the statistical parameters of the histograms of the
various frequency bands and c) the correlation coefficient. Those criteria are in accordance with the
general quality assessment criteria that were described in previous studies (Wald et al. 1997, Chavez
et al. 1991). It was proved (Nikolakopoulos and Tsombos, 2009) that all the above mentioned algo-
rithms are suitable for the fusion of Quickbird data. 

4. Multitemporal and multisensor image processing

In this contribution, the potential and the restrictions of combined optical air and spaceborne imagery
for digitally measuring the urban expansion of Nafplio city in the last thirty years was assessed. For
this work, the spatial resolution of the available images is, besides the time period between the ac-
quisitions, the most crucial parameter. Minor or major changes have to be identified from the avail-
able images with predefined resolution. So there was a necessity to use images that cover the broader
area with a similar spatial resolution. 

4.1 Data sets used

In order to locate and map the urban expansion we have used satellite data and topographic maps of
the Hellenic Army Geographical Service (1/5:000 scale). The remote sensing data used are the fol-
lowing:

• A quickbird multispectral image with a spatial resolution of 0.6m acquired on 3/9/2003.

Fig. 2: (left): Part of the original Quickbird image of Nafplio with 0,6m pixel resolution; (right): the fused
image with the Ehlers algorithm with the same resolution.
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• An airphoto mosaic from the Ministry of Agriculture (Fig. 3). The data is distributed in tiles
of 12 km2 with a spatial resolution of 1m. The mosaic was created from airphotos acquired
on 2000.  

• An orthorectified Landsat 2 MSS image acquired on 21 /8 /1977 with a spatial resolution of
sixty meters.

• A declassified aerial image acquired at 12/7/1975. Declassified Satellite Imagery consists of
approximately 50,000 images that were taken from 1963 to 1980. These photographic images
were collected by the KH-7 Surveillance System and the KH-9 Mapping System. The images
have variable scales and the image quality can be variable. Cloud cover is common. The film
and print products are produced from a duplicate negative source. The specific image was ac-
quired from the KH-9 Mapping System and it has a nominal resolution that ranges between
20 and 30 feet (6-9 meters). The film was scanned at 7 microns and its final size overpassed
1.3GB (Fig. 4).

Fig. 3: Airphoto mosaic from the
Ministry of Agriculture. 

Fig. 4: The declassified aerial
image. 
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4.2 Digital image processing

The Quickbird have been orthorectified using ground control points (gcp’s) collected with a DGPS. A
DEM from the digitized contours from the 1/5000 topographic maps was used for the orthorectification.

The declassified aerial photo was orthorectified taking into account more than 200 gcp’s distributed
in whole image. The gcp’s were collected from an orthorectified Landsat 7 panchromatic image
with 15m pixel size. A SRTM DEM has been used for the orthorectification of the image. The re-
sampling method for warping the data was nearest neighborhood interpolation and the new pixel size
of 4 meters. 

Then the pansharp fusion algorithm was used in order to merge the declassified aerial photo (Fig.
5) with the Landsat 2 MSS image (Fig. 6). The result images (Fig. 7) have an improved spatial res-
olution of 4m and the spectral characteristics of the original landsat 2 MSS image. 

4.3 Urban expansion

In order to map and estimate the intensity and the spatial pattern of urban expansion in Nafplio we
digitized the urban boundaries based on two period satellite data obtained in 1977 and 2003 re-
spectively. The urban area was divided into two major categories:

• The urban zone characterized as a dense build – up area.
• The suburban area, surrounding the urban zone and directly connected with it, characterized

as a less dense build – up area, compared to urban area.

For the better understanding of the urban expansion spatial pattern, we considered necessary to dig-
itize additionally the transportation network of the covering study area. Digitized roads were grouped
into two categories:

• Main roads including primary roads such as national roads, national rural roads, urban streets, etc.
• Local roads including secondary roads such as not connected streets, unpaved roads, tracks, etc.

The following maps represent, in different colors, the urban - suburban zones and the main - local
roads located in the broader study area at 1977 (Fig. 8) and at 2003 (Fig..9). Finally, the new con-
structions during the period 2000 - 2003 were digitized from the Quickbird image (Fig. 10). 

Fig. 5: The orthorectified aerial
image of Nafplio at 1/25.000 scale.
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5. Results 

From the GIS analysis of the remote sensing data, the following results were carried out:

The total surface growth of the city is approximately 77% (Zervakou et al. 2008). The urban area
growth is almost double (98%, mainly observed north of the city of 1977), while suburban area in-
creased at 61% (mainly observed east of the city of 1977). The results are presented in Table 1. 

From 1977 up to 2003, according to satellite data and derived maps, we observe that the clear urban
area expanded covering the preexisting suburban area, while the suburban area expanded covering
the rural area. The urban area extended to north in parallel with coastal zone which is characterized
by beautiful landscapes. This means that urban growth is clearly connected with local morphology
and other economic – tourist factors. The suburban area expanded easterly, following the preexist-
ing main road network and becoming at the same time better connected with the vital economic –
tourist area of Nafplio city. Since 1977, the road network within the urban and suburban area has be-
come denser and better connected (Zervakou et al. 2008).

During the same period the population of Nafplio city was continuously increasing (30% more res-
idents in 20 years) according to the official inventories (Table 2). The annual rate of the population

Fig. 6: The Landsat2 MSS image of
Nafplio at 1/25.000 scale.

Fig. 7: The fused image of Nafplio
at 1/25.000 scale. 



increase is 1.6%. The rate of new buildings construction during the period 2000 - 2003 was only
0.05%. The total number of the new constructions was 202 (Table 3). From the new buildings 124
were classified as new houses, 5 as pools and 72 as other constructions (Table 4). 

The road network for the 1977 was digitized from the 1/5.000 topographic maps. The major road net-
work was increased by 30Km during the period 1977-2003. The local area network was increased
by 77km. The total increase of 107 km (Table 5) gives an annual rate of 1.21%.
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Fig. 8: The road network in Nafplio
city in 1977. With red colour the
Urban zone and with yellow the
Suburban zone. 

Fig. 9: The road network in Nafplio
city in 2003. With red colour the
Urban zone and with yellow the
Suburban zone. 

Table 1. Urban and Suburban area in Nafplio and total difference during the period 1977 -2003.

1977 2003

Type Area (km2) Type Area (km2)

Urban area 1,031 Urban area 2,038

Suburban area 1,391 Suburban area 2,247

Total area 2,422 Total area 4,285

Total Difference 1977- 2003 1,863 Km2
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Fig. 10: New buildings in the city of
Nafplio from 2000 to 2003. 

Table 2. Population of Nafplio city in 1981, 1991, 2001.(source: National Statistical Service).

Year Population Différence

1981 10.611 -

1991 11.897 1.286

2001 13.822 1.925

Table 4. Type of the new constructions in the city of Nafplio. 

Table 3. Number of constructions in the city of Nafplio.

Year 2000 2003

No of Constructions 3574 3776

Difference 202

Houses 124

Pools 5

Other constructions 72

Total 202

Table 5. Road network in the broader area of Nafplio (length in km).

1977 (from the topographic maps) 2003

Major road network 215,889 245,720

Local road network 124,456 201,764

Total 340,344 447,484
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Abstract 

The geological mapping in scale 1:5.000 in the greater Nafplion area indicated a Tertiary nappe
stack of different Pelagonian-originated tectonic units structurally overlying the Subpelagonian se-
ries of Argolis Peninsula. 

The Subpelagonian series as lower unit is characterized by a shallow-water carbonate platform of
Middle Triassic to Early Jurassic age, locally deep-water ammonitico-rosso facies and red cherts
and is overlain by a tectono-sedimentary ophiolitic melange of Malm age. After the compressive
tectonic phase of late Jurassic, the Nafplion area at that time records a severe extensional intra-Cre-
taceous syn-rift phase leading to the deposition of diachronous Meso-autochthonous Cretaceous
limestone deposits rich in faulted-derived limestone breccias series, topped by deep-water limestone
of Campanian-Maastrichtian and then from Lower Tertiary pelagic limestone facies passes upwards
into post-Ypresian flysch.

The different Pelagonian telescoped tectonic units were contemporaneously overthrusting north-
westward, over the Subpelagonian post-Ypresian flysch sequence, during the Late Eocene com-
pressive phase, are successively characterized by: (a) a middle tectonic unit of a flyschoidal melange
of Late Cretaceous-Early Tertiary age, like the Adheres Melange surfaces in Southern Argolis, as-
sociated with various carbonate and ophiolite tectonosomes trapped and carried within this highly
disrupted terrigenous flyschoidal melange and, (b) an upper unit consists of Cretaceous carbonate
slivers bearing serpentinite sole (Palamidi, Akronafplia, Profitis Ilias, Aria) and/or of Middle Tri-
assic-Early Jurassic carbonate platform slices.

The above nappe stacking may be connected with the Eocene continental collision of the Hellenides.

Key words: extensional intra-Cretaceous syn-rift phase, meso-autochthonous series, flyschoidal
melange, carbonate outlier, Nafplion, Argolis Greece.

1. Introduction 

The Argolis peninsula geotectonically belongs to the Pelagonian isopic zone of the Internal Hel-
lenides and forms a composite nappe pile (Bortolotti et al. 2003 and references therein) of several
imbricated pre-Neogene tectonic units (Fig.1). However, the transitional paleogeographic environ-
ment between the Pindos and the Pelagonian isopic zones, as revealed by the presence of Trape-
zona and Epidavros Series (Vrielynck, 1978, 1980), places the Argolis peninsula in the
Subpelagonian isopic zone (Photiades & Skourtsis-Coroneou, 1994 and reference therein) and only

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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the thick Cretaceous outliers with serpentinite sole, as an Upper tectonic unit, belong to the Pelag-
onian isopic zone (Photiades, 1986; Mermighis, 1989).

Particularly, the Mesozoic carbonate sequences and the flysch successions in the Nafplion area (Fig.
2a) were interpreted by Tataris et al. (1970) as being continuous stratigraphic sequence successions.
However, recognition of various Mesozoic carbonate sequences with flysch differences lead to the
realization that the continental collision in this part of the internal Hellenides was a more complex
tectono-sedimentary series of events than originally suspected. 

The work undertaken was based on large scale (1:5.000) geological mapping covers 50 km2 of the
broad area of Nafplion city (Fig. 3), with a view to elucidate the previous geological ambiguities, to
reexamine critical contacts of small areas heaving complex boundary conditions, and to establish of
its comprehensive tectono-stratigraphy. 

2. Previous investigations and structural setting 

Dercourt (1964) viewed the entire Triassic-Jurassic carbonate formation (Serie de Trapezona) of Ar-
golis as being allochthonous and separated from the Gavrovo-Tripolis zone by high-angle faults.
Süsskoch, (1967), Bannert & Bender (1968) and Bachmann & Risch (1979) considered the Triassic-
Jurassic carbonate facies differences to reflect basinal and platformal areas within an autochthonous
heterogeneous carbonate platform. This kind of carbonate facies differences is being interpreted by
Tataris et al. (1970) as a transitional paleogeographic domain between Subpelagonian and Pindos
isopic zones. However, Aubouin et al. (1970) placed the Argolis area in Subpelagonian zone.

The Triassic-Liassic deep-water limestones (calcaires d’Epidaure) have been considered by
Vrielynck (1978, 1980) and Baumgartner (1985) as being allochthonous, tectonically overlying a ho-
mogeneous carbonate platform. Moreover, the last author considered these strata to represent the
eastern continental margin of the Pelagonian platform and proposed a subsequent emplacement of
these deep-water limestones into the platform during Late Jurassic orogenesis. Baumgartner (1985)
subdivided further the neritic platform sequences into two units, an external Adhami Basal Sequence
and an internal Dhidhymi-Trapezona Basal Sequence distinguished on the basis of overlying ophi-
olite-derived clastics and an allochthonous ophiolite thrust sheet, which is not found over the external
Adhami Basal Sequence, surfaced around Nafplion area and interpreted the above two juxtaposed
units as being the result of strike-slip faulting. 

The nature of sedimentation changed abruptly in Early Jurassic times with hemipelagic deposition
of ammonitico-rosso limestone, interpreted as regional collapse of the platform and continued sub-
sidence giving rise to the accumulation of radiolarian cherts in Middle-Upper Jurassic times (Baum-
gartner, 1985; Bortolotti et al., 2003).

The obduction of Argolis ophiolitic nappe would originated from Pindos zone (Robertson & Dixon,
1984; Clift, 1996) or from Vardar zone (Dercourt et al., 1993; Bortolotti et al., 2003; Bortolotti &
Principi, 2005) in late Upper Jurassic time and was manifested by the deposition of ophiolite-derived
debris flows and turbidites generated by the advancing thrust sheet of pillow lavas nappe (Baum-
gartner, 1985; Photiades, 1986; Photiades, 1989; Dostal et al., 1991; Capedri et al., 1996) with T-
MOR and N-MOR basalts affinities of Triassic to Jurassic ages (Bortolotti et al., 2002, 2003; Saccani
et al., 2004).

A hiatus in sedimentation after obduction was succeeded by a diachronous carbonate transgression,
over a formerly tectonized sub-marine palaeorelief where the Meso-autochthonous sedimentary se-
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quence of Argolis has been deposited giving rise to the Ligourio, Stamateika, Agios Dimitrios, Mid-
hea-Manesi, Kandhia, Karnazeika, Stavropodi and Mataranga members, which began in the Upper
Jurassic age and continued into the Lower Eocene age (Tataris et al., 1970; Vrielynck, 1978, 1982;
Bannert et al., 1984; Baumgartner 1985; Photiades & Skourtsis-Coroneou, 1994; Bortolotti et al.,
2003). The beginning of the deposition was diachronous. The sequence in its maximum development
includes Albian to Cenomanian neritic limestone. The subsidence of the platform is recorded from
Turonian times when rapid deepening of the carbonate facies and intra-platform faulting occurred
which is characterized by faulted-derived breccias rich in basaltic and red chert clasts, cemented by
Campanian-Maastrichtian pink hemipelagic limestone, deposited during this episode, and then from
Paleocene up to the Lower-Middle Eocene pelagic to reefal limestone facies passes upwards into
post-Ypresian flysch. Events of emergence associated with intensive erosion- with several hiatus-
took place during the Late Cenomanian-Early Senonian and the Late Maastrichtian-Palaeocene (Pho-
tiades and Skourtsis-Coroneou 1994). 

Tectonically upwards in south, central and northwestern parts of Argolis Peninsula several thrust sheets
are dominated and structured, from the base to the top, by a prominent flyschoidal melange or Ad-
heres melange after Bortolotti et al. (2003), which is not organised formation and is developed as an
intensively deformed arenaceous flysch including blocks of several lithologies. This flyschoidal
melange is described as Ermioni Complex after Robertson et al. (1987) and contains various tectono-
somes of Mid-Upper Jurassic granodiorite associated with Upper Jurassic limestone (Photiades &
Keay, 2000), andesitic volcanic to pyroclastic rocks (Sideris et al., 1987), bearing tectonic slivers of
MOR basalts (Robertson et al., 1987; Clift, 1996) of Upper Jurassic age (Bortolotti et al., 2003), ser-

Fig. 1: Geological simplified map of Argolis. Modified from Bortolotti et al. (2003). 1: Triassic-Jurassic shal-
low-water limestone (a), Triassic-Jurassic hemipelagic limestone (b), 2: pillow-lava ophiolite nappe, 3: Meso-
autochthonous series with Cretaceous - Lower Eocene carbonate, 4: post-Ypresian flysch,  5: flyschoidal
melange (a) with hemipelagic limestone (b), 6: Cretaceous limestone (b) with serpentinite (a), 7: Upper Miocene
to Pliocene sediments (a) and Quaternary sediments (b), Φ1: late Jurassic tectonic phase and Φ2: late Eocene
tectonic phase.
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pentinite and pelagic limestone of Campanian-Maastrichtian. Moreover, the flyschoidal melange is lo-
cally associated with a deep-water limestone of Aptian-Maastrichtian age (Clift and Robertson, 1990b),
and passes conformably upwards into calcareous and terrigenous turbiditic flysch deposits of Maas-
trichtian – Paleogene age (Susskoch et al., 1984), Paleocene and Paleocene-Eocene ages
(Christodoulou, 1972; Bachmann & Risch, 1979). However, Clift (1996) agrees with the data of Bach-
mann & Risch (1979) and Bortolotti et al. (2003) found a Late Cretaceous age (probably Campanian).

Finally, the flyschoidal melange is tectonically overlain by an Upper tectonic Unit (Photiades, 1986;
Mermighis, 1989) or Faniskos Unit (Bortolotti et al., 2003), which consists of schistose serpen-
tinized harzburgite tectonic “melange” including various boninitic and metamorphic rocks (Photi-
ades 1986, Dostal et al., 1991; Saccani & Photiades, 2005), and is overlain upwards by several
transgressed shallow-water carbonate sequences of (a) Kimmeridgian-Portlandian age (Decrouez et
al., 1983; Tsaila-Monopolis et al., 1992), (b) via a conglomeratic and/or a lateritic episode by a thick
neritic Cretaceous limestone sequences, range from Barremian to Turonian, topped by reddish
hemipelagic limestone of Middle Maastrichtian age (Akros formation, Palamidi formation and
Faniskos formation; Fourni formation; Decrouez 1976, 1977 a, b; Charvet et al., 1976; Philip et al.
1989; Gaitanakis and Photiades, 1993; Photiades and Skourtsis-Coroneou 1994; Gaitanakis et al.
2007) and, also (c) of deep-water limestones of Aptian-Maastrichtian age (Decrouez 1976, 1977c;
Clift & Robertson, 1990b; Gaitanakis et al. 2007) pass up rapidly into terrigenous flysch of Middle-
Upper Maastrichtian age (Mermighis, 1989).

On the other hand, Clift & Robertson (1990a, b) affirm that all the Mesozoic platform carbonate
units and their overriding thrust sheets form part of a single tectonostratigraphic succession of Pelag-
onian zone. Later, Clift (1996) modified the previous scheme as regards to the Adheres area where
Triassic-Jurassic carbonate unit with its ophiolitic Upper Jurassic melange are “conformably and
uncomformably” overlain by the Akros Formation platform and basin carbonate facies and then by
the “turbiditic flysch of the Ermioni Complex” (also the Cretaceous slope limestones of the Poros
Formation would be the base of the Ermioni Complex).

3. Tectono-stratigraphy

Observations

In the study area, Tataris et al. (1970) show that over a unique and undifferentiated Tertiary siliceous
turbiditic flysch sequence (Fig. 2a), which is floored by a single continuous Cretaceous sequence
(Palamidi, Akronafplia, Aria, Karathonas), is consistently thrust by sheets of Triassic-Jurassic lime-
stones and assigned them as cherty deep-water carbonates originated from the para-autochthonous
Triassic-Jurassic limestones sequence. 

Remapping of this area shows (Fig. 2b and 3), however that this Tertiary siliceous turbiditic flysch
sequence (coded as fg1 in Fig. 3) appears to a great extent in the NE part of Lefkakia area. At this
outcrop the flysch is highly cemented, thin-medium bedded, coarse-fine grained sandstone turbidites,
dominated by polycrystalline quartz debris. The source terrain of the flysch is obviously to be the
metamorphic basement of the Pelagonian zone, lying to the northeast, as the only known source for
the abundant polycrystalline quartz. The total thickness of the flysch around Nafplion is given by pro-
posed cross-section (Fig. 3, C) where must be an underlying concealed sequence of Karathonas
limestone (coded as Ki-s.c and Ks.k1 in Fig. 3), the ophiolitic-derived clastic formation (coded as
Jm-s.mg) and the basement with Triassic-Liassic Trapezona platform (coded as Ts-Ji.k,d).

The widespread ophiolite-derived clastics of Malm age (Baumgrtner, 1985; Bortolotti et al., 2003
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and references therein), outcrop as tectono-sedimentary ophiolitic melange succession, lie above
the drowned platform sequence of the Trapezona, which appears at the western and northern parts
(between Palamidi and Aria mountains) of the study area (Fig. 2b, sections a, c).

The Karathonas limestone sequence (northern and southern parts of Karathonas bay)  of Cretaceous-
lower Eocene age is unconformably developed over the ophiolitic-derived clastic formation and the
basement of Triassic-Liassic Trapezona platform (Fig. 2b, sections c, d). The Karathonas limestone
sequence is a coarse calcareous dominated conglomerate, cemented in a matrix of reddish micritic
limestone, provided by shallow-water fault limestone breccias, whilst more thickly bedded, rede-
posited limestones replace shallow-water packstones. They show evidence of a sharp increase sub-
sidence and intra-platform faulting in Turonian time marked by interval of breccias and can be related
of regional extension at this time. Above this level the facies deepen markedly so that pink to red-
dish hemipelagic limestones of Campanian-Maastrichtian to Paleocene age and flysch (coded as fg1
in Fig. 3) sequences are found (at the northward contact-base of the Akronafplia peninsular hill lead-
ing to the Nafplion city and at the contact-base between Akronafplia and Palamidi mountains). 

Locally, the previous breccias are also developed up to Lower Eocene shallow-water limestone (like
Agios Dimitrios and Midea-Manesi formations by Tataris et al., 1970; Vrielynck 1982; or at Anas-
tassopouleika area (Ligourio) and then pass up to a post-Ypresian flysch sequence (Photiades & Sk-
ourtsis-Coroneou, 1994). Bachmann & Risch (1979) have been documented Paleocene to Eocene
ages within the clastics and Bortolotti et al. (2003) have been assigned an Upper Paleocene age
within reddish marls at the basal part of the flysch sequence.

Fig. 2a: Extracted geological part from geological map of Nafplion sheet in scale 1:50.000 (Tataris et al., 1970).
Undivided Tertiary siliceous turbiditic flysch (fs-o), Cretaceous sequence (K1-7, K7-8), serpentinite (π) and
Middle Triassic-Liassic bearing chert limestone (Τm-Ji-6).
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The Triassic-Liassic Trapezona platform, the ophiolitic-derived clastic formation, the unconformably
Karathonas limestone sequence with flysch succession belong to the Subpelagonian domain of Ar-
golis (Photiades & Skourtsis-Coroneou, 1994 and references therein).

On the other hand, the SW and NE (Pyrgiotika) areas (Fig. 2b, 3A) are exclusively composed by a
tectonically highly disrupted flysch bearing ophiolitic blocks that may represent a remnant of fly-
schoidal melange (coded as fl-mg in Fig. 3). More precisely, the flyschoidal melange is composed
as marly terrigenous poorly cemented turbiditic flysch, which is mostly composed of sheared debris
flow rich of ophiolitic debris, like red chert, basalt and serpentinite, of reworked sandstone debris
flow and of various Cretaceous limestone breccias. Bortolotti et al. (2003) found a Late Cretaceous
age (probably Campanian) for the Adheres melange surfaces in southeast Argolis.

The Tertiary overriding thrust plane, of the flyschoidal melange above the siliceous turbiditic fly-
sch sequence, has cut strongly down sequence into the Trapezona sequence and could be also rep-
resented as out of sequence thrusting, due to the already complicate uplifting of the Subpelagonian
Meso-autochthonous series of Argolis, before this Tertiary folding and thrusting of the Pelagonian-
derived flyschoidal melange associated with Upper tectonic unit.

Furthermore, the flyschoidal melange of Nafplion area is tectonically overlain by Cretaceous lime-
stone klippens and Triassic-Jurassic limestone slivers. 

Fig. 2b: Geological simplified map (Photiades & Mitropoulos, in press), tectono-stratigraphic column and
schematic cross-sections (a, b, c and d) of the greater Nafplion area. Lower Unit, 1: Triassic-Jurassic shallow-
water limestone (a)  with ammonitico-rosso (b), 2: tectono-sedimentary ophiolitic melange, 3: Meso-au-
tochthonous series with Upper Cretaceous - Lower Eocene carbonates, 4: post-Ypresian flysch; Middle Unit, 5:
flyschoidal melange complex with  Cretaceous carbonate (a), Triassic carbonate (b) and serpentinite (c) tectono-
somes, Upper Unit, 6: Cretaceous (b) and Triassic (c) carbonate outliers with serpentinite (a) sole, 7: Tyrrhenian
deposits (a),  Quaternary sediments (b) and φ: late Eocene tectonic phase.
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The outcrops of various tectonic sized slices are composed of shallow-water limestone of Triassic-
Jurassic age (coded as Ts-Ji.k,d in Fig. 3) that also crops out as basement too and of several tectono-
somes of Cretaceous limestone (coded as Ki-s.k,c and Ks.k2 in Fig. 3) bearing serpentinite sole
(coded as Js.mg) (Akronafplia, Palamidi and Aria mountains) and confirm that their thrusting was
obviously from southeast to northwest and overthrusting also the Pindos flysch in the Argos Castle
area that consists of Cretaceous outlier with serpentinite sole too. 

The carbonate Cretaceous sequence exposures of the Akronafplia, Palamidi, and Aria Mountains and
of several hillocks around Nafplion, such as Profitis Ilias, are clearly thrust sheets or klippens, which
lie over the flyschoidal melange. At the base of western part contact-base of Aria massif, a several m-
thick conglomeratic formation, including abundant serpentinite and Kimmeridgian neritic clasts, is
clearly exposed over serpentinites. Analogous transgressional event is also signalized by Cayeux
(1904). Clasts of ophiolitic material are well-rounded in upwards carbonate Barremian sequences.
These carbonate Cretaceous sequences are typically massive, thick-bedded bioclastic rocks, suggest-
ing accumulation in a quiet shelf environment from Barremian to pre-Turonian, until a rapid transition
to pelagic micrites of Campanian-Maastrichtian age (Dercourt, 1964; Decrouez 1977a, b) towards the
top of the section and then pass to post-Maastrichtian calcarenites to marly terrigenous poorly ce-
mented turbiditic flysch, as remnant at the top of Palamidi mountain (coded as fg2 in Fig. 3).

Fig. 3: Geological map (A), tectono-stratigraphic column (B) and geological section (C) of the greater Nafplion
area. Lower Unit, Triassic-Jurassic shallow-water carbonate (Ts-Ji.k,d),  tectono-sedimentary ophiolitic melange
(Jm-s.mg) , Meso-autochthonous series with Cretaceous carbonates (Ki-s.c & Ks.k1), post-Ypresian flysch (fg1);
Middle Unit, flyschoidal melange complex (fl-mg), probably of Upper Cretaceous age; Upper Unit, serpentinite
sole (Js.mg), Triassic-Jurassic carbonate outlier (Ts-Ji.k,d), Cretaceous carbonate outlier (Ki-s.k,c & Ks.k2) with
post-Upper Cretaceous flysch (fg2) and late Eocene tectonic phase. 
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These slices are considered as an Upper tectonic unit originated from the Pelagonian domain (Photi-
ades, 1986; Mermighis, 1989) and are structurally overlying the flyschoidal melange (Bortolotti et al.,
2003). Apparently, the flyschoidal melange reached the Nafplion area, shedding debris onto this frontal
thrust area, extending from Nafplion to Ligourio depression, but also northward to Tyrintha depression
plain outlined in its central part by several Cretaceous age hillocks such as the Prophitis Ilias.

Synthesis

The resulted tectono-stratigraphy of Nafplion area is schematically illustrated in Figures 2b and 3
and comprises the para- and meso-autochthonous Mesozoic series and post-Ypresian flysch of Ar-
golis that belong to the Subpelagonian domain (Aubouin et al., 1970; Photiades et Skourtsis-Coro-
neou, 1994 and references therein), which is overlapping by a tectonic flyschoidal melange of
probably Late Cretaceous age, like Adheres melange (Bortolotti et al., 2003), as Middle tectonic
Unit, and finally at top by Cretaceous and/or Triassic limestone outliers with serpentinite sole as
Upper Unit originated from Pelagonian domain (Photiades, 1986; Mermighis, 1989). These units
were tectonically piled up during the late Eocene or post-flysch compressive period that challenged
the whole Pelagonian and Subpelagonian domains (Vrielynck, 1982; Photiades, 1986; Photiades &
Karfakis, 1998; Bortolotti et al., 2003).

The three pre-Neogene tectonic units (Fig.3) are from the base to the top as follow:

3.1. Lower Unit

The Lower Unit (Fig. 3A-B) comprises a Middle Triassic to Early Jurassic massively bedded, shal-
low-water carbonate (Trapezona or Didyma-Trapezona) platform, which is locally followed up-
wards by condensed reddish nodular pelagic limestones of Toarcian-Bathonian age (Bachmann &
Risch, 1979) and is pursued with reddish brown thin-bedded ribbon siliceous mudstones and radi-
olarian cherts (20-50m thick) of Oxfordian-Kimmeridgian age (Baumgartner 1985; Bortolotti et al.
2003). These deep-sea sediments are generally interpreted to be a reflection of drowning of the plat-
form, and the siliceous sediments are successively developed upwards by a tectono-sedimentary
ophiolitic melange succession of Malm age. The ophiolitic melange consists of turbiditic sorted lay-
ers of fine-grained distal detritic ophiolitic sediments (5-50m thick) alternating with sorted layers rich
in ophiolitic clasts, in addition to thin layers of Kimmeridgian-Tithonian radiolarites. This sequence
is followed upward by ophiolitic olistostromes (5-50m in thickness) containing rounded fragments
(up to 50 cm in diameter) of boninitic lavas and coarse-grained boninitic-type rocks set in arenitic
matrix of various ophiolitic clasts and fragments originated from the underlying limestones and ra-
diolarian cherts. The boninitic lavas and coarse-grained boninitic-type considered to be generated in
supra-subduction setting (Photiades 1986; Dostal et al. 1991; Capedri et al. 1996). The presence of
such deposit records the paroxysmal tectono-sedimentary events due to early compressional late
Jurassic tectonic phase, affecting synchronously the oceanic basin and the Subpelagonian conti-
nental margin (Photiades, 1986; Dostal et al. 1991; Capedri et al. 1996; Bortolotti et al., 2003). 

The above para-autochthonous succession, in Nafplion area, has undergone during the Cretaceous
time important erosion episodes, following by unconformably transgressive deposition of the Creta-
ceous-Lower Tertiary carbonate sequences (Meso-autochthonous Series), which pass up to a typical
post-Ypresian flysch of Argolis (Vrielynck 1981; Photiades 1986; Photiades & Skourtsis-Coroneou
1994; Bortolotti et al., 2003).

A roughly up to 100 m thick Cretaceous to lower Eocene sequence, at Karathonas bay and around
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Palamidi and Arvanitia (Akronafplia) foothills, consists of interbedded pelagic limestones, cherts
and coarse polymict carbonate breccias sequence including ophiolitic fragments (mainly basalt and
serpentinite) and shallow water limestones derived from the below deeply altered and fractured
Early Jurassic shallow-water carbonate platform. This coarse ophiolite-carbonate breccias sequence
succession evolving progressively into pink and red pelagic limestone rich in Globotruncanidae of
Upper Cretaceous – Paleocene age,  follows up with the red mudstones of Upper Paleocene age
(Bachmann & Risch, 1979; Bortolotti et al., 2003) and then from marly-sandstone to quartz-rich
sandstone flysch sequences of post-Ypresian age (Photiades & Skourtsis-Coroneou, 1994). 

Furthermore, the coarse polymict carbonate breccias of the Mesoautochthonous Series is interpreted
as a channel or canyon fill in a pelagic environment and attests the fact that the ophiolite nappe in
the greater area of Nafplion has been completely eroded due to the Cretaceous syn-tectonic events
activated by Mesozoic extensional faults (see Fig. 2, like NE-SW Lefkakia graben faulted area). On
the contrary, in the eastern and central Argolis areas, the pillow-lavas-bearing ophiolite nappe sur-
faces and is also unconformably overlain by several heterogeneous Cretaceous series, as well as by
post-Ypresian flysch (Photiades 1986; Photiades & Skourtsis-Coroneou 1994).

3.2. The Middle Unit with a tectonic flyschoidal mélange

The Middle Unit (Fig. 3A-B) consists of a tectonic flyschoidal melange (see Fig. 2b, Pyrgiotika
area), which tectonically emplaced above the Meso-autochthonous Series of greater Nafplion area
and drifted slices and or/ tectonosomes, originated both from continental and oceanic environment,
within a flyschoidal matrix. The flyschoidal melange originated by the tectonic accretion of the in-
nermost exposed Pelagonian continental margin during the late Eocene continental collision of the
Hellenides (Bortolotti et al., 2003 and references therein).

Nevertheless, the flyschoidal melange that developed during the Eocene ensialic tectonic phase tec-
tonically overlies the Meso-autochthonous Series (Bachmann & Risch, 1979; Bortolotti et al., 2003)
in central-east Argolis and mainly surfaces in southern Argolis, known as Adheres melanges (see
Fig.1), which is characterized by a disrupted turbiditic succession of siltstones, sandstones and marls
affected by strong pervasive deformations. Bortolotti et al. (2003) suggest an Upper Cretaceous
(Campanian) age for this melange, and Bachmann & Risch (1979) propose an Eocene age forma-
tion.  However, Clift & Robertson (1990b) and Clift (1996) named the above melange as Ermioni
Complex and consider that is deposited over the ophiolite.

Besides, this melange incorporates blocks of various natures, including Triassic volcanics, Middle–
Late Jurassic radiolarites, Jurassic and Cretaceous limestones, andesites, Jurassic granodiorite, ser-
pentinites and various basalts, originated from the Pelagonian continental margin and the Vardar
Ocean (Bortolotti et al., 2003 and references therein). 

3.3 Upper Unit with Cretaceous and/or Triassic limestone outliers

An Upper Unit (Fig. 3A-B) emplaced tectonically over the previous ones and synchronously thrust
over the flyschoidal melange, and is composed, at the base, by a schistose serpentinite tectonic sole
(up to 100m thick) bearing meter-sized, lens-shaped blocks of basalts, boninitic rocks (Capedri et
al., 1996) and various exotic blocks (Photiades, 1986) and, at the top, by an unconformably Creta-
ceous carbonate sequence cover (up to 350m thick). Furthermore, several Cretaceous limestone
(Dercourt, 1964; Decrouez, 1977a, b) outliers such as Palamidi, covered with apparently post-Upper
Cretaceous flysch, Akronafplia, Profitis Ilias and Aria with serpentinite tectonic sole, as well as

29 (3)
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tectonosomes and/or megablocks of Triassic- Liassic carbonates detached from the shallow-water
carbonate sequence of the Subpelagonian Lower Unit and are overthrust the flyschoidal melange
(Fig. 3C).

The Upper unit tectonically overlies the post-Ypresian flysch of the Meso-autochthonous series in
eastern and central Argolis, as well as the Adheres mélange in south Argolis, where is also tectoni-
cally overlain by Kimmeridgian–Maastrichtian carbonate slices of the Upper unit, which are cov-
ered, in turn, by a post-Upper Cretaceous flysch.

4. Discussion-Conclusion

The Nafplion area is built by Upper Triassic to Lower Jurassic platform limestone and this series
overthrust during the late Jurassic by pillow-lava ophiolite nappe and then the area turned into deeply
eroded during Cretaceous times. Upper Cretaceous pelagic and coarse clastic sediments breccias
rich in basalts, serpentinites and shallow-water limestones record the important extensional intra-Cre-
taceous syn-rift phase which affects the Argolis peninsula. These sediments unconformably overlie
the Upper Triassic to Lower Jurassic platform limestone and certify the ongoing erosion of the pil-
low-lavas ophiolite nappe in a high-relief, deeper marine environment. 

These Meso-autochthonous series with detrital levels are evolved progressively into pink and red
pelagic limestone of Upper Cretaceous. Up section follow of Paleocene limestone interbeds, which
are in turn conformably covered by post-Ypresian flysch.

However, the imbricated pre-Neogene stacking units of greater Nafplion area have been caused by
the northwestward post-flysch overthrusting of the flyschoidal melange and of the Upper unit over
the previous para- and meso-autochthonous Subpelagonian series. 

The flyschoidal melange and the overriding Upper tectonic unit could be interpreted as thrust sheet
units that record the collapse of the Pelagonian continental margin and Vardar Ocean (Bortolotti et
al., 2003), and were contemporaneously thrusting northwestward over the post-Ypresian flysch of
the meso-autochthonous Subpelagonian series of Argolis Peninsula (Photiades & Skourtsis-Coro-
neou, 1994; Photiades & Karfakis, 1998).

This post-flysch tectonic phase, of significant geodynamic importance may be connected to the con-
tinental collision between Internal and External Hellenides and to the associated Cycladic blueschist
belt formation, during the Eocene (Jolivet & Brun, 2010) and leading during the late Eocene to the
tectonic accretion of the Subpelagonian and Pelagonian isopic zones in Argolis Peninsula.

Flyschoidal melange and Upper tectonic unit could be interpreted as thrust sheet units, telescoped
from Vardar and Pelagonian Zones, towards the northwestern onto the Subpelagonian Meso-au-
tochthonous series of Argolis. 
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Abstract 

This paper made an effort through the data and conclusions drawn to highlight the impact of the
water element, surface and groundwater in urban and suburban area of Nafplio. Through ex-
ploratory wells constructed for this reason ,water - measurements and water – chemical analysis
carried out, made a series of thematic maps which are dimensioned Spatiotemporal rain water flock-
ing to urban and suburban area in case of extreme rainfall events, illustrating the depth, the  direc-
tion of groundwater flow and  the corrosivity of groundwater in relation to the foundations. The
accuracy of the figures obtained for surface water and groundwater is a function of time series and
the density of the network, and certainly is indicative and could be much more detailed if the net-
work was denser. In any case, this work tries to highlight the value that may have similar operations
on urban planning and foundations.

Key words: water points, corrosivity, Langelier indicator.

1. Introduction 

This paper was prepared on the basis of hydrogeological work carried out under the project ‘’Geo -
thematic Information of urban and suburban areas of Greece - Pilot Applications’’ and the 6920/005
project which was implemented by the Directorate of Geological Mapping of IGME. 
The field work included water – measurements, groundwater sampling and research drilling.  
The laboratory work involved laboratory tests of water samples such as chemical analysis and meas-
urements of underground water from urban and suburban area of Nafplio, all made in the chemical
laboratories of IGME. 

The final processing of hydrogeological data gathered and taken into account ‘’other’’parallel research
conducted under this program (Geological mapping, geophysical prospection, geochemical work). 

2. Topography – Hydrology Line

The area included in the topographic sheet ‘’NAFPLIO 1:50.000‘’ Edition GMS. The total area ex-
amined and directly affecting the rain water to urban and suburban area of Nafplio is 3,32 km2.
While urban and suburban area was estimated at 0,45 km2. The altitude in urban and suburban area
varies from 0.50 m to 62 m on slopes Palamidi. The geomorphologic relief has two settings. Bold

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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rocky and steep south and southeast and flat alluvial origin main new urban and suburban part of Naf-
plio. Basis of rainfall data of meteorological station Nafplio, which provides the largest time series
measurements from 1900, the average amount of annual precipitation is estimated at 525, 3 mm. The
direct nearest station of “Pyrgelas” is operating since 1981 and has annual average amount of pre-
cipitation 481 mm. Both stations have recorded rainfall of the same region. Their locations are suf-
ficiently different in terms of conditions that could affect rainfall. 

From the daily rainfall cards found that in the Argolic field are not unusual, highly events with in-
tensity i = 60-70 mm / h. The most common duration was around 20 ‘- 40’. The region which af-
fects rain water to urban and suburban area, divided into five (5) sub areas (Figure1). 

Location ‘’A’’ that extends in the north - north slope Palamidiou with surface drainage section 0,19 km2

region of interest and is the most extensive 2,7 km2. Location ‘’C’’ with surface drainage 0,4 km2. 

Location ‘’W’ with drainage surface 0,4 km2. Location ‘’R’’ in the northern slope of Acronafplia with
limited drainage area 0,01 km2. In the following areas is not taken into account the extent of built
areas (urban and sub-urban area). Based on the topography formed within the urban and sub-urban
area are concentrated around the storm water drainage. The first pillar is powered by Sub’ ‘A’’ in
which three small basins developed water streams. All the thirty streams form a total area of 0,19
km2 drainage area of a common influx, the triangle of roads Nafplion - Nafplion and Argos - Aria.
The second major rainwater drainage is important that primarily affects the new urban part of Naf-
plio. Powered by high hydro geological and surface storm water Sub ‘’B’’. The catchment area is
that many blind streams plains leading to sub-urban lowland Bampafonou area (north of the urban
area). In sub - urban area Polygon the appropriate topographical conditions for convergence of all
these sub-catchment with the main axis ‘’exit’’ to the beach in place just north of the Municipal
Parking. The catchment area ‘’B’’ sub-surface accepts external inputs. A raw estimate in case of an
incident rainfall intensity (i) = 70mm / h and a 30 ‘is that in the catchment area of the sub region ‘’B’’,
not including external inputs can be collected on the 980.000m3 rain water which would seek ‘’exit’’
to the sea in position between the Municipal Parking and the breakwater. Because water is not near

Fig. 1: hydrologic map of urban and suburban areas of Nafplio.
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a particular river, but the sum of all small basins of different streams was not easy to calculate the
concentration of ‘’years’’ (tc) of rain water at a given location as the entrance of the urban area. A
raw estimate was based on the type ‘’Snyders ‘’ (modified) tc = Ct + (L + I) n / √ s (in hours). In this
assessment the water surface is perceived as a single basin. As the main watercourse flood line in
the urban area, that extends up to the entrance of the urban area (near the road Nafplio-Argos). The
‘’Time’’ tc concentration greater supply of rain water at the height of the road was estimated to be
20 since starting an intense rainfall episode features mentioned above. The third line of rain water
drainage affecting the urban-sub-urban area located north of the polygon is fuelled by the Sub ‘’C‘’.
A small catchment area compared with the previous two. The other two sub ‘’D’’ and ‘’R’’ are not
creating targeted drainage lines within the urban-sub-urban area and rain are very dispersed. 

3. Geological Structures 

The region has been geologically mapped in the past the period 1964-68 and included in the geo-
logical map sheet ‘’Nafplio’’ climate. 1:50.000 IGME ed. Fotiadis and Mitropoulos (2006) further
improved the existing geological mapping and illustrate the new elements on a scale 1:5000. In an-
alyzing the structure divided into three (3) modules (fig.2): a) Low unit (Paraftochthoni) neritic car-
bonate sequence of Middle Triassic-Liasic from pelagic nodular limestones, pelagic sediments and
siliceous hornstone siltstones and a tectonic-sedimentary mélange of Malmo. b) Intermediate Unit,
Flysch tectonic mélange of the Post-eocenic period (?)   Upper section of the Cretaceous calcareous
flakes along with a tectonic mesh of serpentine flakes and large pieces of Mid-Triassic – Liasic car-
bonates, detached from the underlying carbonate unit. These formations domain the mountains in
the region of interest (Palamidi, Exostis, Lefkania, Prophet Elijah). The thicknesses of the modules
based on both the drilling and stratigraphic data that is estimated to Low E. 160-180 m, the Inter-
mediate E. ≤ 60m. and Upper E. 180-220m. The flat part of the urban-suburban area of Nafplion is
part of the tectonic draft of the Argolis area. Based on drilling performed, that the thickness of the
granular sediment in some places is> 280m. Previously in various research projects have been
drilling throughout the Argolic Field which is a detailed analysis of drilled granular layers (Galeos
1967, Poulovasilis, Mimidis, Giannoulopoulos 1996).

In the flat part of the region of interest based on data from two research carried out drilling for water
at shallower depths (48m) is interesting to note that the puncture was near the foot of the massif
Palamidiou (<60m) Granular materials are thick > 50m. The same pattern and at the foot Welfare and
Prophet Elias with input from private drilling for water. This suggests that at least in this eastern mar-
gin of the sedimentary basin Argolic Field is determined by fluctuations in several large jumps.

4. Hydrogeological Conditions 

The hydrogeology of the ‘’Argolic Field’’ is been repeatedly studied and researched because of the
great interest presented by the region since the early 1960s. Continued over-exploitation of ground-
water in granular through the large number of private drilling have caused widespread salinization
problems that exist today in length. Since many of these research work has been recovered enough
(Zervas1965, Galeos1967, Theodoropoulos, Zaman 1970, Poulovasiliki, Mimidis, Giannoulopoulos
2000, Sampatakakis Fotiadis Kallergis 1995, Giannoulopoulos 2001, Maravegias 2000). Apart from
studies and surveys on the water potential of Argolic Field, was developed and a significant num-
ber of individual studies. 

The area of lowland part of the urban - sub-urban area of Nafplio is like the rest of the field from
successive Argolic granular aquifer. The mountain section is structured by independent water  geo-



XLIII, No 3 – 1511

logical chambers but have hydraulic contact with the lowland aquifers. The work of water-mea-
surements were level measurements of groundwater developed in eight (8) time series for March -
April - May - June - July - September - October - November 2006. The water-measurements network
is based on two research wells, a private drilling well and three private wells. It is estimated that the
results would be better if there were more available water points. And the program under which it
was given economic margins. Based on measurements made relative histogram was drawn (fig. 2)
a reading which yields the following: All levels of the network show the same trends of diversifi-
cation in the same series. The exception is the water point YN1 corresponding exploratory drilling
in the park ‘’position.’’ This can be explained by the fact that the well in this location in close vicin-
ity to the sea and as will be presented below will be confirmed by its chemicals.

The range of modulation level is different in water point water point. This is probably due to dif-
ferent local conditions of hydraulic conductivity of materials in which the aquifer is developed. It
must be noted that this regarded to the shallow aquifer hydrostatic ‘’free’’ level and not to deeper
‘’pressure’’ aquifers which are developed in the area of Field Argolic basis of literature.

Based on the average level of each water points resulting from all the time series of measurements,
prepared the map water level ‘’curves’’ on a scale 1:5.000 (Fig. 2). An analysis of the features of this
map is concluded that: The hydraulic gradient (i) the aquifer is very small indeed expect such a hy-
drogeological environment in close proximity to the sea and horizontal – sub horizontal layer de-
velopment fine grain materials. The estimated values are between i = 0, 05% and i = 0, 03%. Based
on the overall slope of the aquifer shows that groundwater traffic of ‘’exit’’ in the waters around the
median volume of limestone Acronauplia. This movement regards the underground waters of east-
ern and north-eastern part of the urban and sub-urban area of Nafplio, while the north-west pert is
almost in static conditions compared to the adjacent sea. The hydraulic gradients are elusive be-
cause of their small values. 

5. Sampling – Chemical Analysis  

Simultaneously with the level measurements, groundwater sampling was performed at the same
points of the network, in no-pumping conditions, as well as pH and temperature measurements. The
water samples were analyzed at the chemical laboratories of IGME. There were an equal number of
samples and time series water chemical analysis. 

Fig. 2: (left): water level curves map; (right): water level his-
togram.
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Based on water chemical analysis and physic-chemical measurements were classification of water
samples in Figure Piper, made histograms basic ion water chemical maps and estimated the ratio Lan-
gelier. 

5a. Piper diagram

Shows the ‘’average’’ prices of water chemical analysis carried out in water points the ‘’network’’.
From this diagram shows that:

• Samples from the water points NF1 and NF2 are classified in the field of “slightly chloridic
and sulphate – calcareous and magnesium” water.

• Samples from water point YN1 are classified in the field of “super-chlorate-sodium” waters. 
• Samples from water point YN2 are classified in the field of bicarbonate and magnesium.
• Samples from water point NF3 are classified in the field of strongly “chloride and sulphate-

magnesium and calcareous” water. These water chemical data are in agreement with the
isochlorion curves maps data and the effect of the shallow aquifer from sea intrusion. 

5b. Histograms

Prepared total seven (7) histograms of which two related to pH and temperature outdoors and the
other ions NO3, NO2, NH4, Na and Cl.

Histogram pH 

Prices of water point’s network showed different price trends during the time series and irregular
fluctuations. This can be interpreted as the effect of price which is not due to physical water chem-
ical factors (e.g. wet - dry season) but likely to exogenous factors. 

In several cases there was a combination of increased prices with little prices NO3 pH. The higher
values observed in almost all time series in water point YN1. 

Histogram of rural temperature

The temperature measurements were rural in 2006 by month March to November. Besides a sharp
temperature difference must be attributed to a malfunction of the body or exogenous cause of the

Fig. 3: Piper diagram.
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price 27º C in July 2006 in water point YN1, the other two values are ‘’trends.’’ Lower prices seen
in the months March - April - May and peak in June to October (fig.4). The first three months rep-
resent a time period and supply the months June to October the dry season. 

Na and Cl histograms

The water points YN1 and NF3 present consistently the largest values compared to the other all the
time series samples. The high prices of Na and Cl are due to natural water penetration which is quite
intense and widespread in the whole region of Argolida Field.

Water point YN1 (in the ‘’Park’’) is directly affected by the water penetration that occurs through
the high permeable limestone volume of Acronafplia. The water point NF3 presents the highest rates
in Na and Cl due to salinization that characterize generally the ‘’granular’’ aquifers of Argolic Field.
In the other water points, the effect of the sea seems to be very limited. In water point YN2 the three
variations to prices well above the period 1 / 2007, 2 / 2007 8 / 2007 in comparison with other time
series should be attributed to external factors as pollution since are being shown similar increases
in the prices of NO3-and SO4 -.

NO2, NH4, NO3 histograms

From the histogram of NO2 ion (fig.6) is shown that there are no effects of pollution in the same pe-
riod at all water points. In what water points recorded values higher than the limit, there is no cor-
relation between time and is a local phenomenon.

Fig. 4 (left): Ph histogram; (right): temperature histogram.

Fig. 5 (left): Cl histogram; (right): Na histogram.
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The water point YN1 presents the most intense and frequent aggravating prices in the NO2. Here are
water points NF3 and NF2. 

The water point YN1 terms of location is within the urban area of Nafplio. While water points NF3
and NF2 facing the suburban area with rural areas. Looking at the histogram of NH4 ion (fig.6)
found that only water point which shows prices beyond the limits of even a single episode, is in
water point NF2. From the histogram of NO3 (fig.7) shows that the highest frequency to pollution
by nitrates occurs primarily within water point NF3 and secondly in water point NF2. Also charge
very high prices but a limited number of time series, the water point YN2.

Analyzing the spatial and temporal distribution of these values in NO3 concluded that the effects of
this pollution would be caused by agricultural activities (fertilization) after both water point NF3 and
NF2 are within the farms are cultivated and fertilized regularly (citrus).

5c. Water chemical Na and Cl maps 

The equivalent curves of Cl- was around 200 ppm while the Na2+ of 40 ppm (fig.8). Both maps show
that the increase in both Cl- and the Na2+ occurs from two different geographical ‘’fronts’’, the SSE
and N (Akronafplia - Skipjack). Based on the equivalent curves in the urban area the average val-
ues of Cl- and Na2+ range ≥320ppm, respectively. In the ‘’sub - urban area’’ the average values of
these ions have greater range (100 - 1100ppm for Cl- and 80 - 400 ppm for Na2+.  This is certainly a
water chemical environment with highly saline ground water whose NaCl’s source is the sea-water. 

Fig.6: (left): NO2 histogram; (right): NH4 histogram.

Fig. 7: NO3 histogram.
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5d. Ion relationship Ca + Mg / K +Na

The above ion relationship is known that is used to detect areas of enrichment of water, combined
of course with other physicochemical parameters. In this case sought only in general terms to pro-
vide some interpretations on the spatial and temporal conditions of enrichment of survey because of
the time series data are not sufficient. Based on Table III price for each and every water point time
series reveal that:

— All prices in water point YN1 are <1. This means that the groundwater in the location of this
water point not directly but are enriched downstream part of the wider aquifer. This certainly
confirms the prevailing conditions of urbanization widely round the water point which certainly
does not allow direct effects of percolation and enrichment in this part of the groundwater. 

— Prices in water point YN2 for March and April 2006 indicate that groundwater is enriched directly
in this region. In all other time series of prices show that enrichment is weakened and represents
underground water aquifer downstream part. 

— In NF1, NF2 and NF3 water points, the values suggest that groundwater in their regions enriched
directly by percolation. Summary can be argued that the two drilling for water that are paving to
a depth of 40 meters underground water is not directly enhanced by direct water penetration phe-
nomena (in particular this is the area YN1) but by lateral loads. Unlike in the areas of water points
NF1, NF2 and NF3 groundwater has a local origin, representing that the shallow aquifer due to the
shallow wells, as opposed to two drilling for water supplies that have identified other than water

Fig. 8: (left): Water chemical Na map; (right): Water chemical Cl map



and shallow aquifer water from a deeper aquifer. Most documents this situation is the relevant fig-
ure (Fig. 9). 

5e. Corrosivity of groundwater

The indicators used to monitor the corrosivity of water and the case of groundwater near Nafplio,
are two: 

- The index Ryznar: used to determine deposition of CaCO3 in water at any temperature up to
93 º C and prognosis of erosive capacity of water. 

- The index Langelier: to control the erosive capacity of water or salt deposition. Proposed a
‘’saturation index’’ (saturation index, Si). The definition requires knowledge of the alkalinity
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Fig. 9: Ion relationship Ca + Mg / K +Na histogram .

TABLE I - CΑ + MG / NA + K

Date of Sampling ΥΝ1 ΥΝ2 ΝΦ1 ΝΦ2 ΝΦ3

Mar/06 0,031 1,168 - - 1,739

Apr/06 0,075 1,225 1,964 3,94 1,957

Jun/06 0,057 0,820 1,575 4,768 1,271

Jul/06 0,227 0,606 1,026 3,241 1,100

Sep/06 0,016 0,393 1,041 3,680 1,188

Okt/06 0,033 0,701 1,513 2,985 1,222

Jan/07 0,307 0,628 1,484 3,744 1,989

Feb/07 0,275 0,617 1,487 3,234 1,740

Aug/07 0,346 0,637 1,890 4,218 1,340

Average Values 0,152 0,755 1,497 3,726 1,505



of the Ca ions concentration, of pH, temperature, TDS. Positive values mean Si deposition
CaCO3 or other salts, dissolving negative values and the values Si = 1 neutral state. The de-
termination of the Index results from Si = pH - pHs (where the actual pH and pHs where the
saturation). 

Much of the foundations of buildings in urban low (coastal) area of Nafplion located throughout the
year or periodically within the saturated zone of the aquifer by changes of the hydrostatic level. 

From Table I we suggest that in locations where there are two water points YN1 and YN2 several
building foundations may be located permanently or periodically within the saturated zone of the
aquifer. The boundaries of this residential area, which is susceptible to this phenomenon, can be
identified through the preparation of maps of equal-level curves relate to different periods. 

The map which is presented in this report (fig. 8) refers to “average” values for each water point net-
work. The diagram of the variations in levels for each water point (Fig. 8) shows that variations in
level are not equivalent (downward or upward) to all water points and at the same time series. But
in the same direction except water point YN1 which is directly affected by the upward and down-
ward movements of the sea. 

The study was considered useful to determine the saturation index (Langelier). 

Based on the average values of physicochemical parameters of the samples taken outdoors and work-
shops identified the following indicators for each water point. 

The above values show that all sites are represented by water points network is important to heavy
deposition of salts and corrosion on all metal construction, reinforced concrete, etc. contact for a long
time in the underground water.

6. Conclusions-Results 

6a. Hydrologic Conditions 

The area of investigation because of geomorphological terrain is separated into two physiographic
units: mountain and plain. This differentiates physiography and conditions in rain water in the urban
area of Nafplio. 

The flat section formed by two lines on rain water drainage that may affect the urban area of Naf-
plio. The first pillar is powered by a drainage catchment area of 0,17 km2 small size and quantities
of rain water can be generated by a strong global rainfall is negligible. 

The second line of drainage is important and affects mainly the new urban part of Nafplio. The sur-
face drainage area is 2, 7 km2. But the volume of rain water and contribute to ‘’external’’ basins through
two entrances, which identified the site Bampafono. In an episode of rainfall intensity (i) = 70 mm / h
and for 30 minutes, which occur in Argolic Field can create a rain water volume equal to about 980.000
m3. These quantities are based on the topography of the urban and peri-urban area will cross the new
part of the city of Nafplion which is defined between the City Parking and the new breakwater and will
end at sea (Fig. 2). The above amounts did not take into account the rain water that would enter from
the two entrances at the region of Bampafono, and which is estimated to be clearly higher. 

ΥΝ1 ΥΝ2 ΝΦ1 ΝΦ2 ΝΦ3

2,4 1,8 1,5 1,3 1,2
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Because surface water is not considered a specific area but is the sum of small basins different
streams was not easy to calculate the concentration of “years” (tic) of rain water as described above
in a given topographic position (e.g.; the ‘’entrance’’ of the urban area). An approximate estimate is
based on the type of Snyders (modified) tc = Ct + (L + l) n /Ö S (in hours). Considering as a single
basin of this water surface with the main watercourse flood line in the urban area ‘’B’’ and that ex-
tend up to the entrance of the urban area (near the road Nafplion - Argos), the ‘’concentration time‘’
(tc) of the largest providers of rain water at the rate of road Nafplion - Argos was estimated to be 20‘
from the moment you start an episode of intense rainfall. 

Of course all the above references to surface water and flood their impact on urban and suburban area
of Nafplio are conceptual in nature as the primary data available for these estimates were made were
few. The aim, however this report is to demonstrate that these hydrologic sizes in urban areas can
be identified and exploited to the course of an urban planning area. 

6b. Groundwater 

The groundwater grows shallow in most of the urban area of Nafplio. Evaluating the average val-
ues of all time - series (measured from the five (5) water points ‘’network’’) we conclude that the
level of groundwater varies on average between measurements to 0.27 m at the low sites (coastal)
and 2.25 m in high. Also according to the depth of the aquifer large number of building foundations
of the urban area is always in the saturated part of the aquifer throughout the year. 

A number of foundations are also building in magazines saturated part of the aquifer (wet season).
And finally to higher places and especially in the slopes of the urban and suburban area, the foun-
dations of buildings are in the ‘’ventilation zone‘’ of the aquifer. As a result they are only affected
by the percolation of surface waters to the ‘’saturated’’ zone. 

The demarcation of the three (3) these subregions the area of research in which the foundations ac-
cept a varying degree the influence of underground water could be achieved if there was a utilitar-
ian scale water points denser network monitoring. The network water points which were used, we
provide only an indicative list of conditions on the water level fluctuation during the hydrological
year and spatial variations in urban and suburban area of Nafplio. 

Regarding the groundwater chemicals based on the calculation of the index Ryznar, the groundwa-
ter has throughout the period of measurements such a quality characterized by pH values ranging be-
tween 7 and 9 in all water points and all time series sampling. 

This is interpreted that at the foundations of reinforced concrete and steel stockades only salt depo-
sition occurs and not erosion. 

In conclusion these findings, the overall assessment is that by ensuring a monitoring network denser
and longer time series of measurements, at least three (3) hydrological years can provide a reliable
and use-based data on the structure of the aquifer and the quality characteristics they affect the foun-
dations. Also while in the present investigation there were no measurements of water run-off and their
impact on urban and suburban environment of Nafplion is estimated that in a multi-level research
on the Geoenvironment should not be missing references to floods but a downstream part of the
wider aquifer. This certainly confirms the prevailing conditions of urbanization beyond. 
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Abstract 

Soil, as the primary receptor of anthropogenic urban contamination acts as a sink for a variety of
toxic and other hazardous substances.  It constitutes, therefore, an indicator of contamination and
may be utilised geochemically to assess environmental quality of urban and suburban areas.

In Nafplion, an urban and suburban area of 50 km2, was investigated using for the first time in Hel-
las an integrated approach with all available geoscientific techniques to make an in-depth environ-
mental impact assessment.  One of these techniques was applied geochemistry, which mapped the
geochemistry of surface soil (0-10 cm) with 144 samples, collected on a regular grid of 500 x 500 km.
The following fifty determinands were measured on the soil samples:  Ag, Al, As, B, Ba, Be, Bi, Ca,
Cd, Ce, Co, Cr, Cu, Fe, Ga, Ge, Hg, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se,
Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn, Zr, pH, electrical conductivity and grain-size distribution.

The aim of the geochemical study was to distinguish, as far as possible, the origin of chemical ele-
ments, and (i) to classify them as geogenic or anthropogenic; (ii) to delineate contaminated areas,
and (iii) to assess potential future impacts of human activities on soil.

Interpretation of the resulting geochemical patterns has shown that those of  Al, Fe, Be, Ce, Cr,  Co,
Ga, Ge, K, La, Li, Mg, Nb, Ni, Rb, Sc, Sr, Tl, V, Y, W and Zr are of geogenic origin, since they are
directly related to parent rocks, whereas patterns of As, B, Ba, Bi, Ca, Cd, Cu, Mn, Mo, Na, P, Pb,
S, Sb, Sn, Th, U and Zn are interpreted as being of dual origin, geogenic and anthropogenic.  In this
paper, the geochemical distribution of only five elements shall be described, i.e., Pb, Zn, Cu, Ni and
Na.  This case study was indeed very interesting, since for the interpretation of some patterns, even
the military history of the area had to be unravelled.

Key words: soil, urban geochemistry, Nafplion, Hellas.

1. Introduction

As more population is moving to towns, seeking better working and living conditions, there is a
greater pressure on finding suitable land for industrial, residential and recreational use.  Urban and
suburban soil, because of past and current polluting activities, is considered to be of potentially high
health risk with respect to toxic elements and organic compounds. Surface soil is the main receptor
of urban contaminating activities, since it acts as a collector and a reservoir of toxic elements and
other substances.  It is, therefore, a good indicator of anthropogenic contamination, thus, allowing
the geochemical assessment of the quality of the urban and suburban environment.  Since, the qual-

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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ity of our living environment affects our health and overall well being, it is necessary to map the dis-
tribution of toxic elements and other substances in soil, and to locate and delineate precisely haz-
ardous areas, which must be rehabilitated before their reuse for residential, recreational, or even
industrial, purposes. 

The present work is part of an integrated geo-environmental study and refers to the results of the geo-
chemical survey carried out in the urban-suburban area of the city of Nafplion (Tassiou, 2009; Vas-
siliades, 2009), which is situated in the north-eastern part of Peloponnese, Hellas (Fig. 1).  The
integrated geo-environmental study covers an area of 50 km2, and is delimited to the south by the
Palamidi hill, to the east by Aria hill and the Exostis-Lefkakia depression, to the north by the Argos-
Tirintha-Nafplion plain and to the west by the Akronafplia (Arvanitia) peninsula (Fig. 2).

2. Objectives of urban geochemical survey

The aims of the soil geochemical study, carried out in the urban-suburban area of the city of Naf-
plion, were to distinguish, as far as possible, the origin of inorganic chemical elements, and (i) to clas-
sify them as geogenic or anthropogenic; (ii) to delineate contaminated areas, and (iii) to assess
potential future impacts of human activities on surface soil.

Fig. 1: Map of Hellas showing the location of the city of Nafplion in relation to Athens.
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3. Lithology and morphology

In summary, the geological formations on which the residual soil was developed are the following
(Photiades, 2008, 2010):  

• neritic limestone of Lower to Upper Cretaceous age with its base rich in serpentinite breccio-
conglomerate; 

• limestone and dolomite of Upper Triassic to Lower Jurassic age, locally with Fe-Mn encrus-
trations; 

• serpentinite tectonic mélange;
• flysch mélange;
• tectono-sedimentary mélange (clastic ophiolithic formation), 
• Quaternary alluvial deposits with swampy and brackish soil, and
• Recent fluvial deposits comprising heterogeneous coarse materials, derived from the erosion

of the pre-Neogene basement. 

Morphologically, the area constitutes an old weathered surface.  The limestone outcrops are strongly
weathered, and the collected soil samples are mostly residual (terra rossa). 

4. Methods

4.1 Sampling and sample preparation

The routine soil samples (0-10 cm) were collected from a regular grid of 500 x 500 m that covered
an area of 50 km2.  Duplicate field samples were collected from 10% of the sites for quality control
purposes, and the estimation of sampling, analytical and geochemical variance.  In total, 144 soil
samples were collected, weighing about one kilogram each.  The soil samples were dried at 30oC and
then sieved through a <2 mm nylon screen.

4.2 Chemical analysis

The following chemical elements were determined by an ICP-AES Spectrometer after a hot aqua
regia leach:  Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cu, Fe, Ga, Ge, Hg, K, La, Li, Mg, Mn,
Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn and Zr.  Aqua
regia dissolution is effective for base metals and associated elements in sulphides, oxides and car-
bonates.  Rock forming elements and refractories are only partially attacked.  It is noted that the
aqua regia leach is partial for B, Ba, Be, Ca, Ce, Cr, Fe, Ga, Ge, La, Li, Mg, Nb, Rb, Re, Sb, Sc, Sn,
Sr, Ta, Te, Th, Ti, Tl, W and Zr, and limited for Al, K and Na.  In addition, the soil pH, conductiv-
ity and the grain-size distribution were also determined.

The quality of analytical results was monitored by laboratory internal control samples, blanks and
subsamples of the routine soil and field duplicates.  Overall analytical precision was better than 5%
at the 95% confidence level for almost all elements determined.

4.3 Data processing

A geostatistical spatial structural analysis study was performed on the geochemical data of each el-
ement by plotting semi-variograms in different directions, and testing the extracted parameters by
point kriging before plotting its distribution map by ordinary kriging with Golden Software’s Surfer
program (Tassiou, 2009; Vassiliades, 2009).  A ten grade colour scale was used for map plotting,
which is based on the following percentiles:  2.5, 5, 10, 15, 25, 50, 75, 90, 95 and 97.5. 
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5. Results

In this paper, the geochemical distribution of only a few elements is described, e.g., Pb, Sn, Cu, Ni,
and Na.  For a full description of results the reports by Tassiou (2009) and Vassiliades (2009) should
be consulted.

5.1 Lead (Pb) distribution

Lead varies in surface soil (0-10 cm) from 4.65 to 166.8 ppm, with a mean and median of 30.0 and
20.6 ppm, respectively (Fig. 2).  One sample had a value of 882 ppm Pb, and was removed for the
data processing, because it distorted the patterns.  Levels of Pb>51.56 ppm characterise the city of
Nafplion, and especially the area of Palamidio castle, with the source of polluting activities going
back to the Hellenic war of independence against Turkey in the early nineteenth century.  Elevated
Pb values are also observed near to major roads.

5.2 Tin (Sn) distribution

The Sn variation in surface soil (0-10 cm) is from 0.1 to 17.6 ppm, with a mean and median of 1.69
and 0.97 ppm, respectively (Fig. 3). Given that 11 ppm Sn is the maximum total value for unconta-
minated soil (Chapman, 1972; Kabata–Pendias and Pendias 1984), values >9 ppm Sn, specifically
in the city of Nafplion, and around Palamidi hill, appear to be related to anthropogenic activities.
Similar to Pb, elevated Sn values are observed near to major roads.

Fig. 2: Geochemical distribution of aqua regia extractable Pb in the <2 mm fraction of soil (0-10 cm), Nafplion,
Peloponnese, Hellas.
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Fig. 3:  Geochemical distribution of aqua regia extractable Sn in the <2 mm fraction of soil (0-10 cm), Naf-
plion, Peloponnese, Hellas.

Fig. 4: Geochemical distribution of aqua regia extractable Cu in the <2 mm fraction of soil (0-10 cm), Nafplion,
Peloponnese, Hellas.
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5.3 Copper (Cu) distribution

Copper varies in surface soil (0-10 cm) from 3.85 to 278 ppm, with a mean and median of 41.6 and
32.7 ppm, respectively (Fig. 4). The elevated Cu values (>47 ppm) in the north part of the study area,
to the north-east of Aria and to the south-west of Lefkakia are considered to be due to agricultural
activities, i.e., copper sulphate is used as a herbicide, fungicide and pesticide.

5.4 Nickel (Ni) distribution

The Ni distribution in surface soil (0-10 cm) varies from 10.4 to 835.6 ppm, with a mean and me-
dian of 158.3 and 112.0 ppm, respectively (Fig. 5). The high Ni values characterise the flysch tec-
tonic mélange, which locally includes olistoliths of mafic lava, serpentinite and ophiolithic rocks,
as well as the tectono-sedimentary mélange of Upper Jurassic and the serpentinite tectonic mélange.
The geochemical patterns of Ni are almost identical to those of Cr and partly of Co, suggesting,

therefore, that the anomalous patterns are of geogenic origin.

5.5 Sodium (Na) distribution

Sodium varies in surface soil (0-10 cm) from 0.005 to 0.864%, with a mean and median of 0.033 and
0.015%, respectively (Fig. 5).  High Na concentrations are observed in the western part of the area
along the coast, and mainly to the north of Nafplion.  The reasons for these elevated Na values is sur-
face soil are probably sea spray, and irrigation with saline water due to marine water intrusion caused
by over pumping of shallow aquifers.  This area is also characterised by high values of B, S and Sr,
supporting, therefore, the marine influence interpretation.

Fig. 5: Geochemical distribution of aqua regia extractable Ni in the <2 mm fraction of soil (0-10 cm), Nafplion,
Peloponnese, Hellas.
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6. Conclusions

Interpretation of geochemical patterns of elements, presented on maps, is a complex, and difficult
task, because it requires an integrated evaluation of all available information.  It involves the study
of raw data, their statistical parameters, including linear correlation coefficients, as well as pH, elec-
trical conductivity, particle size distribution, geology and geomorphology of the area, and finally in-
situ observations with respect to land use.

Elevated geochemical patterns of Cr, Ni, Co, Mg and pH describe geological structures, such as the
tectono-sedimentary mélange and serpentinite mélange.  Areas with intense chemical weathering of
limestone (occurrence of terra rossa) are indicated by elevated geochemical patterns of Al and low
Ca.  In the terra rossa there is an accumulation of many elements (e.g., Al, As, Ba, Be, Cd, Ce, La,
Ga, Ge, Fe, Mn, Pb, Sb, Sc, V, Zn), and the resulting patterns are considered to be of geogenic ori-
gin.  Other elements with values, exceeding the natural geochemical background, such as Pb, Sn, Sb,
Zn, Mo, ± As, ± Bi, are associated with urban development.  Whereas, locally elevated values of Cu,
P, U, Zn, ± Cd and ± Th occur in agricultural areas, and are ascribed, therefore, to be caused mainly
by anthropogenic activities (Tassiou, 2009).

It is concluded that overall, the distribution patterns of chemical elements in the Nafplion urban and
suburban area are mainly of geogenic origin, and that anthropogenic contamination is of local sig-
nificance.  

Finally, urban geochemical studies are important, because they provide fundamental data about the
chemical state of our living and working environment, and they also establish the geochemical base-
line against which comparisons can be made in the future by either monitoring programmes or ac-
cidents of any type.

Fig. 6: Geochemical distribution of aqua regia extractable Na in the <2 mm fraction of soil (0-10 cm), Nafplion,
Peloponnese, Hellas.
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Abstract 

The Institute of Geology and Mineral Exploration of Greece (I.G.M.E.), in the framework of CSF
2000 – 2006 (Community Support Framework 2000-2006), implemented the pilot project “Collec-
tion, Codification and Documentation of geothematic information for urban and suburban areas in
Greece - pilot applications”. Geological, geochemical, geophysical, geotechnical, hydrogeological
and other geothematic data concerning the urban and surrounding areas of Drama (North Greece),
Nafplio & Sparti (Peloponnese) and Thrakomakedones (Attica) were collected. Drillings, geologi-
cal and neotectonic mapping and other “in situ” measurements and field work took place. All ini-
tial and derived analogical and digital data were compiled and processed in specially designed
geo-databases in GIS Environment. The final results are presented in geothematic maps and other
digital products (DEMs, 2D – 3D surfaces, geodatabases). Such data constitute the essential knowl-
edge base for land use planning and environmental protection in specific urban areas. Through this
pilot project, new scientific approaches, methodologies and standards were developed and improved
in order to apply to other future projects concerning the major cities of the whole country.

Key words: Urban Geology, geothematic mapping, GIS, pilot areas, Nafplio.

1. Introduction 

The Institute of Geology and Mineral Exploration of Greece (I.G.M.E), in the framework of CSF
2000 – 2006  (Community Support Framework 2000-2006, Operational Program Competitiveness,
Priority axis 7: Energy and Sustainable Development, Measure 7.3: Exploitation of natural recourses
and support in meeting environmental commitments, Action 7.3.1) implemented the project titled
“Collection, codification and documentation of geothematic information for urban and suburban
areas in Greece - pilot applications”. 

Through the implementation of this project, existing geothematic information concerning geologi-
cal, hydrogeological, geotechnical, geochemical and geophysical reports for urban and suburban
areas over the whole country was compiled into a database. Data recording and management was
achieved through the use of GIS technology.

Additionally, the geoscientific information was enriched with data derived from “in situ” survey at
four pilot areas of different geological structure (Nafplio, Drama, Sparti and Thrakomakedones). All
geoinformation from geological mapping, geotechnical – geochemical – geophysical research and
measurements was stored and processed in specially designed geodatabases in GIS environment.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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Through the compilation of geological data, this Urban Geology project aimed to the understand-
ing of the surface and subsurface geology of the specific area. Thus, the knowledge of the geologi-
cal conditions will constitute an essential base for the identification and evaluation of geohazards
relating to natural processes and human activities at the wider study area.

All derivative project results and digital data (geodatabases, thematic maps, 3D models - surfaces)
are available to:

•State’s services in charge of the protection and enhancement of natural and human made en-
vironment
•State authorities and engineers whose activities concern infrastructure development and big
public works
•Authorities dealing with the confrontation of major natural disasters

•Archaeological services

This project should be the starting point for future relative studies concerning any big city of the
whole country or individually where it is required.

2. Historical overview of Urban Geology studies

Only a hundred years ago, there were no cities on earth with a population of 5 million residents.
Nowadays, the urban enlargement and overpopulation of the western areas is an increasing ten-
dency. It is estimated that there are over 60 such cities. Half of the world’s population lives in ur-
banized areas which cover only 0.7% of the total earth surface (according to IWGUG). 

The aggregation of population leads to the concentration of human activities and economic wealth,
over consumption of natural resources and urban growth without planning and sustainable man-
agement. As a result, urban societies are exposed to various dangers and threats with economic, so-
cial, ecological – environmental impacts on the urban surroundings.

Problems associated with urban development are addressed by the International Working Group on
Urban Geology. These problems are related with geological and hydrological conditions of urban
areas and those of their surroundings, e.g. flooding, land subsidence, groundwater pollution, soil
contamination, earthquakes, volcanic eruptions, coastal and river erosion, landslides, sinkholes, soft
and expansive soils causing foundation instability, etc. 

For all these reasons, no sustainable urban planning can be done without geological information
support. The field of Urban Geology is working towards inducing decision makers and planers to
take into account all geological factors in order to predict and minimize natural hazard, protect and
harmonize natural environment.

Urban Geology studies rely on diverse branches of earth sciences such as hydrology, engineering ge-
ology, geochemistry, stratigraphy and geomorphology in order to build a three-dimensional model
of the character of the land and to explain the geological processes involved in the dynamic equi-
librium of the local environment (Giroux and Bélanger, 2003).

In the past, traditional approaches on Urban Geology were mostly focused on the mechanical be-
havior of different geological materials under the cities and the identification of infrastructures sta-
bility (roads, buildings). Today the environmental - geological researches, focused on urban areas,
cover a wide variety of queries, such as potable water supply, waste disposal, soil vulnerability etc. 

The necessity for Urban Geology in the United States was born as settlement spread into the haz-
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ard-prone lands of the West. Prior to about 1950, few maps presented engineering geology data and,
if they did, it was intended for the use of engineers, not planners (Rau, 2005).

The need for maps of Urban Geology was recognized publicly in Canada at the turn of the century
and probably well before by individual practitioners. In a paper presented to the Royal Society of
Canada in 1900, Dr. H. M. Ami said “The larger cities of our Dominion, as well as those of other
countries, are the centers of work and research in the pathways of science and commerce. . .  What
the drill has to penetrate in any one of our larger centers of activity in Canada is a question not only
of interest but also of economic value.” He proceeded to give summary accounts of the Urban Ge-
ology of Saint John, Montreal, Ottawa, Quebec, and Toronto, and this, almost seventy years ago
(Legget, 1969).

The concern over the urban development and its environmental impacts promotes the collaboration
and close interaction between geoscientists, environmental scientists, engineers, planers, decision
makers. This multidisciplinary approach has lead to the increase of relevant scientific publications
such as “Environmental Geology” (Springer), “Environmental & Engineering Geosciences” (Geo-
logical Society of America and Engineering Geologists), “Environmental Modeling and Assess-
ment” (Baltzer Science Publishers), “Journal of Environmental Planning and Management” (Carfax
Publishing) and “Environment and Urbanization” (International Institute for Environment and De-
velopment). 

In 1991, International Working Group on Urban Geology (IWGUG) was established to provide an
international platform in which geoscientists and non-geoscientists can discuss issues of mutual in-
terest concerning urban development. Both the International Association of Engineering Geology
(IAEG) and the International Association of Hydrogeologists (IAH) supported this initiative to form
a Working Group and joined as founding members.

3. Case study: Pilot area of Nafplio, Argolis prefecture, Peloponnese, Greece 

3.1 Work tasks outline

The third subproject of the Urban Geology Project of I.G.M.E. titled “Integrated geological, geot-
echnical, hydrogeological, geochemical, geophysical and marine studies of urban and suburban area
of Nafplio, Argolis Prefecture” realized at the broader area of Nafplio. The total study area covered
a surface of 50 Km2 (Fig.1).

The project focused on the collection of field work data and other geological information generated
from previous studies of the urban and surrounding area of the city. Fieldwork comprised (Zervakou
A. et al., 2007):

• Geological mapping at 1:5.000 scale for the identification and evaluation of geological set-
tings in the study area.

• Neotectonic mapping at 1:5.000 scale for the identification and evaluation of active faults in
the study area.

• Geotechnical mapping at 1:5.000 scale for the identification and evaluation of physical, me-
chanical and geotechnical properties of geological formations in the study area. 

• Water and soil field sampling for geochemical analyses.
• Radon measurements.
• Surface geophysical measurements. 
• Deep geophysical measurements. 
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• Marine geological survey
• Fieldwork survey for the verification of remote sensing data interpretation
• Geoarchaelogical survey

After the field survey and data acquisition, the following work tasks were implemented (Zervakou
A. et al., 2007):

• Soil and water laboratory tests and geochemical analyses.
• Soilmechanics, rockmechanics laboratory tests for the determination of physical and me-

chanical properties of the penetrated formations.
• Test shallow drillings (“in situ” SPT and permeability tests).
• Data elaboration.
• Data evaluation.
• Data input, management and analysis in GIS environment.
• Digital thematic maps compilation in GIS environment.
• Technical reports, publications.

3.2 Accomplished tasks

During the project the following work tasks were carried out:

1. Geological mapping at 1:5.000 scale.
2. Neotectonic mapping at 1:5.000 scale (Fig. 2).
3. Test Drillings (Fig. 3).
4. Geotechnical mapping at 1:5.000 scale.
5. Geotechnical survey and sampling in 22 locations – Geotechnical rock mass classification in

22 locations (according to Bieniawski).

Fig. 1: Reference map of Nafplio’s broader
area. The black line outlines the study area
(Zervakou A. et al, 2007).
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6. Hydrogeological survey, piezometric measurements, water sampling in 5 locations and chem-
ical analyses (Ca, C-, Na, NH4, NO2, NO3, SO4).

7. Soil sampling in 144 locations and geochemical analyses for the determination of 44 chemi-
cal elements such as Ag, As, B, Cr, Cu, Fe, etc.

8. Radon measurements.
9. Marine geological survey (Bathymetry, morphology, sampling) (Fig.4).
10. Geophysical survey (Fig. 5):

a. Cross – hole Seismic measurements.
b. Diffraction seismic measurements.
c. Topographic – gravity measurements.
d, Electromagnetical measurements.
e. Electrical tomography.

Fig. 2: Neotectonic faults occurring at the broader area of Nafplio (Galanakis and Georgiou, 2008).

Fig. 3: Test drilling core samples taken from the broader area of Nafplio (Pantelias, 2009).
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Fig. 4: a) Surface sediment sample collected from the sea floor in the marine area near the city of Nafplio, b)
Seismic profile taken from the broader marine area near the city of Nafplio (Andrinopoulos et al., 2008).

Fig. 5: a) Electric Resistivity Tomography inversion, b) and c) Seismic survey for the detection of possible
faults (Karmis, 2008).
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11. Geoarchaelogical survey at the broader area of Nafplio (Fig. 6).
12. Geodatabase design, creation and data input.
13. Data management, data analysis.
14. Thematic maps compilation.
15. DEMs and other digital 2D and 3D surfaces creation.

3.3 Urban Geology Geodatabase

The complexity of Urban Geology geoinformation can be well stored, described and processed
within the frame of a Geographic Information System (GIS).

All geoscientific information derived from field work and data elaboration was stored and processed
into a geographic database specially designed for such data. For this specific application an ArcGIS
Personal Geodatabase was created (Fig.7).

Fig. 6: Magnetic survey near the ancient Agora at the city of Argos (Zananiri, 2009; Zananiri et al., 2010).
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3.4 Thematic maps and other digital products

Maps are the best tool to represent, describe, interpret and understand the real world. A map provides
information on the existence, the location, the distance and the relation between spatial features.
Therefore, any spatial planning, like urban planning, requires a supply of maps.

All processed fieldwork data and results derived from this particular project are presented in geot-
hematic maps and 2D – 3D digital models - surfaces. Two samples of the produced geothematic
digital products are displayed bellow (Fig. 8 & 9).

4. Conclusions

Natural hazards are geological and environmental phenomena occurring at irregular intervals and at
varying intensity. Urban areas are more at risk than others, depending on natural factors such as ge-

Fig. 7: “Nafplio” Geodatabase structure and content (Zervakou and Tsombos, 2010).

31 (3)
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Fig. 8: High detailed TIN representing the surface morphology of the study area (Zervakou et al., 2007). 

Fig. 9: Geological map of the study area (Photiades, 2008).
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ology, topography and intensive human activities. Today, scientific knowledge and advanced tech-
nologies are applied for hazard evaluation and risk reduction, sustainable land use and urban plan-
ning.

Urban Geology is working towards inducing decision makers and planers to take into account all ge-
ological factors in order to predict and minimize natural hazard, protect and harmonize natural en-
vironment in urbanized areas.

Urban Geology project of I.G.M.E., accomplished within the framework of CSF 2000 – 2006, fo-
cused on the collection and management of geothematic information concerning urban and subur-
ban areas. Specialized and dedicated studies took place at four pilot urban areas. Nafplio, the capital
city of Argolis prefecture, was one of them. 

Geographic Information Systems provided the best environment for the collection, storage, man-
agement, processing, analysis and cartographic representation of complex geoscientific informa-
tion. All compiled data were stored, processed in geodatabase and presented in a set of thematic
maps and other 2D and 3D digital products.

Geological information constitutes the essential knowledge base for a country development. Thus,
the concentration of a big volume of data (maps, technical reports, laboratory analyses etc) in the In-
stitute of Geology and Mineral Exploration will facilitate the geoinformation dissemination to pub-
lic sector, companies and individuals.

To conclude, through this pilot project new scientific approaches, methodologies and standards were
developed and improved in order to apply to other future projects concerning capital centers of the
whole country. 
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Abstract 

The application of earth science principles and techniques to the understanding of the archaeo-log-
ical record has become a common practice, while reducing the archaeological risk is possible by
clarifying areas of archaeological potential at an early stage. Towards this scope non-invasive geo-
physical magnetometry surveys were carried out at the city of Argos, successfully locating areas of
interest for future excavations. Geoarchaeology studies in the Argolis Prefecture also involved the
spatial location of the archaeological protection zones in the city of Nafplio, by combining data
from the Official Government Gazettes, aerial photographs and high-resolution satellite images.
Another study dealt with the palaeogeographic evolution of the broader Palea Epidavros area; field-
work comprised electric resistivity soundings, total field magnetic measurements and two research
boreholes at different altitudes. Finally, geoarchaeological research was employed to locate rocks
suitable for the restoration of the Grave Circle A of Mycenae. The data management and carto-
graphic representation was performed, in all cases, using Geographic Information Systems, where
a geographic database was created, including all available information: local geology, topographic
features, satellite images and archaeological data. 

Key words: geoarchaeology, magnetometry, electric resistivity, GIS, Argolis prefecture.

1. Introduction

Geoarchaeology is an approach to the study of archaeological issues using the methods and concepts
of the earth sciences. Attention is focused on the physical context of archaeological remains, especially
in relation to geomorphological processes, site formation, post-depositional transformations, and the
relationships between cultural and natural processes [Geoarchaeology (n.d.), 2010]. Modern geoar-
chaeological research makes use of a vast number of sophisticated techniques that either have been
used in geology and pedology or have been developed or refined for geoarchaeological purposes. 

Towards this scope, advanced geophysical techniques have been widely employed over the past
decades to assist archaeologists during excavation planning (e.g. Patella and Hesse, 1999; Sarris
and Jones, 2000; Gaffney and Gater 2003, Vafidis et al., 2005; English Heritage, 2008). Their ap-
plication is based on the detection of inhomogeneities of the geophysical parameters of the ground,
caused by the presence of buried archaeological structures and artefacts. Detailed magnetometry is
a rapid, effective and non-invasive tool for the localization of buried structures (e.g. Tsokas et al.,
1986, 1994) and constitutes the basis of archaeological surveying, complemented where necessary

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



XLIII, No 3 – 1540

by ground penetrating radar, electric and electromagnetic methods (e.g. Sambuelli et al., 1999;
Kvamme, 2001; Diamanti et al., 2005; Drahor, 2006; Papadopoulos et al., 2009). 

The Institute of Geology and Mineral Exploration (I.G.M.E.) of Greece, in the frame of “Commu-
nity Support Framework 2000 – 2006”, Operational Program “Competitiveness”, implemented the
project called “Collection, codification and documentation of geothematic information for urban
and suburban areas in Greece. Pilot studies”. In the framework of subproject 3 “Integrated geolog-
ical, geotechnical, hydrogeological, geochemical, geophysical and marine studies of the urban and
suburban pilot area of Nafplio, Argolis municipality”, geoarchaeological investigations were carried
out in urban archaeological locations. This paper presents the preliminary results from the applica-
tion of archaeological geophysics at the city of Argos and the town of Palea Epidavros, as well as
data from two geoarchaeology studies that involve the city of Nafplio and the 1st Grave Circle in the
acropolis of Mycenae (Fig. 1). 

2. Geological setting

The Argolis Peninsula consists of a stack of tectonic units, comprising ophiolites as well as deep
water and platform sediments deposited at the Pelagonian margin (Pomoni-Papaioannou and Pho-
tiades, 2007). It comprises a composite nappe pile (Bortolotti et al., 2003 and references therein) of
several imbricated pre-Neogene tectonic units, tectonically assembled in two major distinct tectonic
phases, one in the late Jurassic and the other in the late Eocene (Photiades and Skourtsis-Coroneou,
1994). The study area is covered by three adjacent geological map sheets of 1:50.000 scale, namely
the Argos (Papastamatiou et al., 1970), Ligourion (Tataris et al., 1970) and Nafplion (Bannert et al.,
1984), the latter two recently updated by Photiades (pers. communication). A detailed analysis of the
local geology can be found in Photiades (2008, 2010).

Fig. 1: Satellite image – taken from Google Earth – showing the location of the studied sites in the Argolis pre-
fecture.
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3. Argos

The city of Argos, today an agricultural and industrial centre of the Argolis Prefecture, was one of
the most prominent city-states from the beginning of Archaic Times (c. 800 B.C.) and through to
Classical Times. The modern city is mainly built on a 1.5-5.0m elevated surface of alluvial deposits
(Pitéros, 1998), that overlay ancient habitation ruins. 

In order to reduce risk in archaeological excavations by identifying areas of high potential at an early
stage a non-invasive geophysical survey was carried (Zananiri and Zervakou, 2008; Zananiri, 2009,
Zananiri et al. 2010). Based on historical and archaeological evidence three sites were chosen near
the ancient Agora of Argos (Fig. 2) and at the outskirts of the city. Total field and gradient magnetic
measurements were collected over several grids, with 1m spacing between measurement points. Rep-
resentative samples from the top-soil and possible construction materials were taken for laboratory
measurements of the low-field magnetic susceptibility, enabling a qualitative estimation of the nature
of the expected magnetic anomalies. For example, positive magnetic anomalies may represent the
remains of brick walls, while negative anomalies can correspond to limestone constructions in a rel-
atively high susceptibility environment. Mapping, filtering and inversion procedures of the magnetic
data have been used in tandem (Fig. 3). The data management and cartographic representation was
performed using Geographic Information Systems, where a geographic database was created, in-
cluding all available information for the broader Argos area. The results of the geophysical survey
were able to highlight the presence of linear and geometric structures possibly representing inhabi-
tance ruins, namely small building remnants and road foundations according to observations from
neighbouring excavations. As can be seen in Figure 4 the general anomaly directions of a 20 × 20 grid,
located near the ancient Agora of Argos are trending NW-SE parallel to the suggested positions of the
main ancient roads at the city of Argos (Pausanias II, 19.3). Thus, the authors were able to suggest to
the archaeologists excavation tests on the basis of the residual magnetic map.

4. Nafplio

Geoarchaeology studies in the Argolis Prefecture also involved the spatial location of the archaeo-

Fig. 2: (a) Remains of occupation structures revealed during excavation by the 4th Ephoria of Prehistoric and
Classical Antiquities (E.P.C.A.) nearby the study area. The remnants were buried at about 0.5 m depth. Site 1
of the present study is seen in the background; (b) General view of site 2, where the layout of the measuring
grid is shown.
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logical protection zones in the city of Nafplio. These zones were defined by the Hellenic State and
published in the Official Government Gazettes, however their location was not easily accessible to
the general public and a need for an intelligible visual representation was imminent. This task was
carried out by combining data from the Official Government Gazettes, aerial photographs and high-
resolution satellite images in a GIS environment. Thus, a detailed mapping of the limits of zone A
– totally protected, no construction allowed – and zone B – partially protected, conditional con-
struction allowed – was performed (Fig. 4). 

In this way that information is easily accessible by the local authorities, the scientific community and
the general public, providing a handy tool for monitoring the current situation and effectively plan-
ning urban development of the city of Nafplio.

5. Palea Epidavros

The ancient town of Palea Epidavros, inhabited since the 3rd millennium B.C., has not been sys-
tematically excavated; however, numerous ruins, from different eras, outcrop all over the so-called
“Nisi”, which is the Greek term for island, peninsula. The ancient theatre, t.i. the Small Theater of
Ancient Epidavros, is found on the western side of the peninsula, near the slope of the strait con-
necting the Nisi peninsula with the mainland. Noteworthy is the fact that Pausanias, when during his
travels visited the area in the middle of 2nd century A.D. refers to the temples, the agora and the sea-

Fig. 3: Magnetic survey results from a 20 × 20 grid, located near the ancient Agora of Argos: (a) Raw data of
the total magnetic field (after diurnal correction and despiking); (b) reduction to pole; (c) residual field and (d)
3-D mapping of the residual magnetic field. The letters B1, B2 and B3 denote areas having high positive anom-
alies, which may correspond to foundation remnants, e.g. pillars from the corners of buildings.



XLIII, No 3 – 1543

port, but does not mention the theatre. Thus, several questions arise concerning the palaeogeographic
evolution of the area and especially the strait of Nisi.  

Towards this scope a geophysical and stratigraphy study was carried out (Zananiri, 2009) in the
broader area of Palea Epidavros, in order to investigate the possible presence of a marine channel
between the Nisi peninsula and the main coast. The fieldwork comprised 17 vertical electric sound-
ings (Figs. 5 & 6) and measurements of the total magnetic field at a total of 90 stations; finally in
May 2008 two exploratory boreholes were drilled, reaching 12.16m and 14.40m respectively. The
locations of the fieldwork activities were determined in collaboration with archaeologists from the
4th Ephoria of Prehistoric and Classical Antiquities (E.P.C.A.). A preliminary examination of the
drilled cores has been carried out, while detailed textural examination is in progress. Finally, labo-
ratory magnetic measurements (Fig. 7) were performed on samples from both cores, taken every
10-15cm: low and high field magnetic susceptibility, frequency dependence calculation, isothermal
remanence acquisition and thermomagnetic analyses. The data management and cartographic rep-
resentation was performed using Geographic Information Systems and Google Earth platform.

6. Grave Circle A of Mycenae

The Grave Circle A of Mycenae (Fig. 8), excavated in the 1876 by Schliemann, is among the most
important prehistoric monuments of Greece, very well known for the rich findings and the gold
masks of the royal burials dated to the 16th century B.C. Later, in the 13th century B.C., the graves
were enclosed by upright slabs of stone, forming two concentric circles. 

The target of the survey (Chiotis et al., 2006), assigned to I.G.M.E. by the Committee for the restora-
tion of Mycenae, was to localize similar rocks, proper for the restoration of these concentric circles.

The slabs of the monument consist by 84% of bioclastic limestone; they are frequently rich in siz-

Fig. 4: Orthophoto mosaic from the broader Nafplio area, where the archaeological protection zones for the city
of Nafplio are shown.
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Fig. 5: Satellite image of the broader Palea Epidavros area where the location of the VESs is shown.

Fig. 6: An example of a vertical electric sounding (top) and the corresponding pseudo cross-section of appar-
ent resistivity (bottom).
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Fig. 7: Low field magnetic susceptibility histogram (left) and isothermal remanent magnetization acquisition
curves (right) from samples extracted from the Epidavros boreholes.

Fig. 8: Grave Circle A of Mycenae: view from SE (top) and typical images of fossiliferous rocks from the
Grave Circle columns (bottom).

able fossils indicating a littoral marine environment of sedimentation. The rest participating rock
types are sandstone, occasionally fossiliferous, fine conglomerate and oolithic limestone. Palaeon-
tological and lithofacial criteria were suggestive of a Pleistocene age; taking into account the geo-
logical setting of the broader area, located near the Gulf of Corinth – an active extensional basin, the
search for similar rocks was focused on the Tyrrhenian formations, starting from the outcrops in
Nafplion and shifting successively to Corinth, Loutraki and Perachora areas (Zananiri et al., 2008
and references therein). The requirement of the restoration team for compact slabs, (1×1.5×0.15m)
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large, was a serious restriction that excluded many of the already mapped geological outcrops. Proper
formations with sufficient reserves were localized in the area of Perachora, near the Vouliagmeni
Lake. The Tyrrhenian outcrops in Perachora occur in terraces which are tectonically uplifted up to
an elevation of 160m. The prehistoric quarries (Fig. 9a) used for the excavation of the slabs of the
Grave Circle A were also found in Perachora, very close to Mycenaean chamber tombs. The exca-
vated blocks were surrounded by trenches, 12cm wide, partly opened by rock abrasion through the
use of volcanic rocks (Fig. 9b). A similar grinder of volcanic rock was also found in the monument,
apparently used for smoothing the slabs.

7. Conclusions

The discipline of geoarchaeology, where geology sides with archaeology towards the study and
preservation of our cultural heritage, is highly prominent worldwide and during the past few decades
is being developed in Greece as well. The Institute of Geology & Mineral Exploration, in the frame-
work of C.S.F. 2000 – 2006 implemented geoarchaeological research in the broader area of Argolis
Prefecture, one of the most active regions in Greece in terms of archaeological excavations that have
taken place during the past decades. The studies presented here constitute a joint initiative by the
I.G.M.E. and the archaeologists of the 4th Ephoria of Prehistorical and Classical Antiquities towards
the development of a systematic geoarchaeological survey in the Argolis Prefecture. 

From the realization of these projects, and a preliminary interpretation of the results, several con-
clusions were drawn and important information was provided:

• The magnetic survey, at the city of Argos, provided indications for the location and burial
depth of occupational remnants.

• A detailed mapping of the archaeological protection zones around the city of Nafplio was ac-
complished.

• There are indications that a marine channel used to separate the Nisi peninsula from the main
land at Palea Epidavros

• Ancient quarries of fossiliferous limestones, suitable for the restoration of the Grave Circle
A columns, were found in Tyrrhenean marine terraces at Perachora peninsula. 

However, it is important to point out that geophysical surveys and other applied geological techniques
do not substitute archaeological excavations but can contribute significantly to an optimum excava-
tion planning by defining areas of increased interest and thus cut down excavation cost and time.

Fig. 9: (a) Ancient quarry of fossiliferous limestone in a Tyrrhenean marine terrace at Perachora peninsula; (b)
Volcanic grinder. 
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Abstract 

The systematic use of tools provided in Geographic Information Systems in data mapping makes
easy the management of the data acquired from urban geology studies. However, the information de-
rived concern not only the scientific society but also the local authorities and the general public.
Thus, a simple way of data dissemination had to be adopted. Online tools, such as those pioneered
by Google EarthTM (GE), are changing the way in which scientists and the general public interact
with geospatial data in a virtual environment. In the past years since its 2005 introduction, GE has
introduced numerous applications, in geosciences as well as in many socio-economic disciplines.
I.G.M.E., in the framework of CSF 2000 – 2006 (Operational Program “Competitiveness”), im-
plemented the project called “Collection, codification and documentation of geothematic informa-
tion for urban and suburban areas in Greece. Pilot studies”. Data management and cartographic
representation was performed using G.I.S., where a geographic database was created, including all
available information for the studied areas: geology, topography, satellite images, geophysical, geo-
chemical, geotechnical, hydrogeological and geoarchaeological data. Critical information from the
geodatabase concerning the study area of the city of Nafplio, Argolis Prefecture, were imported in
Google Earth and stored as a Keywhole Markup Language Zipped file, rendering a 2-D layer in GE
directly, to facilitate dissemination.

Key words: Google Earth, GIS database, urban geology, Nafplio.

1. Introduction 

Sustainable urban planning and development depends on the access to high quality geological data;
therefore urban geology has emerged as an important research area worldwide (e.g. Legget, 1969;
de Mulder, 1993; Fuchu et al., 1994; Karrow and White, 1998; Nott, 2003). Urban geology studies
rely on diverse branches of earth sciences, such as geological mapping, satellite remote sensing, hy-
drology, engineering geology, geochemistry, geophysics, environmental geology and geoarchaeol-
ogy, in order to build a three-dimensional model of the character of the land and to explain the
geological processes involved in the dynamic equilibrium of the local environment. The acquired ge-
othematic information contributes to the design and implementation of prevention and protection
measures against natural hazards, the realization of rational urban planning, the protection and en-
hancement of the urban and suburban environment and the setting of qualitative and quantitative tar-
gets for environmental goods. They constitute a constant source of information for the compilation
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of studies, as well as reference point for possible future changes, ensuring the spatial and geologi-
cal coherency of the entire data set (maps, borehole logs, geophysical measurements, etc). Further-
more, the interoperability of data banks at urban and national levels is a stake of prime importance
for all providers of referenced geological data.

Geographic Information Systems (GIS) is a powerful tool for many aspects of geospatial analyses
(Longley et al., 2001), but while used routinely to map data and solve complex problems, its adop-
tion in data sharing has been lagging. Part of the problem is that desktop GIS software is commer-
cial and complex in use and the required geospatial data are in most cases inaccessible for
non-professional users. Open source solutions for Web mapping, such as the UMN MapServer
(MapServer, 2009) or Deegree (Deegree, 2007) are often available for free, but require knowledge
of digital maps, encoding and transfer protocols. The recent development of Google Earth (GE;
Google Inc., 2009), a free web-based geographical information service that provides satellite imagery
and three-dimensional (3D) data depicting the entire planet, has changed the way in which scientists
and the general public interact with geospatial data in a virtual environment.

In this paper we demonstrate how geospatial data can be easily displayed and communicated by
combining GE and GIS, using data from an urban geology study, carried out by the Institute of Ge-
ology and Mineral Exploration (I.G.M.E.) of Greece.

2. The case study of Nafplio

The first systematic recording, codification and documentation of “Urban geology” geothematic in-
formation in Greece was implemented by the I.G.M.E. with the participation of 70 specialized sci-
entists and 30 technical employees, in the frame of the project “Collection, codification and
documentation of geothematic information for urban and suburban areas in Greece - pilot applica-
tions” (Operational Program “Competitiveness“, Community Support Framework 2000-2006)
(Tsombos and Zervakou, 2010). Subproject 3, called “Integrated geological, geotechnical, hydro-
geological, geochemical, geophysical and marine studies of the urban and suburban pilot area of
Nafplio, Argolis prefecture” (Zervakou et al., 2007), focused in the broader area of Nafplio (Fig. 1),
in north eastern Peloponnese. 
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Fig. 1: Satellite image from Google Earth showing the location of the city of Nafplio and main topographic fea-
tures of the broader area.
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During the elaboration of this project “in situ” studies and measurements took place; all geoscience in-
formation derived from various sources such as borehole logs, geological mapping, geotechnical, geo-
chemical, geophysical research and measurements, hydrological reports and digital elevation models
were compiled, stored and processed in specially designed georeferenced databases in GIS environment.

2.1. General information of the study area

Nafplio (146 km southwest of Athens) is a seaport city that has been expanded up to the hillsides near
the north end of the Argolic Gulf (Argolikos Bay). Most of the old city is on a peninsula jutting into the
gulf. This peninsula forms a naturally protected bay that is enhanced by the addition of man-made moles.

The city was the First capital of the liberated, from the Turks, Greece from 1829 to 1834. Its build-
ings, renowned castles and generally the whole layout of the city makes Nafplio an important tourist
centre. The fortress complex of Nafplio is extensive and imposing. The oldest fortress of all is Akro-
nafplia, in the homonymous peninsula. On the opposite rocky hill rises the famous Palamidi. Bourtzi
is found in front of the harbour, in the shallow waters. All three castles are remarkable not only for
their archaeological importance but also for their incredible location.

Nafplio city is connected with the national road Corinth - Tripoli through main provincial trans-
portation network via Argos (SW of Nafplio). Also there is now a railway station with daily trains
from/to Corinth and Athens and there is a connection with Ermioni, Porto Heli, Tolo, and the Ar-
gosaronic Gulf Islands by flying dolphins or boats from Piraeus. As a result, Nafplio is a well-con-
nected city with the mainland Peloponnese and the near ports.

3. Applied methodology

3.1. GIS applications

GIS are used by a heterogeneous group of individuals and organizations for an incredibly wide va-
riety of applications. A Geographic Information System is best described as an integrated collection
of hardware, software, data and computer users, which operates in an institutional context. The key
features that differentiate GIS from other information systems are the general focus on spatial enti-
ties and relationship, together with specific attention to spatial analytical and modelling operations.

Fig. 2: The concept of geothematic layers (ESRI) in a general example for urban development (left) and the
case of Nafplio from the urban geology project of IGME (right). 

32 (3)



In a technical sense, it is the ability to organize and integrate apparently disparate data sets together
which makes GIS so powerful (Maguire, 1991).

The spatial searching and overlay operations are a key functional feature of GIS (Maguire, 1991).
A more comprehensive and easy way to define GIS is the one that looks at the disposition, in layers
(Fig. 2), of its data sets. 

Geographic information systems have emerged in the last decade as an essential tool for urban and
resource planning and management. Their capacity to store, retrieve, analyse, model and map large
areas with huge volumes of spatial data has led to an extraordinary proliferation of applications. Ge-
ographic information systems are now used for land use planning, utilities management, ecosys-
tems modelling, landscape assessment and planning, transportation and infrastructure planning,
market analysis, visual impact analysis, facilities management, tax assessment, real estate analysis
and many other applications.

Within a Geographic Information System a spatial database or so called “Geodatabase” is a crucial
component that can be used to store, manipulate and process such complex data derived from urban
survey and study. Geodatabases enable efficient state management and archiving of geodata. Actu-
ally, the geodatabase is the core geographic information model to organize GIS data into thematic
layers and spatial representations. It supports both vector and raster data, while entities are repre-
sented as objects with properties, behaviour, and relationships. 
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Fig. 3: Nafplio Urban geology geodatabase contents. 
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For the specific urban geology project of IGME a geodatabase called “Nafplion” (Fig. 3) was built in
GIS Environment (software ArcGIS 9x, ArcInfo version, ESRI). The used format for editing and data
management was ArcGIS Geodatabase, a native data structure for ArcGIS software. It is a collection
of geographic datasets of various types held in a common file system folder, a Microsoft Access data-
base, or a multi-user relational database, such as Oracle, Microsoft SQL Server, or IBM DB2.

All geoinformation is compiled in feature classes and grouped in the following thematically organized
feature datasets (a detailed description of dataset contents is given by Zervakou & Tsombos, 2010):

• Feature dataset Topography
• Feature dataset Geology
• Feature dataset Engineering Geology
• Feature dataset Neotectonics
• Feature dataset Marine Geology:
• Feature dataset Hydrogeology
• Feature dataset Geophysics
• Feature dataset Soils
• Feature dataset Radioactive elements
• Feature dataset Geoarchaeology 

3.2. Web-based application

Access to spatial data as well as advanced mapping and spatial analysis over the Internet is becom-
ing more common (e.g. Beaudette and O’Green, 2009; Montesano et al., 2009). Recent attention
has focused on developing GIS functionality in the Internet, Worldwide Web and private intranets,
termed as WebGIS. 

WebGIS holds the potential to make distributed geographic information available to a very large
worldwide audience. In order to access the spatial information, the user needs only to have a Web
browser and access to the Internet. This way, internet users are able to access GIS applications from
their browsers without purchasing proprietary GIS software.

Web 2.0 applications such as Google Maps, Yahoo Maps, or Microsoft Live Maps provide free access
to easy-to-use functionality as well as high-quality map data. With the success of Google Earth (2007)
and Microsoft Virtual Earth (2007), the broader community has found an interest in visualising sce-
narios, city-centres and entire maps interactively in 3D (e.g. Pearce et al., 2007; Conroy et al., 2008).

More specifically, Google Earth combines satellite imagery, geographic data and Google’s search ca-
pabilities to create a virtual globe application that you can download to your desktop to access on-
line spatial data. GE is a virtual globe, currently freely available for personal use on PC running on
Windows, Macintosh and Linux operating system. For commercial and professional use many, af-
fordable, solutions are available. The original project was developed by Keyhole Inc. (2001), which
was bought by Google in 2004. 

Data organized in layers can be exported to the Keyhole Mark-up Language (KML/KMZ) native to
GE, transmitted to colleagues, members of the local authorities or even the general public as an email
attachment, and then simply “dragged and dropped” by the recipient onto their own desktop GE dis-
play, where the map layers appear “draped” over the GE landscape. The recipient has access to all the
graphics and attributes of each map layer that has been exported from GIS as well as to all GE tools,
e.g. ability to adjust map layer transparencies, labelling, longitude/latitude (or UTM determinations),



spatial measurements, and ‘‘tilting’’ of landscapes for enhanced 3D views. These tools are often suf-
ficient to allow the non-GIS user to obtain specific information of interest from the data.

4. Examples of dataset visualization in the study area

One of the challenges met during the elaboration of the urban geology project was the dissemina-
tion of the results to users of different access levels. In this paper, we present how GIS data derived
from the “Urban geology” project of IGME can be freely and easily transmitted to anyone with In-
ternet access and familiarity with Google Earth. Thematic layers, created in ArcGIS, were converted
from EGSA’87 (Greek Geodetic Reference System of 1987) to WGS84 Geographic Coordinate Sys-
tem to ensure compatibility with GE and then exported to a KMZ data file.

4.1. Topography

Detailed topography is a key feature for every study concerning spatial information. Thus, all avail-
able topographic data for the broader Nafplio area were digitized and imported in the “Nafplio” data-
base. A graphic representation of the most important topographic linear features is given in Figure 4.

4.2. Geology

A detailed geological mapping in a 1:5.000 scale was performed by Photiades (2008). According to
this survey the broader Nafplio area is covered by alluvial deposits, mainly lagoonal, overlying fly-
sch and limestone formations (Fig. 5). 

4.3. Neotectonics

According to a thorough neotectonic study, carried out by Galanakis and Georgiou (2008), the
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Fig. 4: Google Earth representation of topographic linear spatial features (contours, hydrological network,
transportation network) from the broader area of Nafplio.
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Fig. 5: Google Earth representation of geological formations from the broader area of Nafplio (Photiades,
2008).

Fig. 6: Google Earth representation of neotectonic linear features from the broader area of Nafplio (Galanakis
and Georgiou, 2008).

broader area of Nafplio is characterized by the existence of active and potentially active faults mainly
found in the boundaries of basins (Fig. 6). 



4.4 Marine Geology

In the framework of the urban geology project, marine geology research was carried out in the Gulf
surrounding the city of Nafplio (Andrinopoulos et al., 2008). The survey included 26 high-resolu-
tion seismic-reflection profiles and the collection of 14 sea-bottom surface samples (Fig. 7).

4.5. Geoarchaeology

A significant characteristic of urban and suburban areas, that has to be taken into account during
urban development, is the presence of archaeological remains. Thus, during the elaboration of the
urban geology project of I.G.M.E., an approach to the study of archaeological issues was attempted,
using the methods and concepts of the earth sciences (Zananiri et al., 2010). An example is pre-
sented in Figure 8, where the archaeological protection zones of the broader area of Nafplio were
mapped in detail. 

5. Conclusions

In this paper we dealt with the crucial issue of data dissemination from urban geology studies to
various recipients. We demonstrated how map layers, originally created in ArcGIS, can be shared
with users having no experience with or access to GIS by sending an email attachment. All that is
required is access to the Web and Google Earth, a powerful and freely downloadable geographic vi-
sualization tool. This opens up enormous possibilities for the free and easy dissemination of geospa-
tial information in a visually meaningful and stimulating way to colleagues, local authorities and the
interested general public around the world. Furthermore, this well-organized and easily accessible
dataset can constitute a valuable tool in the hands of public authorities towards decision making and
control, e.g. of building activities outside the defined urban development areas.  
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Fig. 7: Google Earth representation showing the location of seismic-reflection profiles and surface samples
collected from the Argolic Gulf (Andrinopoulos et al., 2008).
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Through the Google Earth platform the derivative maps (geological, geotechnical, geochemical,
geophysical etc.) and other digital data such as sampling points, elevation models, 2D – 3D digital
surfaces are available and accessible to all, public or private sector or even general public, manag-
ing issues concerning the protection and enhancement of the urban and suburban environment.

A KMZ file with the geospatial data from the pilot area of Nafplio, for level C users (general pub-
lic), can be requested via e-mail from the authors or downloaded from the IGME website:
http://www.igme.gr. It is intended that the results from subsequent studies will be incorporated into
the Nafplio “urban geology” database, and consequently the GE file, keeping users up-to-date. More-
over, following the example of Compieta et al. (2007), we plan to create a Google Earth-based tool
for data mining and spatial analysis. This application will incorporate widgets designed to select the
information to deal with, which will be rendered in 3D over a map and other layers provided by GE.
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Abstract

The aggregation of population in big cities leads to the concentration of human activities, overcon-
sumption of natural resources and urban growth without spatial planning and sustainable man-
agement. As a result, urban societies are exposed to various dangers and threats with economic,
social, ecological, and environmental impacts on the urban surroundings. Problems associated with
urban development are related to the existing geological conditions. Therefore, the provision of ap-
propriate geological information about the urban environment is essential for every sustainable
urban planning. The first systematic recording, codification and documentation of “Urban Geology”
geothematic information in Greece was implemented by the Institute of Geology and Mineral Ex-
ploration (I.G.M.E.) in the framework of the project called “Collection, codification and documen-
tation of geothematic information for urban and suburban areas in Greece - pilot applications”.
Through the implementation of this project, geological mapping, geotechnical, geochemical, geo-
physical research and measurements took place at four pilot cities of Greece. Nafplio, the capital city
of Argolis prefecture, was one of them. During the project, all compiled data were stored and
processed in specially designed geodatabases in GIS environment in order to produce multifunctional
geothematic maps and other digital products (DEMs, 2D - 3D surfaces). 

Key words: Urban Geology, geothematic information, GIS, Nafplio.

1. Introduction

According to current estimates, cities occupy 4% or less of the world’s terrestrial surface, yet they
are home to almost half of the global population, consume close to three-quarters of the world’s nat-
ural resources and generate three-quarters of its pollution and wastes. 

Urban areas expanding dramatically quickly, often without sustainable planning, are more at risk than
other areas. Their dependence on natural factors such as geology, topography, proximity to hazard
sources and intensive human activities arise the disaster risk. Hence, the urbanization process in de-
veloping countries is indicative of a process that needs considerable attention.

Given that the Earth’s population will in future be concentrated into ‘mega-cities’, with the atten-
dant problems associated with the concentration of the human race into a small part of the Earth’s
land surface, an increasing focus for geologists is the urban environment.

The basic role of the Institute of Geology and Mineral Exploration of Greece (I.G.M.E.) regarding
urban geological information is to increase the utilization and facilitate the dissemination of geo-
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logical data for urban planning and risk management. I.G.M.E. can provide the planners and other
interested parties with geological data easily understood by non-geologist users.

In this paper we demonstrate how the multifunctional technology of Geographic Information Sys-
tems (GIS) was used in order to collect, store, manage, process, analyze and cartographically rep-
resent the complex geoscientific information derived from Urban Geology studies, carried out by
IGME, with an emphasis given in Nafplio.

2. Urban Geology

Essential to effective urban planning is the availability of accurate, understandable, and pertinent data
on Urban Geology that decision-makers can use in making informed choices. Unfortunately, geo-
logical information is an underused resource in planning, despite the fact that the majority of cities
owe their historical development to geological factors. 

Urban Geology is a relatively new branch of the earth sciences that came into life in the past fifty
years. It is the study or application of geology to urban centers, urban development and planning.
The importance of geology as applied to cities has been stressed repeatedly by Legget (1973) and
Legget and Karrow (1983).

Urban Geology is not only important for every urban centre or city, it is also site specific. Each city
with its unique set of geological settings and geological constraints poses different or unique sets of
problems for the engineers and developers. Since all construction and development works are sited
on/in earth materials, it is geology that will indicate the types of problems that are encountered at
each site/city (Tan et al., 1990). 

Urban geologists have actually three broad tasks (Hancock and Skinner, 2000): 

— to manage the provision of mineral, construction, water, and conservation resources,
— to provide appropriate geological information for construction, engineering, and waste-man-

agement projects and 
— to manage and mitigate the natural and human-induced hazards that threaten an increas-

ingly concentrated and therefore vulnerable urban population.

An Urban Geology project provides the opportunity to compile all the geoscience information avail-
able for capital cities and release the information in a standard format that could be accessible to all
users including the private sector, the various levels of governments, universities and the general pub-
lic (Bélanger and Moore, 1999). 

The last decades, globally, many geological surveys and other institutes have operated “Urban Geol-
ogy” programs aiming to provide up-to-date information on ground-related issues for the towns and
cities. Through the collection and compilation of geological data, Urban Geology projects contribute:

— to the identification and evaluation of geohazards,
— to the development of countermeasures to reduce them,
— to the preservation of urban and surrounding environment. 

3. The case study of Nafplio, Argolis prefecture

The first systematic recording, codification and documentation of Urban Geology geothematic in-
formation in Greece was implemented by the Institute of Geology and Mineral Exploration
(I.G.M.E.) in the framework of the project called “Collection, codification and documentation of ge-
othematic information for urban and suburban areas in Greece - pilot applications”. 
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The third subproject called “Integrated geological, geotechnical, hydrogeological, geochemical, geo-
physical and marine studies in urban and suburban area of Nafplio, Argolis Prefecture” took place
at the broader area of Nafplio (Fig. 1a).

The aim of the project was the compilation of existing geoinformation concerning geological, hy-
drogeological, geotechnical, geochemical and geophysical reports for urban and suburban areas over
the whole country in databases. At the same time, desk and field survey was carried out. All infor-
mation derived from geological mapping, geotechnical – geochemical – geophysical – marine re-
search and measurements was stored and processed in spatial databases, specially designed for the
demands of the specific project, in GIS environment. The project’s results are presented in geothe-
matic maps and other digital products.

3.1. Project outline

An Urban Geology project should compile and release all the available information for the specific
area. This includes all properties of the bedrock and surficial materials, aquifers, geochemistry, ge-
otechnical characteristics and other parameters. There is a need for site-specific information such as

Fig. 1: (a) Satellite image from Google Earth showing the study area (included within the white box), (b) In-
dicative diagram of Urban Geology geothematic layers produced through “Urban Geology” project of I.G.M.E.
(Pantelias et al., 2008).



XLIII, No 3 – 1562

geological maps at a large scale (1:5.000, 1:1.000), stratigraphic cross-sections, topographic maps
(1:5.000 scale), logs from boreholes, soil and water sampling, etc. Users, including public and private
sector, demand information as detailed and specific as possible and at a scale as large as possible.

As mentioned above, the specific Urban Geology project focused on the collection and integration
of field work – laboratorial - processed data derived from various sources, summarized to the fol-
lowing (Zervakou et al., 2007):

— Geological mapping at 1:5.000 scale for the identification and evaluation of geological set-
tings in the study area.

— Neotectonic mapping  at 1:5.000 scale for the identification and evaluation of active faults
in the study area.

— Geotechnical mapping at 1:5.000 scale for the identification and evaluation of physical, me-
chanical and geotechnical properties of geological formations in the study area.

— Geotechnical survey and sampling in 22 locations.
— Geotechnical rock mass classification in 22 locations (according to Bieniawski).
— Hydrogeological survey.
— Geochemical survey.
— Water and soil field sampling for geochemical analyses.
— Radon measurements. 
— Surface Geophysical survey.
— Deep Geophysical survey.
— Marine geological survey.
— Geoarchaelogical survey.

3.2. Geographic Information System

To store, describe and process the complex information derived from field work and laboratory pro-
cessing, GIS technology was chosen as the best solution for the input, storage, management, analy-
sis and cartographic representation of such geographic information. The software used for the
development of the specific GIS application was ArcGIS 9x, ArcInfo version, ESRI.

GIS elaboration comprised the following stages (Zervakou et al., 2007):

— Design and building of the geographic database.
— Data import (Digitizing, GPS points, etc.).
— Descriptive information and hyperlink input.
— Data management (transformations, topology, editing, etc).
— DEMs and other surfaces generation.
— Thematic maps compilation.

3.3. Geodatabase schema and contents

The real world is too complex for our immediate and direct understanding. For this reason we cre-
ate “models” of reality that are intended to have some similarity with selected aspects of the real
world. Databases are created from these “models” as a fundamental step in coming to know the na-
ture and status of that reality. A spatial database is a collection of spatially referenced data that acts
as a model of reality in the sense that the database represents a selected set or approximation of phe-
nomena (Goodchild and Kemp, 1990).
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A spatial database is designed to store, query, and manipulate geographic information and spatial
data. It is also known as a geodatabase .Within a spatial database, spatial data is treated as any other
data type. Vector data can be stored as point, line or polygon data types, and may have an associated
spatial reference system. Some geodatabases also include support for storing raster data. 

For the specific GIS application an ArcGIS Personal Geodatabase was built. Personal geodatabases
are much like file-based workspaces. Microsoft Access is used to work with attribute tables in such
geodatabases. They support single user editing and no versioning support is provided. All geographic
data are stored in feature classes, classified in different Feature Datasets and single tables contain-
ing additional information. The used projected coordinate system is the Greek Geodetic Reference
System EGSA’87 (Datum: D_GGRS_1987, Spheroid: GRS_1980).

In particular, the “Nafplio” Geodatabase (Fig. 2) contains the following feature datasets which com-
prise thematically related feature classes (Zervakou et al., 2008):

— Feature dataset Topography: Topographic data derived from four topographic maps of the
Geographic Military Service at 1:5000 scale, covering the study area.

Fig. 2: “Nafplio” Geodatabase schema and contents.
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— Feature dataset Geology: Geological data derived from four geological maps of 1:5.000
scale covering the study area. This feature dataset contains also linear features generated
from airphotos interpretation. 

— Feature dataset Engineering Geology: Geotechnical data derived from four geotechnical
maps of 1:5.000 scale covering the study area. This dataset contains also data coming from
specific survey, observations and soil mechanics, rock mechanics laboratory tests for the de-
termination of physical and mechanical properties of the penetrated formations.

— Feature dataset Neotectonics: Neotectonic data derived from detailed field mapping and
observations.

— Feature dataset Hydrogeology: Hydrogeological data concerning water chemical analyses
and piezometric contours.

— Feature dataset Geophysics: Geophysical data comprising gravity – seismic – electrical –
electromagnetical measurements

— Feature dataset Soils: Soil geochemical data derived from field sampling and laboratory
analyses.

— Feature dataset Marine Geology: Data coming from marine geology survey (Bathymetry,
morphology, sampling).

— Feature dataset Radioactive elements: Data concerning radon measurements
— Feature dataset Geoarchaeology: Data derived from geoarchaeological survey in the

broader area of Nafplio.

As mentioned above, the customized geodatabase contains also special elements that contribute to
the best data management and integrity. These elements are topology1, domains2, subtypes3 and re-

Fig. 3: Topology rules for the geology dataset (Pantelias et al., 2008).

1 In geodatabases Topology constitutes the arrangement that constrains how point, line, and polygon features share geome-
try (ArcGIS Desktop help).

2 Attribute domains are used to constrain the values allowed in any particular attribute for a table or feature class. A domain
is a declaration of acceptable attribute values (ArcGIS Desktop help).

3 Subtypes are records in a table or feature class that have been grouped based on an attribute field. Subtypes are imple-
mented by creating coded values and, therefore, must be associated with fields of the data type short or long integer (Ar-
cGIS Desktop help).

4 An item in the geodatabase that stores information about a relationship. Relationship classes define relationships between
objects in the geodatabase. These relationships can be simple one-to-one relationships or more complex one-to-many (or
many-to-many) relationships between features and table rows. (ArcGIS Desktop help).
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lationship classes4. In summary, they:

— provide a strong mechanism to perform integrity checks on data.
— help to validate and maintain better feature representations in the geodatabase.
— enable richer and  more efficient analytical functions in Geographic Information System.

Subtypes and topology rules for the geology dataset are presented below (Fig. 3 and 4). 

3.4. Derived digital cartographic products

Urban planning process is complex, but an effective urban strategy involves land-use planning to
guide development and appropriate use of land areas. 

Geothematic cartographic products and especially maps are used effectively towards this scope.

Fig. 5: Topographic map of the study area.

Fig. 4: Subtypes for the geology dataset (Pantelias et al., 2008).

Fig. 6: Geological map of the study area (Photiades, 2008).

GEOLOGICAL LINEAR
FEATURES (SUBTYPES)

BOUNDARIES

FAULTS

OTHER TECTONIC LINES (e.g. overthrusts, upthrusts, tec-
tonic contacts) )

SPECIAL GEOLOGICAL LINES (e.g. landslide lines)
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Fig. 7: Neotectonic map of the study area (Galanakis and Georgiou, 2008).

Fig. 8: Engineering geological map of the study area (Apostolidis and Koutsouveli, 2008).

Fig. 9: Hydrological map of the study area (Sampatakakis et al., 2009).
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Fig. 10: Geochemical map displaying the Pb spa-
tial distribution in soil in the study area (Tassiou,
2008; Vassiliades, 2008).

Fig. 11: Map displaying the Radon concentration in soil in the study area (Koukoulis and Karageorgiou, 2008)).

33 (3)
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Specifically, they constitute a powerful tool for urban planning by: 

— providing specific geoinformation about particular locations.
— providing general information about geospatial patterns.
— giving the opportunity to compare patterns on two or more maps.
— providing identification of specific uses for designated sites.
— providing identification of suitable areas for urban or regional development.

In the framework of Urban Geology Project of IGME, all collected and processed data from field
surveys, desk surveys, monitoring, terrain and laboratory analysis are presented in a form that is ac-
cessible to all, in a set of thematic maps and other digital 2D and 3D data representing the mor-
phology, geology, hydrogeology, ground conditions, tectonics, hazards, and so on of the study area
of Nafplio (Fig. 5 - 12). 

4. Conclusions

Urban Geology studies rely on diverse branches of earth sciences such as hydrology, engineering ge-
ology, geochemistry, stratigraphy, geomorphology etc. The geoscience information derived from
various sources is compiled in a digital format and stored in georeferenced databases in the form of
point, linear, and polygon data. This information constitutes the geoscience knowledge base which
is then processed by Geographic Information Systems (GIS) to integrate the various sources of in-
formation and produce derived graphics, maps and models describing the geological infrastructure
and response of the geological environment to human activities.

Urban Geology project of I.G.M.E. accomplished in the framework of CSF 2000 – 2006, focused
on the compilation and integration of such data. Specialized and dedicated studies took place at four

Fig. 12: (a) High detailed TIN displaying the surface morphology of the study area, (b) raster representing the
seafloor morphology of the marine area near the city of Nafplio (Argolic Gulf) (Andrinopoulos et al., 2008),
(c) raster representing the radon concentration in soil in the study area (Koukoulis and Karageorgiou, 2008),
(d) raster representing the Cu spatial distribution in soil in the study area (Tassiou, 2008; Vassiliades, 2008).
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pilot urban areas. Nafplio, the capital city of Argolis prefecture, was one of them. 

Geographic Information Systems provided the best environment for the collection, storage, manage-
ment, processing, analysis and cartographic representation of complex geoscientific information. All
compiled data, stored in specially customized geodatabase, were classified in geothematic layers (fea-
ture classes), grouped in geothematic datasets (feature datasets) and processed in order to produce mul-
tifunctional surfaces and geothematic maps. Special geodatabase elements such as topology, domains,
subtypes and relationship classes were used for the best data management and integrity.

All collected and processed data from field surveys, desk surveys, monitoring and laboratory analy-
sis are presented in a form that is accessible to all, in a set of thematic maps and other digital 2D and
3D data, representing the morphology, geology, hydrogeology, ground conditions, tectonics, hazards
etc. in the specific study area.
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Abstract 

In the present study the evaluation of soil erosion in Southern Evia Island was carried out. Data re-
lated with precipitation, morphology, land cover and lithology were collected. A spatial database was
created and the further processing of the collected data was prepared using GIS. The Universal Soil
Loss Equation (USLE) was used to predict the spatial distribution of the average annual rate of ero-
sion. Five major factors were used to calculate the soil loss. These are rainfall erositivity (R), soil
erodibility (K), slope length and steepness (LS), cropping management (C) and conservation sup-
porting practice (P). Each factor is the numerical estimate of a specific condition that affects the
severity of soil erosion. The obtained soil loss values were used to create the erosion risk map. The
applied methodology provides a cost effected and rapid estimation of areas that are vulnerable to
soil erosion and need immediate attention from soil conservation point of view. Moreover these re-
sults can be used to assist land use planning.

Key words: Soil erosion risk, USLE, Southern Evia Island, GIS

1. Introduction 

Soil erosion is one form of soil degradation and is a naturally occurring process on all land, whose
agents are water and wind. Soil erosion may be a slow process that continues relatively unnoticed,
or it may occur at an alarming rate causing serious soil loss. Soil loss and its associated impacts are
important and widespread environmental problems today, which have far-reaching economic, po-
litical, social and environmental implications due to both on-site and off-site damages (Thampapil-
lai and Anderson, 1994). The main on-site impact is the reduction of soil quality which caused by
the loss of the nutrient-rich upper layers of the soil and the reduced water-holding capacity of many
eroded soils. In addition, the soil that is detached by accelerated water or wind erosion may be trans-
ported at considerable distances. This gives rise to the off-site problems. Water erosion’s main off-
site effect is the movement of sediment and agricultural pollutants into watercourses. This can lead
to the disruption of the ecosystems of lakes, and contamination of drinking water. Another major off-
site impact results from the agricultural chemicals that often move with eroded sediment (Dregne,
2002; Descroix and Mathys, 2003).

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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The object of this study is to determine the areas most threatened by soil erosion by implementing
the widely applied Universal Soil Loss Equation (USLE) of Wischmeier and Smith (1978) in Geo-
graphical Information System (GIS). GIS permits effective and accurate application of the USLE
model in grid environment, which would allow us to analyse soil erosion in great detail. Precipita-
tion, morphology, lithology and land cover spatial databases were constructed in the analysis and
maps relevant to soil erosion were created using the GIS capabilities. The case study of the present
paper is Southern Evia Island, Central Greece, which covers an area of about 602km2 with altitudes
varying between 0 and 1380m (Fig.1).

2. Methods

2.1 USLE equation

The Universal Loss Equation (USLE) is an equation that predicts the amount of soil lost per acre per
year due to soil erosion The USLE equation has been developed by Wischmeier and  Smith (1978).
This equation was the first empirical erosion equation that was not tied to a specific region, thus the
title “Universal” Soil Loss Equation, and has been used in more than 100 countries. Five major fac-
tors are used to calculate the soil loss for a given site. Each factor is the numerical estimate of a spe-
cific condition that affects the severity of soil erosion at a particular location. The values reflected
by these factors can vary considerably due to varying weather conditions. Therefore, the values ob-
tained from the USLE more accurately represent long-term averages and the soil erosion is esti-
mated as follows:

A = R x K x LS x C x P 

Fig. 1: The digital elevation model (DEM) of the study area superimposed by drainage network and main
towns. The inset at upper right shows the location of the study area within the Greek territory.
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Where A is the average annual soil loss rate (t ha-1 year-1), R is the rainfall erosivity factor (MJ mm
ha-1 h-1 year-1), K is the soil erodibility factor (t ha h ha-1 MJ-1 mm-1), LS is the topographic fac-
tor (unitless), C is the cropping management factor (unitless) and P is the erosion control practice
factor (unitless). The units of average annual soil loss rate (A) are carried by the R and K factors.
These two factors represent the cause and effect of soil erosion. The R factor represents the erosive
power of rainfall on the soil regardless of what type of soil it is, while the K factor represents the
extent that the specific soil type resists erosive forces. The remaining USLE factors (LS, C and P)
may be thought of as adjustment factors. In the present study the soil loss in Southern Evia Island
was estimated on a 20x20 m cell basis resolution by overlaying the five digital parameter layers (R,
K, LS, C and P) in raster format after some modifications in the calculation of the K factor. 

2.2 Development of model database for USLE

To apply the USLE, a spatial database including precipitation, morphology, land cover and lithol-
ogy was constructed using ArcGIS software (ESRI, 2005). The factors for the USLE equation were
calculated and extracted from the spatial databases. Individual GIS files were built for each factor
in the USLE and combined by cell-grid procedures in GIS to predict soil loss in the spatial domain.
The dataset that was available consisted of the following:

• A Digital Elevation Model (DEM), which is a representation in raster format of the surface
of the study area. The Digital Elevation Model was created at 20 m resolution by digitizing
the contours of “Karistos” and “Platanistos” topographic map-sheets on a scale of 1:50.000,
published by the Hellenic Military Geographical Service.

• The IGME “Karistos-Platanistos” (1991) and “Rafina” (1977) geological maps scanned from
the corresponding paper map-sheets.

• The land cover in vector format (polygon layer) from CORINE database on a scale of
1:100.000.

• Meteorological tabular data (temperature and rainfall) from Karistos, Marathonas and Rafina
meteorological stations of the Hellenic National Meteorological Service.

The R, K, LS and C factors which are required in calculating soil erosion from USLE were extracted
from the spatial database. In the following sections we describe these factors respectively.

RAINFALL EROSIVITY FACTOR

The R-factor represents the erosivity of the climate at a particular location and evaluates the erosive
potential of the rainfall. It is the average yearly sum of the products of the kinetic energy of each
storm with the maximum 30 minute rainfall intensity of the storm. The energy of a given storm de-
pends upon all the intensities at which the rain occurred and the amount of precipitation that is as-
sociated with each particular intensity value. However, in this application the lack of a dense
meteorological network in the broader study area made us use the linear equation of Van der Knijff
et al. (2000) which calculates the R-factor as a function of the mean annual rainfall (mm):

R=a*Pj

where Pj is the mean annual rainfall (mm) and the coefficient α = 1.3. Monthly meteorological tab-
ular rainfall data of 11-14 years was used to calculate the R-factor for the weather stations Karys-
tos, Marathonas and Rafina, whose mean annual rainfall calculated to be 700.4 mm, 397.0 mm and
357.6 mm respectively. Finally, the Inverse distance weighting (IDW) interpolation method was ap-
plied to produce the spatial layer of the R-factor.
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SOIL ERODIBILITY FACTOR

The K-factor is an empirical measure of soil erodibility and is a function of intrinsic soil properties.
Erodibility varies with soil texture, aggregate stability, infiltration capacity and organic and chemi-
cal content (Karydas et al., 2009). This factor is influenced by the detachability of the soil, by the
infiltration and runoff and the transportability of the sediment eroded from the soil. The main soil
properties affecting the K-factor are soil texture, including the amount of fine sand in addition to the
usual sand, silt and clay percentages used to describe soil texture, organic matter, soil structure and
the permeability (Wischmeier et al. 1971; Mitchell and Bubenzer 1980; Dabral et al. 2001). Foster
et al. (1991) proposed the following equation for the calculation of the K-factor:

K=2.8·10-7M1.14(12-a)+4.3·10-3(b-2)+3.3 (c-3)

Where M is the particle size parameter (% silt + % very fine sand)x(100 - % clay), a is the organic
matter content (%), b is the soil structure code (very fine granular = 1, fine granular = 2, coarse
granular = 3, lattice or massive = 4) and c is the soil permeability class (fast = 1,  fast to moderately
fast = 2, moderately fast= 3, moderately fast to slow = 4, slow = 5, very slow = 6). These values are
applied for soil erodibility factor when a soil map is available.

However, in this work the K-factor was calculated from the geological maps, due to unavailability
of precise and reliable soil datasets for the study area. The geological formations were derived from
the geological map sheets of Karistos-Platanistos (IGME, 1991) and Rafina (IGME, 1977). Forma-
tions from the Autochthonous unit of Almyropotamos-Attiki and the Neohellenic tectonic nappe
unit participate in the geological structure of the study area. More specifically, the geological for-

Fig. 2: Simplified geological map of Southern Evia Island (based on the Geological Maps of IGME 1:50.000,
Karistos-Platanistos and Rafina sheets).



mations that were identified are alluvial, terrestrial and lacustrine deposits, marbles of Panagia and
Agios Georgios-Distos (Autochthonous unit of Almyropotamos-Attiki), schists with marble layers,
amphibolites and amphibolitic schists, orthogneisses, marbles and cipolins of Styra, schists of
Tsakeoi and ophiolites (Neohellenic tectonic nappe unit). The simplified geological map of the study
area are shown in Fig.2.

The formations were classified according to parent material and depending on their sensitivity to ero-
sion, their infiltration capacity, their aggregate stability and their organic and chemical content. Val-
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Fig. 3: Spatial distribution map of the soil erodibility factor in the study area.

Table 1. Classification of the geological formations and estimated soil erodibility factor values.

Lithology K Factor

Marbles 0,0005

Marbles and cipolins with schists intercalations 0,001

Ophiolites 0,007

Orthogneisses 0,0003

Schists 0,009

Schists with marble layers 0,006

Alluvial and near shore deposits 0,02

Terrestrial and lacustrine deposits 0,02
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ues of K-factor were assigned in every formation, computed for every grid cell and producing the
K-factor map. Soil erodibility factor was found to be in the range between 0.0003 – 0.02 (Table 1).
The spatial distribution of the K- factor is presented in Fig. 3.

TOPOGRAPHIC FACTOR

This factor can be divided into L and S factors that respectively account for slope length and slope
steepness and jointly they refer to the topographic (or relief) influence on erosion intensity. Natu-
rally, the steeper the slope of a field, the greater the amount of soil loss from erosion (Desmet & Gov-
ers 1996). Soil erosion also increases as the slope length, which is defined as the distance from the
origin of overland flow to the point where deposition begins to occur, increases due to the greater
accumulation of runoff. The topographic factor can be determined by multiplying the L and S fac-
tors. The technique for estimating the LS-factor was proposed by Moore and Burch (1986 a and b)
using equations such as 

LS=(Flow Accumulation x Cell Size/22.13)0.4 x [sin(Slope x 0.01745/0.0896)]1.3

In this study, both the flow accumulation and the slope steepness were estimated from the Digital
Elevation Model (resolution 20 m) of the study area, after the required processing. Finally, the LS-
factor was found to be in the range of 0.1 to 567.155 and its spatial distribution is shown in Fig. 4.

CROPPING MANAGEMENT FACTOR

The C factor reflects the effect of cropping and management practices on the soil erosion rate and
it is mainly related to the vegetation’s cover percentage. Undisturbed forests and dense grass pro-
vide the best soil protection and are about equal in their effectiveness. Forage crops are next in ef-

Fig. 4: Spatial distribution map of the topographic factor in the study area.



fectiveness, because of their relatively dense cover. Small grains, such as wheat, provide interme-
diate cover and offer considerable obstruction to surface wash. Row crops, such as corn, offer rela-
tively little living cover during the early growth stages and thereby leave the soil susceptible to
erosion, unless residues from previous crops cover the soil surface (Brady and Weil 1999). In the
present study, the C-factor values were derived from the CORINE land cover database on a scale of
1:100.000. The study area was classified into 17 land cover classes (Table 2). For each land cover
class a corresponding C-factor value was given by utilising the values given in the literature (Wis-
chmeier and Smith 1978, Cebecauer et al. 2000), adjusted for the present study area. Urbanized
areas were excluded from the evaluation, while attention was given at the areas that were affected
by the wildfires of 2007 and 2009. The largest value was assigned at these areas, which were deter-
mined by photo-interpretation using MODIS Terra satellite images of the study area. Finally, the
map and the distribution of land cover C-factor values are shown in Fig. 5.

EROSION CONTROL PRACTICE FACTOR

P-factor reflects the effects of practices such as construction of terraces or contour strips that will
reduce the amount and rate of the water runoff and thus reduce the amount of erosion. Wischmeier
and Smith (1978) defined the P-factor as the ratio of soil loss with a specific support practice to the
corresponding soil loss with up and down cultivation. The lower the P-value, the more effective the
conservation practice is considered to be at reducing soil erosion. However, in the present study, the
P value 1.0 was assigned, because on a scale of 1:50.000 it was not possible to obtain data regard-
ing support practices.

3. Results

SOIL EROSION POTENTIAL
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Table 2. Cropping management factor for different land cover classes.

Land cover. C Factor
Non-irrigated arable land 0,250
Permanently irrigated land 0,300
Vineyards 0,350
Olive groves 0,400
Pastures 0,010
Complex cultivation patterns 0,170
Land principally occupied by agriculture, with significant areas of natural vegetation 0,200
Broad-leaved forest 0,001
Coniferous forest 0,001
Mixed forest 0,001
Natural grassland 0,010
Sclerophylous vegetation 0,009
Transitional woodland-shrub 0,009
Bare rock 0,450
Sparselly vegetated areas 0,350
Burned areas 0,550
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Fig. 5: Spatial distribution map of the cropping management factor in the study area.

Fig. 6: Spatial distribution map of the average annual soil loss in the study area.
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Finally, the implementation of Universal Loss Equation in GIS by multiplying the above described
raster files that corresponds to the five factors of the USLE equation, gave the spatial distribution
map of the average annual soil loss potential (A) in tons per acre per year in Southern Evia Island
(Fig. 6). This was accomplished in ArcGIS by using the raster calculator tool. The highest computed
rate of soil erosion potential is 1,737 tons per acre per year. Generally, the highest rates are in the
affected areas by the wildfires of 2007 and 2009 and in the areas where the slope exceeds approxi-
mately 30 degrees. The final map should be interpreted as the maximum possible extent of erosion.

4. Conclusions

The purpose of this study was the identification of the soil erosion-prone areas in Southern Evia Is-
land using the well-known Universal Soil Loss Equation (USLE) and GIS, as it has become in-
creasingly apparent that computer based GIS can provide the means to model soil erosion effectively.
A set of factors as identified in the USLE were studied and reviewed. These include the rainfall ero-
sivity factor (R-factor), the soil erodibility factor (K-factor), the slope and slope length factor (LS-
factor), the cropping management factor (C-factor) and the erosion control practice factor (P-factor).
These factors which consist of a set of logically related geographic features and attributes were used
as data input. 

Analysis of monthly rainfall data of the past fourteen years gave the R-factor. The K-factor was cal-
culated based on the geological maps, while it is originally based on soil analysis data, because of
the lack of precise and reliable soil datasets for the study area. Digital elevation model (DEM), in-
terpolated from elevation contours, was used to generate the LS-factor. Spatial land cover, extracted
from CORINE database on a scale of 1:100.000, was used to determine the spatial C-factor, while
photo-interpretation led to the identification of the areas that severely affected by the 2007 and 2009
wildfires in Southern Evia Island. Each of the above mentioned USLE factors, with associated at-
tribute data, was digitally encoded in a GIS database to eventually create the corresponding the-
matic layers. Then, these layers were spatially overlaid to produce the resultant layer, which yielded
the spatial distribution map of the average annual soil loss in the study area.

From the analysis it is evident that severe soil loss covers an area (150 tons/hectares/year) of about
14%. The highest average soil loss was occurred in areas that were affected by the wildfires of 2007
and 2009, while the lowest soil loss rate was found in forest areas. These results proved that soil ero-
sion rates can reach alarming levels in rugged terrain after wildfires and measures to reduce the
amount of soil erosion need to be taken at these areas, where plant material and the litter layer that
break up the intensity of severe rainstorms is destroyed. The severe soil loss from areas with high
erosion rates will cause potential flood risk mainly in lowlands and coastal areas of Karystos Bay.
This is caused because eroded soil has decreased capacity to absorb water and the increased runoff
can lead to downstream flooding and local damage to property near these areas. In addition, the in-
creased accumulation of eroded materials from watercourses and their deposition in these areas can
result in extra damages after flood events. Moreover, vegetation cover strongly influence the erosion
process, as due to high vegetation cover such as in forest areas annual soil loss rate seems to be low,
in contrast to the burned areas, where little vegetation cover results in high erosion rates. 
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Abstract 

The aim of this study is to investigate and recognize karst landforms in the area of Ksiromero
(Aitoloakarnania, Western Greece) based on medium resolution remote sensing data. In order to
highlight karstic structures appropriate and innovative methodologies of image analysis have been
developed, applied and compared. In particular, the original Landsat 5 TM bands have been, first,
ad-hoc stretched and then processed to obtain the so-called Tasseled Cap Features and the Princi-
pal Component images. Finally, a comparative study between the two methods has been carried out.

Key words: Karst landscape, Landsat TM, Principal Component Analysis, Tasseled Cap, Ksiromero,
Western Greece

1. Introduction 

The characteristics of drainage networks, morphology, soil cover and other diagnostic parameters
such as vegetation and moisture can be studied using multispectral satellite images. Various litholo-
gies reflect radiation in different ways, depending on surface properties (soil, vegetation, morphol-
ogy etc); consequently, evaluating such properties and their cumulative effects can lead to
conclusions regarding the type and state of the lithology. Because all physical or non physical sur-
faces reflect the electromagnetic radiation according to their physical-chemical properties Landsat
TM multispectral bands are considered particularly suitable to detect and study common features in
karst areas.

This study highlights karst features in the area of Ksiromero, Αitoloakarnania, Western Greece using
different image processing methods, based on spectral and spatial image enhancement.

2. Regional and local geological setting

Ksiromero is a region in the northern section of the Prefecture of Aitoloakarnania in western Greece
(Fig.1). The region has a total area extent of 106,76 km2 and ranges in elevation from 178 m to 1.314
m above sea level. The area is within the Ionian Geotectonic Zone, part of the External Hellenides
Platform that extends west from mainland Greece and appears on the western edge of Peloponnesus. 

Long thrust faults that trend east-west and northeast-southwest and long reversed and normal faults
that trend northwest-southeast are characteristics of the Ionian Zone. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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During Permo-Triassic time, the Ionian Zone was a shallow, restricted, marine basin which accumu-
lated over 150 m of evaporites (Karakitsios, 1992), of which gypsum is notably exposed. Their
episodic deposition may have allowed the development of a paleointrastratal karst, as described in
other regions by Bosak et al. (1989), although no direct evidence has been found. Triassic Tryphos
Formation carbonate breccia conglomerates were deposited over the evaporites, followed by up to 200
m of dolomite and as much as 300 m of the Pantocrator Limestone into the Early Jurassic. At that time,
the shallow Tethys Sea covered a continental platform which extended throughout nearly all of west-
ern Greece. The carbonate breccia conglomerates are epigenetic, formed during the Triassic from
major tectonic activity, diapiric deformation and dissolution of underling evaporites. These condi-
tions continued with small modifications up to the end of the Jurassic. From the Pliocene to the Qua-
ternary, more recent gypsum deformation occurred at the surface due to underlying diapiric movement
along prominent faults (Underhill, 1988). The Tryphos carbonate breccias are the main karstified
rocks of the region. They range from 10-200 m thick and cover 70% of the area. Geologic informa-
tion of the region are provided by the Institute of Geology and Mineral Exploration (1986, 1987).

From a geographic perspective, the region internally drains water to where it is not exploitable for
use. Hydrogeologically, it is a system of closed karst watersheds whose recharge characteristics are
poorly defined and where the downgradient destination of its groundwater is unknown. While
recharge occurs through the higher elevation limestones and dolomites, most of it is transmitted
though the Tryphos breccia and the underlying gypsum. The highly soluble gypsum matrix of the
conglomerate produces a relatively uniform high-permeability surface that minimizes surface runoff.
While most karst features of the region are developed in the Tryphos formation, their density may
have been greater if the matrix had been carbonate. Additionally, the few open caves and conduits
in the region likely result from the high production of a residual terra rossa soils, talus and debris
cones from gypsum, limestones breccia and conglomerates. The soils are accumulated on all sur-
faces, especially in dolines and poljes, and runoff is insufficient to transport them through the karst
to create more open caves. 

Fig.1: Location of Ksiromero area (Aitoloakarnania, Western Greece) on a very high resolution satellite image
QuickBird (source: Google Earth). 

34 (3)
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3. Karst geomorphology and and geographic information system (GIS) analysis

To better evaluate the karst geomorphologic characteristics of Ksiromero region, this study is based
on comparing of results of field research, digitalized geodetabaze of karst landforms and Landsat
Satellite images. As results of karst geodatabase and geological information of the region of research
we created karst geomorphologic map of Ksiromero, Aitoloakarnania, Western Greece (Fig.2: geo-
logical maps of IGME, 1986, 1987). 

With use of ArcGIS Info 9.3 we created a detailed geodatabase of karst landforms and developed a
mechanism for symbolically identifying the ephemeral, temporal, or inferred features common for
karst in this region. All 1:5000 topographic sheets of the region were digitized at 4-m contour in-
tervals and interpolated at 2m above mean sea level to allow detailed visualization and analysis. We
created a database with all existing karst forms and their sub-groups in different layers.

We identified 14 poljes in the region. Through watershed delineation, we identified one large com-
pound karst basin, which includes nine smaller polje watersheds, and five smaller separate water-
sheds for poljes. We found 17 residual hills in the poljes, comprised predominantly of limestone
intercalated with gypsum and likely the result of lesser solubility than tectonic factors. We identi-
fied a total of 278 dolines with funnel, shallow, and a few collapse morphologies. We also identi-
fied 12 uvalas. Ponors are rare but exist at the contact of the limestone with the breccia conglomerates
and follow faults. Using Čar’s (2001) classification scheme, Ksiromero primarily has broken, bro-
ken collapse, near-fault, and fault dolines.

Fig.2: Karst geomorphological
map Ksiromero, Aitoloakarnania,
Western Greece.
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4. Methodology, data used and processing

The present study aims at enhancing the understanding of karst morphology at Ksiromero as recorded
in a Landsat TM scene acquired on September 9th 1992 at 9:25 UTC time. To highlight these fea-
tures, different image processing methods based on suitable statistical (spectral) and filtering (spa-
tial) procedures were applied to the Landsat TM multispectral data. Finally a computer-aided visual
comparison of the two methods of processing was used to determine which is most suitable for such
application.

At first, a subset of the full scene was created covering the study area. Next, two methods of spec-
tral enhancement were applied (i) Principal Component Analysis and (ii) Tasseled Cap Transfor-
mation.

4.1 . Principal Component Analysis

Principal Component Analysis (PCA) is a statistical method to produce uncorrelated output bands
that segregate noise components and reduce the dimensionality of the data set (Richards, 1999). Be-
cause multispectral data bands are often highly correlated, the PCA transformation is used to pro-
duce uncorrelated output bands. This is achieved by creating a new set (principal component bands)
of orthogonal axes that have their origin at the data mean and are rotated so the data variance is
maximized. 

The principle component bands are linear combinations of the original spectral bands and are un-
correlated. The first component coincides with the direction and length of the widest transect of the
ellipse and therefore it measures the highest variation within the data. The respective image appears
panchromatic with no spectral input. The second principal component is the widest transect of the
ellipse perpendicular to the first component and describes the largest amount of variance not con-
tained in the first component. The remaining principal components are similarly determined (Tay-
lor, 1977).

We adapted Landsat satellite imaging of Ksiromero, using ERDAS Imagine 9.1 software, for PCA.
Standardized principle component transformations were conducted using the six bands of the Landsat
image, excluding the thermal band. We determined: PC1 = 90%, PC2 = 6.5%, PC3 = 2.3%, PC4 =
0.5%, PC5 = 0.3% and PC6 = 0.01%. using the first three components we created a color image (Fig.3).

4.2 . Data analysis of Tasseled Cap Transformation 

The Tasseled Cap (TCs) features, also known as Kauth-Thomas Transforms, are utilized for en-
hancing spectral information content of satellite data (Kauth and Thomas, 1976). The different bands
in a multispectral image can be visualized as defining an N-dimensional space where N is the num-
ber of bands. Each pixel, positioned according to its DN value in each band, lies within the N-di-
mensional space. This pixel distribution is determined by the absorption/reflection spectra of the
imaged material. This clustering of the pixels is termed the data structure (Crist and Kauth, 1986).
The data structure can be considered a multidimensional hyperellipsoid. The principal axes of this
data structure are not necessarily aligned with the axes of the data space (defined as the bands of the
input image). They are more directly related to the absorption spectra. For viewing purposes, it is
advantageous to rotate the N-dimensional space such that one or two of the data structure axes are
aligned with the Viewer X and Y axes. In particular, we could view the axes that are largest for the
data structure produced by the absorption peaks of special interest for the application.



The TCs are calculated by applying a linear affine transformation, substantially based on the con-
version of given input band data set in a new data set of composite values. The transformation de-
pends on the sensor, in this case Landsat TM. The original TCs were first derived for the four bands
of the Landsat MSS sensor. Later, the TC transformation was extended to the Landsat TM/ETM
(Crist and Cicone, 1984) and IKONOS sensors (Horne, 2003). As for Landsat 5 TM data the coef-
ficients to achieve the TCs are given in Table 1. 

Research has produced three data structure axes (Crist et al, 1986; Crist and Kauth, 1986): 

• Brightness — a weighted sum of all bands, defined in the direction of the principal variation in soil
reflectance. 

• Greenness — orthogonal to brightness, a contrast between the near-infrared and visible bands;
strongly related to the amount of green vegetation in the scene. 

• Wetness — relates to soil moisture (Lillesand and Kiefer, 1987). 

The resulting TCs covering the study area are shown in Figure 4 as false color composite image
where brightness, greenness and wetness are respectively displayed as red, green and blue.

Finally, a high-pass filter was applied to make the image sharper and to highlight linear features. 

5. Conclusions-Results

Ksiromero is a region of carbonate breccia conglomerate karst, with morphologic and hydrologic char-
acteristics complicated by underlying evaporites and preferential dissolution of the gypsum matrix. 

Karst in the carbonate breccia conglomerates has dramatic features, including richly developed fields
of dolines, uvalas, and poljes but its features cannot be adequately understood based on carbonate
karst conditions alone. Figure 5 and 6 overlays the karst landforms shown in with Figure 2 with the
PCA and TC imagery to provide comparison of how well each delineates those landforms.

With PCA method the borders of karst forms cannot be clearly recognized, but only inferred.

We can recognize large karst features, such as the largest polje’s watershed but limestone pavement
and smaller karst features like dolines or uvalas are otherwise difficult or impossible to remotely dis-
cern by this method. Also some of hums are recognizable and that probably depends on the wealth-
ier of vegetative covering, or of different geological composition of their rocks from the geological
base of their poljes. We came to this conclusion because to the change of color scheme in places that
corresponds to positions of hum. This is partially controlled by the spatial resolution of the satellite
system used.
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Table 1. TC coefficients for Thematic Mapper sensor (source: ERDAS, Imagine).

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6

1 0.3037 0.2793 0.4743 0.5585 0.5082 0.1863

2 -0.2848 -0.2435 -0.5436 0.7243 0.084 -0.18

3 0.1509 0.1973 0.3279 0.3406 -0.7112 -0.4572

4 0.8832 -0.0819 -0.458 -0.0032 -0.0563 0.013

5 0.0573 0.026 0.0335 -0.1943 0.4766 -0.8545

6 0.1238 -0.9038 0.4042 0.4041 -0.0261 0.024
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Fig. 3: PCA color image using the first three compo-
nents as RGB.

Fig. 4: Tasseled Cap color image (Brightness=Red,
Greenness=Green, Wetness=Blue).

Fig. 5: PCA color image with Kast landscape fea-
tures. Fig. 6: TC color image with Kast landscape. 
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With TCs methods the boundaries of some karst forms are more easily mapped and some are even
sharply defined. 

Also, if we compare the geological map of the study area with the TCs satellite image, the differ-
ence is more clearly pronounced. From comparative analysis of TCs satellite images with geologi-
cal maps and karst morphological maps we conclude that some of bottoms of big karst forms are
almost clearly defined with the brightness color scheme like limestones breccia-conglomerates or
terra rossa bottoms of big poljes and big dolines between greenness – wetness color scheme of slopes
especially those of limestones or dolomites as well in contact with those developed along the faults.

Ksiromero is not a classic limestone bedrock karstic area. The breccia - conglomerate carbonate ge-
ology background makes this area unusual due to the size of its karst landforms, type of vegetative
cover, lack of a significant surface hydrological network, which make it difficult to remotely image
karst features. In contrast, classical karst regions have limestone and dolomites bedrock where the
variation in soil reflectance, green vegetation, and soil moisture more clearly expresses karst land-
forms with the TCs method. 

6. References
Bosák P., Ford D.C., Glazek J., Horacek I. (Eds.) (1989) Paleokarst—a systematic and regional view, Ac-

ademia Prague, Czechoslovakia, 725 p.

Crist E.P., Laurin R., Cicone R.C. (1986) Vegetation and Soils Information Contained in Transformed The-
matic Mapper Data. Paper presented at International Geosciences and Remote Sensing Symposium
(IGARSS)’ 86 Symposium, ESA Publications Division, ESA SP-254.

Crist E.P., Kauth R.J. (1986) The Tasseled Cap De-Mystified. Photogrammetric Engineering & Remote
Sensing 52 (1): 81-86.

Crist E.P.; Cicone R.C., (1984) A Physically-Based Transformation of Thematic Mapper Data – The TM
Tasseled Cap. IEEE Transactions of Geoscience and Remote Sensing 22(3), 256-263.

Čar J. (2001) Structural bases for shaping of dolines. Acta Carsologica, 30(2), 239-256.

Ford D., Williams P. (2007) Karst Hydrology and Geomorphology. John Wiley & Sons, LTD, West Sus-
sex, England 

Horne J.H. (2003) A tasseled cap transformation for IKONOS images. ASPRS Annual Conference Pro-
ceedings. American Society of Photogrammetry and Remote Sensing, Anchorage, Alaska -USA,
2003; pp. 1-7

Institute of Geology and Mineral Exploration, IGME (1986) Geological map of Greece: Astrakos Sheet.
Institute of Geology and Mineral Exploration, 1 sheet.

Institute of Geology and Mineral Exploration, IGME (1987) Geological map of Greece: Amphilochia
Sheet. Institute of Geology and Mineral Exploration, 1 sheet.

Karakitsos V. (1992) Ouverture et Inversion Tectonique du Bassin Ionien (Epire, Grece). Annales Geo-
logues des pays Helleniques, 35, 185-318.

Kauth R.J., Thomas G.S. (1976) The tasseled cap: A graphic description of the spectral-temporal devel-
opment of agricultural crops as seen by Landsat, Final proceedings: Second international symposium
on machine processing of remotely sensed data, Purdue University, West Lafayette, pp. 41–51.

Klimchouk A. (2000) Speleogenesis - Evolution of Karst Aquifers. National Speleological Society, Ala-
bama U.S.A.  

Lavreau J. (1991) De-Hazing Landsat Thematic Mapper Images. Photogrammetric Engineering & Re-
mote Sensing 57 (10): 1297-1302. 



XLIII, No 3 – 1589

Lillesand T.M., Kiefer R.W. (1987) Remote Sensing and Image Interpretation. New York: John Wiley &
Sons, Inc. 

Richards A. (1999) Remote Sensing digital image analysis: An introduction, Springer-Verlag, Berlin, p.
240. 

Sabins F.F. (1996) Remote Sensing: Principles and Interpretation, W. H. Freeman and Company, New
York, 3rd ed., 494 p.

Taylor P.J. (1977) Quantitative Methods in Geography: An Introduction to Spatial Analysis. Boston, Mas-
sachusetts: Houghton Mifflin Company.

Underhill J.R. (1988) Triassic evaporates and Plio-Quaternary diapirism in western Greece. Journal of the
Geological Society, 145(2), 269-282.

Veni G. (1999) A geomorphological strategy for conducting environmental impact assessments in karst
areas. Geomorphology, 31, 151-180.



XLIII, No 3 – 1590

APPLICATION OF A BAYESIAN APPROACH IN GIS BASED MODEL
FOR EVALUATING LANDSLIDE SUSCEPTIBILITY. CASE STUDY

KIMI AREA, EUBOEA, GREECE

Ilia I.1, Tsangaratos P.2, Koumantakis I.3, Rozos D.4

1 National University of Athens, School of Mining and Metallurgical Engineering,  Department of Geology,
Laboratory of Engineering  Geology and Hydrogeology, Iroon Polytecheiou, 15780, Zografou, Greece,

gilia@metal.ntua.gr
2 National University of Athens, School of Mining and Metallurgical Engineering,  Department of Geology,

Laboratory of Engineering  Geology and Hydrogeology, Iroon Polytecheiou, 15780, Zografou, Greece,
ptsag@metal.ntua.gr

3 National University of Athens, School of Mining and Metallurgical Engineering,  Department of Geology,
Laboratory of Engineering  Geology and Hydrogeology, Iroon Polytecheiou, 15780, Zografou, Greece,

mmgski@central.ntua.gr
4 National University of Athens ,School of Mining and Metallurgical Engineering,  Department of Geology,

Laboratory of Engineering  Geology and Hydrogeology, Iroon Polytecheiou, 15780, Zografou, Greece,
rozos@metal.ntua.gr

Abstract 

The purpose of this study is to present a Bayesian approach (weight-of-evidence method) that utilizes
GIS and employs statistical analysis in defining the main factors contributing to the occurrence of
landslides in Kimi, Euboea, Greece and to calculate the probability for future landslide manifesta-
tion. Landslide locations were identified from field surveys and interpretation of aerial photographs.
Additional data were collected from various sources (topographic, geological, land cover maps etc.)
and introduced into a spatial database using GIS technology. The above data sources have been used
to generate various thematic data layers that have been resample to 20x20 m2 grid size. Applying the
developed methodology it was possible to generate appropriate susceptibility map and thus to pre-
dict areas of instability. The results of the analysis were verified using the landslide location data,
showing a satisfactory agreement between expected and existing data on landslide location. The out-
comes could be used to reduce associated hazards, and to plan land use construction. 

Key words: Weight of evidence, Bayesian approach, landslide susceptibility, GIS.

1. Introduction 

The prediction and mitigation of geological hazards are consider the most critical part for urban de-
velopment, as they represent a threat, the direct and indirect results of which affect the economic and
social issue of any community. Among geological hazards, landslide phenomena constitute the most
frequent one and pose a serious problem especially when manifested in populated areas. 

However, due to the complexity and variability of the causative and triggering factors, the evalua-
tion of landslide phenomena often produces outcomes characterized by high uncertainty. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



XLIII, No 3 – 1591

In recent years the development of numerous methods, which employs the use of Geographic In-
formation Systems (GIS), have been able to express the hazard and susceptibility of landslide man-
ifestation, providing cost and time effective tools for evaluating the most critical slope sites (Carrara
et al, 1991, Guzzeti et al. 1999, Dai et al, 2002, Chung and Fabbri 2003, Lee et al, 2004, Rozos et
al. 2008), producing less uncertain results. GIS-based models are capable to capture, store, manip-
ulate, analyze and display diverse sets of spatial and non-spatial data, but also to integrate appropriate
engineering models (Babu & Mukesh, 2002) during evaluation of related engineering problems,
such as landslide. 

The Weight of Evidence methodology presented in this study follows a similar approach in order to
evaluate landslide phenomena. It’s a quantitative method which has been adapted to GIS applications
in the 1980’s to map mineral potential, combining evidence in support of a hypothesis (Kemp et al.,
1999, Raines et al., 2000). Although originally designed for non-spatial application, the method can
be also used for spatial predictions when the target is the probability of point occurrences (Kemp et
al., 1999). The method has been recently used in evaluating landslide susceptibility using GIS tech-
niques (Lee et al, 2002, Mathew et al, 2007, Bettian et al, 2007). 

In this paper, the effectiveness of the method has been tested in Kimi, an area experienced substan-
tial landslide events, where a well documented and formulated database exists (Ilia et al, 2008). The
database allowed the utilization of GIS technology and probability analysis in defining the main
factors contributing to the occurrence of landslides events, and also calculating the probability for
future landslide manifestation. Thus the produced landslide susceptibility map will identify zones of
varying degree of instability based on the estimated significance of the causative factors, regardless
of the time factor. Moreover, this map will be an efficient supporting tool used by decision makers
in urban planning and regional land development. 

2. Study area

2.1 Geological settings

Euboea, is the second largest island of Greece (after Crete) and the third largest island of the East-
ern Mediterranean. Geographically, it is located eastern of Attica and extends along the eastern coast
of Greece. Geologically, in Euboea Island outcrop three tectonic units (Katsikatsos et al. 1986). 

In Euboea, the ‘Pelagonian Unit’, the northern part of the island is occupied by non-metamorphic
rocks. The southern part of the Island is covered by high-pressure/low-temperature rocks named
‘South Euboea Blueschist Belt’, the northern extension of the intermediate level Cycladic Blueschist
Unit. Under these rocks in central Euboea, the para-autochthonous ‘Almyropotamos Unit’ outcrops
in a tectonic window. This unit, which is composed of Mesozoic–Eocene sediments, pertains to the
external part of the Hellenides (Dürr et al. 1978) and is considered to have experienced only low-
pressure metamorphism (Shaked et al. 2000). 

The Kimi-Aliveri basin, which has been selected as the study area, was formed in the Early Miocene.
This basin was filled by conglomerates and marls of 500m thick, with lignite intercalations, which
was later intruded by volacnic rocks (Katsikatsos 1976, Pe-Piper & Piper 1994). In the southern
margin of this basin, conglomerates, with a thickness of 1000m, of late Miocene in age (Katsikat-
sos et al. 1981) were accumulated.

More analytically as presented by a previous study (Koumantakis et al, 2008, Ilia et al, 2008) we can
find (Figure 1): 
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— The Quaternary deposits presented in the study area, consist of bed river deposits, debris and
slope wash, as well as of fluviatile terraces and dilluvial depositions. 

— The Upper horizons of neogene sediments are constituted by conglomerate alternations and
clayey marls. Grits, gravels and pebbles are of volcanic origin and their size varies from 2
- 4 cm. 

— The Base conglomerate presents medium to low cohesiveness. Volcanic rocks are presented
in the south - eastern department of the Municipality of Kimi with dacides - andesites. 

— Flysch formation is constituted by alternations of clayey schists, sandstones, conglomer-
ates and limestones. 

— Ultrabasic rocks consist of peridotites, dounits and at places serpentine peridotites. Lateritic
are plotted in the western part of Kimi basin. 

— Carbonitic formations are presented with Mesozoic, and at places, Palaiozoic limestones.
Palaiozoic phyllites and schists, occur usually high cracked and weathered with high weath-
ering. 

— Granites are presented in the Western part of Kimi basin, in Carboniferous age.

2.2 Climatic features

The climatic features in a region, in relation with the nature of the rock and the slope inclinations,
are thought to be crucial factors, with regard to all kinds of failures in the geological formations. The
infiltrated water, in conjunction with the seasonal and daily temperature fluctuations, produces a re-
laxation of the coherence of the rock formations that often leads to landslide manifestation. For the
assessment of the climatic features, all monthly rainfall, temperature and humidity data taken from
the Kimi station of the Meteorological Service (221m. altitude), have been exploited. The analysis

Fig. 1: Geological Map of Kimi Municipality.
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showed that the mean annual temperature for the period 1956 – 1989 is 160C, while January is the
coldest month with an average monthly temperature of 8,60C, February with 8,50C, December and
March with 100C. July is the warmer month, with an average monthly temperature of 24,90C. The
average annual humidity in the station of Kimi, is 61.7%. The monthly average during the dry sea-
son is close to 50%, while during the period from October to February the humidity range from 66
to 70%. The predominant wind direction is north. Finally, the average annual amount of rainfall is
1071mm, but in highland zones of the region, the annual amount of rainfall is expected to be higher.

3. Data and Methodology 

The applied methodology uses the Weight of Evidence probabilistic model, based on the Bayes the-
orem and on the concepts of prior and posterior probability, to determine if the given specifications
(a set of independent variables) results in unstable or stable slopes (dependent variable). The main ob-
jective is assessing the spatial relationship between the distribution of the areas affected by landslides,
known landslide locations, and the distribution of the analyzed landslide susceptibility variables, ev-
idential themes. It is therefore possible to calculate the degree of influence that each variable had, but
also the degree of influence it will have in the future, regarding the manifestation of landslide events.

As it is obvious this approach implies that future landslides occur under conditions and factors sim-
ilar to those acted in the past, and such behaviour will remain constant over time. It also implies that
the factors should be conditionally independent from each other regarding the occurrence of landslide
events, an assumption that should be checked excluding depended factors from subsequent analysis.

In an area which contains a number of instability sites (L), the prior probability of slide occurrence
per unit area, is calculated as the total number of slides observed in the past, under similar condi-
tions over the total area (A). 

Having a set of evidence data, which could be thought as landslide-influenced factors, the prior prob-
ability could be modified and addressed as conditional or posterior probability P {L | B}, expressing
the probability that an event (L) will occur under the presence or the absence of an evidence B,

and

For mathematical reasons, the conditional probabilities can be expressed more conveniently as odds:

O = P / 1- P

Therefore, the above equations are modified as:
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and

, where O {L | B} and O {L | } are the posterior odds of a landslide event (L), given the presence
or the absence of an evidence (B). 

Bonham-Carter (1994) defined positive and negative weights for the evidence (B) (W+ and W-) giv-
ing information about whether there is a positive or a negative correlation between the evidence and
the landslide locations that combine those conditional probabilities as: 

, when the evidence (B) is present and

, when the evidence ( ) is absent

If there are N evidence factors, then the weights can be summed up to find the natural logarithm of
the posterior odds of the potential slide sites as given by:

Another measure of the spatial association between the landslide event (L) and the evidence (B) is
provided through the magnitude of contrast C, which is determined by the difference, W +, W –. When
C is positive it implies positive correlation and when it is negative it implies negative spatial associa-
tion. This means that if more events (landslides) occur within an evidence layer that would be expected
by chance, the W+ is positive and the W- is negative.  Conversely, W+ is negative and W- is positive
where fewer events occur within an evidence layer than would be expected by chance (Bonham-Carter
et al. 1989).

The studentized value of C is calculated as the ratio of C to its standard deviation S(C), C / S(C),
and serves as a guide to the significance of the spatial association, acting as a measure of the rela-
tive certainty of the posterior probability (Bonham-Carter 1994). 

To run successfully the proposed methodology, a well structured spatial database which contains
data, concerning landslide locations, in digital format, such as geological maps, topographic char-
acteristics, infrastructure networks and many more features, are required. All the landslide-related
factors which are to be used in the analysis were rasterized, converted to cells, and introduced in the
GIS system. Slope failures were presented as points, so each set of variables could be presented on
a simple thematic map, with binary pattern, showing stable and unstable cells.  As a first step, the
probability that a landslide would occur if evidence is present or absent was calculated for each of
the above evidence layers. For each cell the final probability was the sum of contrasts of each vari-
able, as above mentioned.

The model was built up using a Training Data set, consisting of about 85% of the entire landslide
events and a landslide susceptibility map was produced. The remainder 15%, Testing set of data, was
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used in order to validate the model. The distinction of the database into training and test data has been
done randomly, in order to guarantee that both are random samples from the same distribution.

4. Generating evidence layers

There are no specific criteria or guidelines for selecting the parameters to include in the developed
model. However, the general idea is a) the independent variables should have a certain relation to the
dependent variable, b) to vary spatially, c) to be expressed in a measurable scale, and d) its effect should
not account for double consequences in the final result (Ayalew & Yamagishi, 2004). In the study area,
the main triggering factor is the high amount of precipitation and in some extent tectonic activity. How-
ever those two factors have been excluded from the model since the objective was to produce landslide
susceptibility map and to identify zones of varying degree of instability based on the estimated sig-
nificance of the causative factors have, regardless of the time factor and any triggering factor. 

Having in mind the above mentioned, lithology, altitude, slope inclination, slope orientation and
road network proximity, are include in the model as causative factors responsible for landslide man-
ifestation. These factors form the necessary evidence layers that the method needs. A brief descrip-
tion of each of the evidence layers and the spatial distribution of landslide events are given below:

The model requires landslide location data introduced in the GIS system as a point shapefile. A total
of 72 landslides locations of various dimensions were identified and mapped in the whole area of
the Municipality of Kimi. A detailed examination of the affected area with field observations along
with the interpretation of aerial photographs was helpful in order to construct a landslide database
contain data from various sources of information. 

Lithology is considered as one of the most causative parameter regarding the landslide manifestation
throughout Greece. The large surface development of formations appearing in cyclothematic sequences,
such as schist-chert formations, flysch sediments, Molassic and Neogene deposits with anisotropic
geomechanical behaviour facilitate the manifestation of abundant slope failures (Koukis and Rozos,
1982, Koukis, 1988). In the studied area landslide events mainly took place at the upper horizons of
the Neogene marls and flysh formations, which were mainly covered by thick weathering mantle. 

The altitude of a site is a combined result of the tectonic activity and the erosion – weathering
processes and is related to climatic conditions through an interactive influence. Thus, altitude is in-
directly contributing to the slope failure manifestation.

The inclination of a slope along with the orientation plays a significant role in the concept of land-
slide manifestation as a causative factor (Rozos et al, 2008). It seems that such behaviour is con-
trolled by the combined influence of many variables, such as the intensity and severity of climatic
conditions, the weathering processes, the type and density of vegetation cover, as well as the dis-
continuity pattern and internal geometry of the geological formations (Huma and Radulescu, 1978,
Carrara 1983, 1984, Maharaja, 1993). In addition certain orientations are associated by increased
snow concentration, higher erosion and intense wreathing process as the climatic agents facilitate the
cyclic alteration of dry and wet periods. In the study area, those orientations were the NNW-NNE
(3150-450) and SE-SW (1350-2250). 

Finally it has been observed that many landslides occur close to the road network. The slope insta-
bility could be caused either by the uncontrolled or controlled blasting and widening of the roads,
or by the loss of support due to removal of material from the lower portion of the slopes during road
widening. The continuous data have been converted to a binary pattern, using buffer zones in order



to identify a statistical correlation between road proximity and landslide locations.

Each one of the above mentioned factors was introduced in GIS system providing the necessary ev-
idence thematic layers in digital format, producing grid files with cell size 20x20m, appropriate for
statistical and probabilistic analysis. The classification followed for each factor was based on expert
knowledge and bibliographical reference (Rozos et al, 2008, Ilia et al, 2008).

4.1 Checking for conditional independency  

As already mentioned the Weight of Evidence method in order to be applied successfully assumes
conditional independency among the landslide-influenced factors and that the population of each fac-
tor has a normal distribution. To calculate such independency, χ2 (chi-square) method was used. The
first step in computing the Chi-squared statistic is the computation of the contingency table, which
is set up for each pair using as reference points the landslide locations. The number of observed
landslide locations in each cell of the table is compared with the expected. The assumption of con-
ditional independence is tested by determine if the measured χ2 value exceeds or not a theoretical χ2

value, given by the number of degrees of freedom and the level of significance. In Table 3 the re-
sults of Chi-squared statistic are showed, implying that each of the analyzed variables should be in-
cluded in the model since the assumption of conditional independency among them is true. For
example it can be seen that the pairs of slope inclination and slope orientation shows a conditional
independency, since the theoretical χ2 value, shown in the table in brackets, is 26.217 at the 99% sig-
nificance level (degree of freedom = 8) and the calculated χ2 value was 20.226. This implies that
those predictor variables could be used together for the calculation of landslide susceptibility map,
since the null hypothesis of independence is true.   

5. Results and discussion 

The accuracy of the outcomes depends mostly on the amount and quality of available data, the work-
ing scale and the selection of the appropriate analysis and modelling. The process of creating those
thematic layers, involves several qualitative or quantitative approaches (Soeters and van Westen,
1996, Aleotti and Chowdhury, 1999; Guzzetti et al., 1999). As mentioned by Bonham-Carter (1994),
the results of the Weight of Evidence method, are strongly dependent on the number of events in-
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Table 1. Chi-square statistics.

Parameters Lithology
Slope

orientation
Slope

inclination
Altitude

Road
Proximity

Lithology - 27,903 (32,00) 11,55 (26,217) 11,152 (37,566) 5,297 (20,090)

Slope
orientation

- 20,226(26,217) 6,085 (37,566) 6,215 (20,090)

Slope
inclination

- 6,357 (30,578) 10,235 (16,812)

Altitude - 5,5767 (23,209)

Road
Proximity

-



troduced in the model (e.g., on the estimation of probabilities) and on the quality of the landslide in-
ventory map. Therefore, probabilities are very low if the area is characterized by rare events, and the
results have to be cautiously interpreted. Applying the Weight of Evidence method, the spatial rela-
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Table 2. Weight of Evidence analysis between landslide-events and factors.

No Road Proximity W+ s-W+ W- s-W- C s-c c/s-c

1 0-100m 1.309 0.2858 -0.666 0.037 1.976 0.256 7.713

2 100m-200m 0.6789 0.0666 -0.146 0.021 0.852 0.297 2.782

3 200m-300m 0.64827 0.0833 -0.108 0.02 0.7566 0.321 2.354

4 >300m 0 3.71E-06 0.978 0.016 -0.9775 0.127 -7.695

No Lithology W+ s-W+ W- s-W- C s-c s-c

1 Class 1 -2,367 0,333 0,677 0,016 -3,045 0,591 -5,144

2 Class 2 0 0 0,010 0,016 -0,010 0,127 -0,079

3 Class 3 -1,287 0,500 0,091 0,016 -1,379 0,718 -1,919

4 Class 4 1,224 0,032 -0,534 0,032 1,759 0,254 6,924

5 Class 5 0,692 0,038 -0,308 0,027 1,001 0,257 3,890

No Slope inclination W+ s-W+ W- s-W- C s-c s-c

1 0-17º 0,127 0,023 -0,224 0,050 0,352 0,271 1,297

2 17º - 36º -0,154 0,052 0,076 0,023 -0,231 0,275 -0,838

3 36º-50º -0,994 1,00 0,028 0,016 -1,023 1,008 -1,015

4 > 500 0 0 0,002 0,016 -0,003 0,127 -0,021

No Slope aspect W+ s-W+ W- s-W- C s-c c/s-c

1 225º - 275º -1,382 1,000 0,050 0,016 -1,433 1,008 -1,421

2 45º - 90º -0,168 0,100 0,035 0,019 -0,204 0,345 -0,592

3
90º-135º, 
275º-315º

-0,240 0,090 0,060 0,019 -0,301 0,332 -0,904

4
3150 - 450,
1350-225º

0,217 0,025 -0,303 0,045 0,521 0,265 1,962

No Altitude W+ s-W+ W- s-W- C s-c c/s-c

1 0-220m 0,672 0,023 -0,707 0,050 1,380 0,271 5,079

2 220-440m 0,024 0,062 -0,008 0,021 0,033 0,290 0,114

3 440-660m -1,002 0,250 0,126 0,017 -1,130 0,516 -2,185

4 660-880m 0 0 0,163 0,016 -0,164 0,127 -1,287

5 880-1100m 0 0 0,069 0,016 -0,069 0,127 -0,546

6 >1100m 0 0 0,008 0,016 -0,009 0,127 -0,070
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tionship and the contrast value between landslide-occurrence location and each of the variables were
extracted. Table 2 shows in detail the landslide-influenced factors in which we could find the posi-
tively correlated with the landslide locations, and supposed to be significant causative factors that
are likewise possible indicators for landslide manifestation. 

The contrasts of each factor type were summed up to calculate the landslide susceptibility index
(Lsi), as shown in the following equation, and by applying Spatial analysis techniques within GIS,
a susceptibility landslide map is obtained (Figure 2).  

Calculating the area, each class occupied by using only the Training set of data, the 8.45% of the stud-
ied area was classified as having very low susceptibility index, 36.48% was classified as having low
susceptibility index, 21.76% was classified as having medium susceptibility index, 21.68% was
classified as having high susceptibility index and 11.62% was classified as having very high sus-
ceptibility index. To validate the developed model, control points were used. Those control points
are past landslide events that have not been included in the model, and are used as Test Data set. As
already mentioned, about 15 % (10 landslide event, randomly distributed through the study area),
where used to determine the Prediction rate. The three first classes, very low, low and medium sus-
ceptibility, include about 10% of the Test data set, while the 90% percent of the landslides where
found in the areas of high and very high susceptibility index. The produced prediction rate (90%)
was based on the random distributed control points and was accepted as satisfied.

Fig. 2: Landslide Susceptibility map of Kimi municipality area
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6. Conclusion

In the presented study, the Weight of Evidence method was introduced in order to define the main
factors contributing to the occurrence of landslides in Kimi, Euboea, Greece and to calculate the
probability for future landslide manifestation. The results were used to produce a Landslide Sus-
ceptibility Map indicating areas of very low, low, medium, high, and very high susceptibility. 

The analysis performed using the Weight of Evidence, proved that this method could be thought as
an objective system that can discriminate the various parameters, in order to understand the impor-
tance of each one of them, in the development of landslide phenomena. It is also capable to calcu-
late the weights, separately for each study area, allowing the selection of different weights, for the
same parameters, when different settings exist. This process is an objective one and almost inde-
pendent by the choices of the user. 

The statistical method employed in this study determined several crucial factors for landslide sus-
ceptibility in the study area. Among them, slopes with angles from 0° to 17° facing NNW-NNE
(3150-450) or (1350-2250) SE-SW, consisting of Quaternary and Neogene sediments, located within
a distance of 100m from the road network and with altitude value less than 220m were identified as
indicators for high slope instability.
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Abstract 

The aim of this study is to emphasize the role of the Geographical Information Systems (GIS) tech-
nology for the collection, organization, analysis, modeling and presentation of data required for the
geological and ore-deposits mapping. As a case study area the region of Paranesti in Northern
Greece was selected as it is of exceptional geological and uranium mining interest. For the geo-
logical and ore deposit mapping of the study area data derived from analogue maps at various scales
(topographical and geological) along with detailed field geological observations and measurements
were organized in a spatial database with a common geographical coordinate system utilizing GIS
technology. This procedure revealed the relation between the geographical distribution of uranium
deposits and the geological structure of the area as well as the effect of the active tectonics.
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1. Introduction 

The area of Paranesti is located in the northeastern part of the prefecture of Drama in Northern
Greece. The natural relief of the broader area of Paranesti is characterized by intense mountainous
morphology. The largest portion is covered by the west part of the Rhodopi mountain chain which
is cut by the Nestos River valley and its tributaries.

The region of Paranesti was selected as a case study because it is of exceptional geological and ura-
nium mining interest. For the geological and ore deposit mapping of the study area data derived
from analogue maps at various scales (topographical and geological) along with detailed field geo-
logical observations and measurements were organized in a spatial database with a common geo-
graphical coordinate system. This applied methodology revealed the relation between the
geographical distribution of uranium deposits and the geological structure of the area as well as the
effect of the active tectonics. 

GIS techniques have been used in similar studies such as the implementation of GIS in Santorini vol-
cano for ground deformation analysis (Papageorgiou et al. 2010), the mineral potential map of the
Singhbhum copper belt in Jharkhand by P. Sinha et al. (2002) and the creation of a geological database
at the area of Kifisia in Athens by A. Zervakou (2004). It was concluded that the role of the Geo-
graphical Information Systems (GIS) technology for the collection, organization, analysis, modeling
and presentation of data required for the geological and ore-deposits mapping is of great importance.
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2. The case study area

The area of Paranesti, located at the northeastern part of the prefecture of Drama, is bordered to the
north by Bulgaria, to the south by the prefecture of Kabala, to the west by the Community of
Sidironero which belongs to the prefecture of Drama and to the east by the prefecture of Xanthi. It
occupies an area of 788.394 acres, which corresponds to the 22,7% of the total area of the Drama
prefecture. The municipality of Paranesti established with the unity of (P.D. 55/7-3-1994, OGJ 39/21-
33-1994) the Communities of Paranesti, Tholos and Sillis (Prasinada) and is one of the nine LGO
(Local Government Organization) of the prefecture of Drama which belongs to the Constituency of
the East Macedonia and Thrace. Paranesti’s population is 1621 inhabitants, that mainly are refugees
came to the area from the Pontos and the Mikra Asia (Asia Minor) since 1922. The capital of the mu-
nicipality of Paranesti is 39 km far from the town of Drama and is consisted of 1439 inhabitants. 

The area of Paranesti is characterized by intensely mountainous relief morphology. The largest por-
tion is covered by the west part of the mountain chain of Rodopis and is crossed by Nestos River
and its tributaries. It is impossible to give an accurate estimation or description of the climate con-
ditions of the area because of the lack of meteorological station within the study area. A satisfactory
idea about the climate of the area gives the temperature and rainfall data from the weather station at
Sidironero. According to these data for the time period between 1977 and 1987, mean annual rain-
fall reaches 679 mm while mean annual temperature is 11,4o C. The minimum of the temperatures
occur during the January and reaches up to -17o C and the maximum at July reaching 38,5o C. Gen-
erally, the climate in this area can be characterized as transitional between Mediterranean and Eu-
ropean with the characteristics of the last one to be more intense. The largest part of the region is
covered by forests since a small percentage was parceled out to agricultural cultivations, water sur-
faces, settlements and others land uses.

3. Methodology (GIS technology) - Results

Nowadays the main GIS software vendors have created integrated software packages to meet the
need of a diverse user community (Longley, 2001). Specifically a GIS provides – among other ca-
pabilities - functions for terrain modelling and analysis (Digital Elevation Model creation from var-
ious sources, slope calculation, generation of topographic sections, etc.) as well as for geometric
and spatial statistical calculations (Chalkias C., 2006).

The system created provides an advanced method to organize, analyze, compute and visualize spa-
tial information and geologic and tectonic features for the geological and deposit mapping and analy-
sis of the area of Paranesti. The core system consists of a commercial GIS software package (ArcGIS)
supporting both vector and raster spatial data sets. This software is extended with special external
functions (developed in a third generation programming language) implemented for the geological and
the deposit analysis. The basic functions include the construction of geo-databases which provide the
interaction of various data in a common coordinate system and a common scale. Additionally, func-
tions and operations, among others uses, give the opportunity to create new thematic layers based on
the correlation of attributes tables and creation of SQL questions while Spatial join operation is used
to combine two or more dataset with respect to a spatial predicate. Finally, there are analysis proce-
dures such as clip, union, intersect where data layers overlay producing new thematic layers.

As mentioned above the specific software that had been used is ArcGIS 9.0 and a prototype system
has been developed as an outcome. The architecture of this prototype is illustrated in Fig. 1. The gen-
eral concept is as follows. The core is a standard GIS. This system was enriched with functions de-
veloped especially for the geological and deposit analysis of the area of Paranesti. These functions
are operating in relevant spatial datasets incorporated in the system and originated from analogue
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maps, previous digital datasets and fieldwork. The geology as long as the deposits of the area is es-
timated through special computational procedures using mainly the DEM of the area geometry. The
DEM - which is the main digital model used for the computations - is created by using the internal
GIS functionality of the prototype. Features corresponding to Paranesti geometry cannot only man-
ually be input but can also be calculated through semi-automated procedures of the system. The
final outputs could be arithmetic features corresponding to specific geological and deposit indices -
ratios, reports presenting morphology of the area, or advanced visualization.

In the present study for the detailed representation of the topography of the area of Paranesti two
topographic maps of 1972 at a scale of 1:50000 obtained from the Greek Army Geographical Serv-
ice (GAGS) of the area of Paranesti and Mesochori, were used. Additionally, geological maps of the
area at the scale of 1:50000 by IGME were used in combination with detailed geological maps pro-
duced through extensive fieldwork. 

All the analogue maps were scanned and transformed into .jpg files in order to demand less storage
space. For the geo-reference of each one of the topographical and geological sheets four control
points were choose and their co-ordinates were recorded. Before the geo-referencing the co-ordinates
of the control points were transformed from Hatt to EGSA’ 87. The aim of this action was to con-
vert all data in the same projection system. The most often used projection system in Greece is the
Greek Geodetic Projection System of 1987 (EGSA’ 87). While the conversion of the co-ordinates ma-
terialized an error occurred in the region of ±0.20 m. The software used for this conversion is the
COORD_GR (Siggros, 2002). Generally, during the geo-reference of a map an error occurs due to
the position of the cross on the right point of the map. In other words, it depends on whether the new
point that has been created on the map has the same co-ordinates with the one on the real map or not.
So it’s obvious that the total RMS error differs from user to user. Also the mean value of the error
has to correspond to the ¼ of the scale of the map (Chalkias, 2003). This means that for maps at a
scale of 1:50000 the error should be less than 15 and for maps 1:5000 scaled should be less than 1.

Fig. 1: Architecture of the prototype system.



Afterwards, the geographical data of the area was organized into thematic layers in vector and raster
form with which a geographical base was created. The attributes and the source of the data are rep-
resented in the following Table 1.

The procedure of digitizing was carried out with the head up digitizing method utilizing the re-
spective functions and commands in order to reduce the errors. Then the values of each layer were
imported in an attribute table. It was necessary to create the 3D Digital Elevation Model (DEM) in
order to represent the general morphology and the curvature of the area. The DEM was created using
appropriate vector data (contour lines) and specialized procedures (ANUDEM algorithm) in the
framework of the used GIS. A number of secondary geographical variables, which are very signif-
icant in morphometric and geological analysis, were derived from the DEM. These variables are re-
lated to elevation measurements, slope, volumetric computations, geological formation outcrop and
tectonic features such as faults. 

A series of drillings were developed in the area of Paranesti by the Institute of Geology and Mineral
Exploration (IGME) in order to study the geological and deposit characteristic of the area (Perga-
malis et al., 1998). The process of creating the drillings began in December of 1978 and completed
in December of 1996. The results were visualized in a map at a scale of 1:5000. The map was cre-
ated between 1993 and 1996. It must be noted that the co-ordinates of the drillings were saved in a
digital Excel file. This file was transformed in a data base (Access). Using the software ArcGIS 9.0
and the command Add xy data all the data and all the co-ordinates of the drillings are embodied in
the program prepared to be computed.

According to the map the drillings were performed at the northwest and the southeast part of the area
where the formations of “granite type Fteroto” and “granite type Dipotama” are developed. This
happened because the aim of the exploration, part of which was the execution and the valuation of
the drillings which was held by the Institute of Geology and Mineral Exploration (Ι.G.Μ.Ε.), was
the discovery of uranium in this area. It was well-known, from previous explorations (regular and
methodical stages), that uranium developed in these two geological formations and not in the “Mid-
dle type granite” (Pergamalis et al., 1998).

4. Geological Mapping 

The methodology of combining all the data utilizing Geographical Information Systems lead to the
construction of the following map (Fig. 2). This map depicts all the geological formations that seem
to have the greatest mining interest in the area.

This map shows that in the area of Paranesti granite types are developed which can be grouped in
three sub-categories: “granite type Fteroto”, “granite type Dipotama”, “granite Middle type”. Addi-
tionally, the area is composed of volcanic rocks, sendimentary-volcanic series, metamorphic rocks,
limestone and limestone debris. The following table (Table 2) includes all the geological formations
that the area consists of as well as the total area that each one of these formations occupies (in m2).
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Table 1. The thematic layers that had been created, its attributes and its source.

Thematic Layers Form Attributes Data source

Contours Line Altitude 1:50000 GAGS

Geological Formations Polygon Geological Formations 1:5000 ΙGΜΕ

Geological Lines Line GEOLOGY_ID 1:5000 ΙGΜΕ

Drillings Point Drilling, EGSA87_Χ, EGSA87_Υ ΙGΜΕ



The Comparative observation of Fig. 2 and Table 1 shows that the largest area of Paranesti, which
is 5.150.951,901 m2, is occupied by the formation called “granite type Fteroto” while the total area
of “granite type Dipotama” and “granite Middle type” is 3.300.367,627 m2 and 2.571.148,089 m2 re-
spectively. Additionally, 2.387.990,000 m2 of the study area consists of volcanic rocks while the
limestone debris and the metamorphoses rocks cover an area of 1.401.598,009 m2, and 492.907,886
m2 respectively. Finally a small part of the area of Paranesti is composed of limestone formations
and the sedimentary-volcanic series with areas of 39.537,081 m2 and 30.242,099 m2 respectively. It
has to be mentioned that this granite types rocks (the “granite type Fteroto”, the “granite type
Dipotama” and the “Middle type”), which cover the wider area of Paranesti, are characterized as acid
rocks. This is the main reason that leads the geologists to perform exploration activities for exam-
ining the opportunity of the existence of economical deposit of uranium.
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Table 2. The geological formations of the Paranesti
region and the area occupied by each one of them.

Geological Formations Area (m2)

“Granite type Fteroto” 5.150.951,901

“Granite type Dipotama” 3.300.367,627

“Granite Middle type” 2.571.148,089

Volcanic rocks 2.387.990,000

Limestone debris 1.401.598,009

Metamorphoses rocks 492.907,886

Limestone 39.537,081

Fig. 2: The representation of all the geological
formations which appear in the area of
Paranesti.
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5. Conclusions

The geology as long as the deposit of the area is estimated through special computational procedures
using mainly the DEM of the area geometry. A series of drillings were developed in the area of
Paranesti in order to study the geological and deposit characteristic of the area. A geological map of
the study area was constructed through IGME geological previous maps and extensive detailed field-
work mapping utilizing ArcGIS 9.0 software. The “granite type Fteroto” covers the largest part of
the Paranesti area, then follow the “granite type Dipotama” and the “granite Middle type”. All these
formations are of great economically importance for the deposit of uranium.

The methodology followed in this study is based on GIS technology. The use of GIS in all sectors
of geo-sciences, gives solutions in problems that are related with the geological environment. Data
procedure in the analytical context of GIS can produced useful variables and estimations. A funda-
mental element of a GIS is data integration which includes a common geographical reference sys-
tem, common spatial and temporal coverage, and similar scale and quality of the data.

At the sector of digital cartography the interest focuses on the creation of a spatial database from
where user can produce a geological map. Similarly at the sector of mineralogy the aim is to create
a geodatabase where details for mineral outcrops can be stored. In this way, researches for mineral
exploitations of oil and gas can be supported. Finally, at the sector of seismology GIS offer the pos-
sibility of, observing and earthquakes and researching the relation between earthquake events and
fault zones. All these applications are owed in the particularities that GIS present. The most basic
advantage of the GIS philosophy is the usefulness of the spatial data where the significance of spa-
tial is incorporated with the attributes of data. Using spatial data is given the possibility for further
analysis to qualitative data as long as quantitative.

GIS is not only a mean of producing maps but also a new completed technology essential for the analy-
sis and the study of space and the decision-making concerning the terrain, the environment and the human.
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Abstract 

We study the neotectonic regime and evolution of the central-eastern part of the Asopos River basin
(Beotia, Central Greece) which is an area undergoing crustal extension. The main tools that were
used in this research were a) field mapping of neotectonic and active normal faults and b) morpho-
tectonic analysis of 59 catchments, which was carried out by GIS techniques. Our results include a)
series of maps displaying the spatial variation of morphotectonic indices (sinuosity, asymmetry fac-
tor, valley-floor-to-height-ratio etc) and b) map of neotectonic fault segments with associated fault-
slip data. The morphotectonic analysis indicates that if normal faults in this area are active, they are
capable of generating earthquakes with M >6.0.

Key words: Morphotectonics, active faults, GIS, Asopos, Beotia, Greece.

1. Geological setting

The study area lies between the Gulfs of Corinth and Evia, two major rift structures oriented WNW-
ESE and NW-SE, respectively. The land between the two gulfs is an area of low strain where river
Asopos flows along a longitudinal basin (striking E-W; Asopos basin) controlled by active faults.
The southern margin of the basin forms the northern side of the Parnitha and Kitheronas mountains.
The pre-rift rocks of the region belong to the Sub-Pelagonian zone of the Hellenides, the western
slope of the Cimmerian microcontinent (Smith et al., 1979; Robertson et al., 1991). Geodetic, geo-
logical and seismological data suggest that the present tectonic regime of Central Greece is exten-
sional in a N-S to NE-SW direction as a complex result related both to back-arc extension behind
the Hellenic subduction zone and the transtensional tectonic regime that originates from the dextral
strike-slip motion of the North Anatolian Fault and its extension to the North Aegean Trough
(McKenzie, 1972; 1978; Le Pichon and Angelier, 1979; Jackson and McKenzie, 1988; Hatzfeld,
1993; Papazachos and Kiratzi, 1996; Kahle et al., 1998; Clarke et al., 1998; El-Fiky, 2000; Doutsos
and Kokkalas, 2001; Jolivet, 2001; Papazachos 2002; Armijo et al., 2003; Hubert-Ferrari et al., 2003;
Kreemer and Chamot-Rooke, 2004; Kreemer et al. 2004; Ganas et al., 2005; Kokkalas et al., 2006;
Hollenstein et al., 2008; Jolivet and Brun, 2008).

The two prominent basins of the study area are the Thiva and Asopos basins. The first is restrained
and partially drained by Yliki and Paralimni Lakes (Papanikolaou et al., 1988) and was not consid-
ered suitable for morphotectonic analysis. The Asopos basin, took its name from the homonymous
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river, flows from the western part of Attiki Peninsula near Gulf of Corinth to the Gulf of Evia, run-
ning almost straight for a distance of about 50 km (Sboras et al., 2006). The basin started to form dur-
ing Miocene according to Papanikolaou et al. (1988) and Mettos et al., (2000). Tectonic activity affects
drainage patterns, causing several changes in the flow direction of Asopos River. According to a study
of borehole data by Dounas et al. (1978), during Neogene times and near to the village Aghios Thomas
the river was flowing 500-800 m southern from its present position. The evolution model of Asopos
Basin, suggested by Papanikolaou et al. (1988), refers to a change in the tectonic regime during Qua-
ternary causing uplift, erosion of the Miocene sediments and maintenance of terrestrial basin remnants.
The topography of the northern side of Parnitha is characterized by high peaks with steep slopes,
deep valleys and isolated highlands, while the low-lying sub-basin of Schimatari (mean elevation
100-200 m) is the main receiver of the eroded material from the surrounding mountains.

Two major lithological units occur in the study area. The first is pre-rift rocks comprising Mesozoic
alpine carbonates (limestones and dolomites), and the second consists of post-alpine sedimentary for-
mations divided into two sub-units: the Neogene sediments, that comprise from bottom to top la-
custrine-lagoon formations and terrestrial-fluvial formations, respectively, and the Quaternary
sediments consisting of alluvial, debris and colluvium (Dounas et al. 1978).

The first attempt for morphotectonic investigation was made by Papanikolaou et al. (1988). They an-
alyzed the drainage network and the slope morphology of Asopos Basin concluding that the area is
under active tectonic control with rotating blocks. Mariolakos et al. (1997; 2001) studied the neo-
tectonic structures of Avlonas region and the broader Western Parnitha, suggesting a complex tec-
tonic setting with a diverging tilting from the western and eastern part of Koukistras Stream. An
active fault investigation was conducted by Goldsworthy et al. (2002) further more to the north, to-
wards Thiva Basin. These authors describe a fault system in the local area of Kallithea village con-
sisting of south dipping normal faults that bound the southern sides of low, parallel, limestone ridges.
Exposed fault surfaces strike between N080°E and N115°E with striations indicating slip vector az-
imuths between 180–200°. Tsodoulos et al. (2008) performed a morphotectonic analysis in the Ery-
thres-Dafni Fault zone which consists of two left-stepping overlapped segments. They used many
geomorphic parameters which all conclude in fault’s high activity. The region to the west of the
Asopos basin was mapped by Ganas et al. (2007), who also report evidence of active faulting.

The broader region has suffered from several catastrophic earthquakes many of which are known
from historical references. According to the earthquake catalogue of Papazachos and Papazachou
(1997), the vicinity of Thiva was struck four times since 14th century: in 1321 (M = 6.3), in 1853 (M
= 6.8), in 1893 (M = 6.2) and in 1914 (M = 6.0). Ambraseys and Jackson (1990) also give informa-
tion about the 1893 and 1914 events. For the latter they suggest an E-W striking fault located be-
tween Kallithea and Asopia villages. For the broader area of Beotia - Attica, the known earthquakes
are in 1938, Oropos (M = 6.0), in 1981, Alkyonides (M = 6.7) and in 1999, Athens (M = 5.9) (Am-
braseys and Jakson, 1990; Ganas et al., 2004; Jackson et al., 1982; Papazachos and Papazachou,
1997). The first two events occurred inside the highly active grabens of Evia and Corinth Gulfs re-
spectively, while the last one was an “unexpected” event occurred near the city’s limits.

2. Methods

2.1 General 

The neotectonic field mapping in the Tanagra-Avlona-Asopos region (scale 1:50000) indicates the
existence of nine (9) major WNW-trending normal faults (Tanagra, Asopia-Asopos, Megalos Schi-
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nos, Armakas, Koryfoula, Dafne, Avlona, Kallithea and Mavrovouni) with lengths more than 3 km.
Many smaller fault segments are also present mainly striking WNW-ESE to NW-SE. The dominant
dip direction is toward NNE. However, there are many antithetic faults that can also be observed,
occupying the foothills of elongated limestone ridges. This pattern results in the formation of small
parallel grabens and horsts. There are also a few conjugate normal faults striking (ENE-WSW) SW-
NE, the largest of which is the Dafne fault (Figure 1).

Morphotectonic analysis is a powerful tool to help us detect and understand the processes that occur
on the earth’s surface. Tectonic movements and erosion leave their marks each in a different way and
quantification of the morphological features is the key to associate the landscape with the neotec-
tonic evolution of the region. Since morphotectonic analysis is a good indicator but not a stand-alone
proof, it was performed after a morphotectonic-geological mapping. In order to achieve the most ac-
curate results and their most distinctive presentation on different thematic maps, we used ArcGIS 8.1
software. The analysis was undertaken on a mosaic of four topographic maps in 1:50000 scale
(HMGS). The maps were digitized, projected to the Greek National projection system (EGSA87) and
a three-dimensional terrain model (DEM) was produced with a resolution of less than 20 m. We also
used a SPOT 1 satellite image with 10-m resolution (Figure 3a) and 1:15000 scale aerial photo-

Fig. 1: Top: Neotectonic map of the study area,
based on field mapping. T: Tanagra fault, Ka:
Kallithea fault, Ar: Armakas fault, K: Koryfoula
fault, Av: Avlonas fault, Mv: Mavrovouni fault, As
and A: Asopia and Asopos fault, MS: Megalos Schi-
nos fault and D: Dafne fault. Bottom: A more de-
tailed geological map showing the investigated
faults accompanied with two cross sections (num-
bered black lines). Lithological formations are sim-
plified.
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Table 1. Mathematical relationships for the morphotectonic indices that was applied in this paper
(Keller and Pinter, 2002). 

Index Relationship
AF AF =( Ar / At) 100

TTSF TTSF = Da / Dd
Hypsometric Integral (HI) HI = (H - Hmin) / (Hmax - Hmin)

Vf Vf = 2 Vfw / (h1 - h3) + (h2 - h3)
Smf Smf = Lmf / Ls

Ar: area of the basin to the right of the trunk stream, At: total area of the drainage basin, Da: distance from mid-
line of the drainage basin to the midline of the river, Dd: distance from the basin midline to the basin di-vide, H:
mean elevation, Hmin: minimum elevation, Hmax: maximum elevation, Vfw: valley floor width, h1, h2: elevations of
left and right valley divides, h3: elevation of the valley floor, Lmf: length of the mountain front along the foot of
the mountain, Ls: straight-line length of the mountain front.

Fig. 2: a) DEM detail in the area of Asopia
where the Asopia-Asopos Fault domi-
nates. Contour lines every 100 m. Thin
lines are the drainage and the thick line is
Asopos River. Black lines are faults. The
white outlined box refers to following im-
ages (b)-(f). b) The scarp of Asopos Fault
lying on Mesozoic limestones. c) Evi-
dences of slickensides indicating the nor-
mal character of the fault. d) Corrugations
on the fault’s free face. e) Detail of how
Asopos Fault (A) affects the homonymous
river with the use of DEM and aerial pho-
tograph (3x vertical exaggeration). The
river, flowing northwards, is initially af-
fected by a minor fault and then curves
into an S shape in order to flow parallel to
the scarp. At the end of the scarp, the river
changes again its flow to its initial direc-
tion. f) Mesostructural analysis of the Aso-
pos Fault portrayed on lower hemisphere
equal-area projections. Left diagram
shows plot of fault planes, right diagram
shows contours of poles to fault planes.
Data indicate a dominant SSW dip direc-
tion.
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graphs (HMGS) to locate precisely the fault segment boundaries (Figure 2e). The analysis com-
prised the calculation of morphotectonic indicators (asymmetry factor, transverse topographic sym-
metry, hypsometric curve, hypsometric integral, ratio of valley - floor width to valley height,
mountain-front sinuosity – Table 1 shows the mathematical relationships) for 59 sub-basins in the
central-eastern part of the Asopos basin, including also the cumulative one.

Some qualitative observations indicate a differentiation on the drainage network pattern and the
shape and size of the catchments. The catchments south of Asopos River contain a denser, well-de-
veloped dendritic drainage network in contrast with the northern ones (curved dashed outlined area
in Figure 3b) while their shape is larger and more complicated especially in the south-eastern part
of the study area. In more detail, the main river seems to flow in the middle of the basin at the west-
ern part of the study area while it suddenly seems to flow nearer to the northern margin at the east-
ern part (left and right from the straight dashed line in Figure 3b, respectively). Some other local
anomalies can be observed in the development pattern of some sub-basins, especially in the south-
ern part of Asopos River. However, a more quantitative approach derives by calculating the fol-
lowing morphotectonic parameters.

2.2 Data analysis

The description of the analysed morphotectonic parameters and accompanied with short conclu-
sions, follow below.

2.2.1 Slope and Mean Slope

An actual slope dipping distribution and a mean slope map of the sub-basins were produced in order
to monitor abrupt morphological changes and to relatively compare each sub-basin. Results show that
the catchments belonging to the southern part of Asopos Basin show greater values thus having a
steeper relief. Here it should be noticed that high values in the actual or mean slope map are not seen

Fig. 3: a) DEM combined with a 10 m-resolution satellite image (SPOT 1). The major active tectonic structures
are shown in black lines while the whitish line represents the National Road. b) DEM of the study area show-
ing the drainage and the catchment deviation numbered. The National Road is also shown (thick grey line). The
dashed outlined area and the dashed line are explained in the text.
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only in the areas where the erosion-resistant Mesozoic limestones appear (mostly in the southern part
of the study area). Concerning the actual slope map, values higher than 9° and up to 15° can be observed
in a large part of the region where mostly post-alpine sediments occur. As we move upwards the north-
ern side of Parnitha Mountain a range between 15° to 30° is observed. Values higher than 30° appear
only inside the narrow valleys and streams that lead to Asopos River, as well as in a part of the latter
where Mavrovouni and Asopia-Asopos Faults control the local relief. The linear distribution of high
values where active faults have been recognized and mapped can be also observed. The mean slope map
shows that basins in the southern part of Asopos Basin have higher values suggesting a steeper mor-
phology. Although high actual slope angles can be seen near mountains like Tefmissos and Kirykion,
the surrounding basins 3 and 13 show low mean slope angles. That can be interpreted as a subdued re-
lief but with prominent scarps which in this case are the Kallithea and Megalos Schinos Faults.

2.2.2 Asymmetry Factor (AF)

This morphotectonic indicator, described by Keller and Pinter (2002), is helpful to understand if
and how drainage has been developed under tectonic control in a quantitative manner. It is essential
to insure that lithology (like dipping sedimentary formations) is taken out of the calculations in order
to isolate only the tectonic effects. Since the study area is not very large, we consider a uniform mi-
croclimate. The value range corresponds from 0 to 100%. If the basin is not tilted then the AF is 50%.
Values under and over 50% represent rightward and leftward tilting (according to the main river’s
flow), respectively. Sub-basin 3 shows high values of rightward tilting due to the existence of the
NNE dipping Tanagra Fault north of the basin. The basin is situated on the footwall of the fault
which causes a southern block rotation along a WNW-ESE trending axis. Sub-basin 14 shows an op-
posite rotation produced by the antithetic fault of the Tanagra Fault located at the southern foothills
of Kirykio Mt. Sub-basin 48 has a low AF (29.71%) due to the existence of Armakas Fault. The
total basin of the study area has an AF of 65.1% which represents a northward rotation along an E-
W trending axis, parallel to the Asopos River (Fig. 4). This means that the whole area is affected by
the WNW-ESE striking faults.

2.2.3 Transverse Topographic Symmetry Factor (TTSF)

This is another quantitative index to evaluate basin asymmetry (Keller and Pinter, 2002; Figure 4).
Absence of tectonics would cause the main river to flow evenly from both sides forming a perfectly
symmetric basin with a TTSF value of 0. The TTSF value can be more than 0.0 and up to 1.0, de-
pending on tectonic intensity, since lithological reasons are isolated. Values near to 1.0 indicate that
the river flows closely to the margins of the basin, a result probably produced by intensive and re-
cent tectonic activity. For the same reasons like in the Asymmetry Factor, sub-basin 3 has a high
value of TTSF. High values in some of the basins from the southern side of Asopos River cannot be
explained tectonically since the orientation of the local faults (Armakas, Koryfoula and Avlonas) is
transverse to the longest axis of the sub-basins. On the other hand there is a lithological alteration
in this area, having the water-resistant limestones in contrast with the post-alpine sediments proba-
bly affecting the drainage network. Concerning the broader Asopos basin, the TTSF could not be ap-
plied once since Asopos River flows in the middle of the basin during the first half distance of its
flow, and near the northern margin during the second one. According to the division in the map of
Figure 3 (dashed line), in the western part of the basin TTSF is approximately 0.1, while in the east-
ern part the value goes up to ca. 0.7. The distance between the two measurements are almost 10 km.
This abrupt change can only be explained by tectonic activity.



2.2.4 Hypsometric Curve-Hypsometric Integral (HI)

Hypsometric Curve describes the distribution of elevations across an area of land and its Hypsometric
Integral, which is defined as the area under the hypsometric curve, is the quantification of the curve’s
shape (Strahler, 1952; Pike and Wilson, 1971; Keller and Pinter, 2002). High values indicate a high
topography relative to the mean, such as smooth upland surface cut by deeply incised streams, while
low and intermediate values are associated with more evenly dissected drainage basins (Strahler,
1952; Keller and Pinter, 2002). A useful attribute of the latter is that it is independent of the basin
size and relief. Sub-basins 1, 3, 17, 49, 50, 56 and 57 show low values of Hypsometric Integral in-
dicating that these basins are in young stage (Figure 4). All these sub-basins are affected by many
faults suggesting a possible uplift. The same happens to the Hypsometric Integral value of the broader
basin (H = 0.234) suggesting a tectonic uplift of the whole study area.

2.2.5 Ratio of Valley – Floor Width to Valley Height (Vf)

This morphological indicator is useful to quantitatively differentiate the shape along a transverse sec-
tion of a valley. High values of Vf indicate broad-floored U-shaped canyons, while low values in-
dicate deep V-shaped valleys with streams that are actively incising (Keller and Pinter, 2002). The
latter case can be related with uplifting. This parameter could not be applied in many sub-basins be-
cause the size was too small for the DEM’s resolution. However, it is significant that almost all sub-
basins located to the southern side of Asopos River have low ratio values (Figure 4). This can be
interpreted as a tectonic uplift since these basins are situated on the footwall of the faults.

2.2.6 Mountain-front Sinuosity (Smf)

The Mountain-front Sinuosity index is a useful morphotectonic tool especially in our study area
where mountains and hills mainly consist of limestones. It reflects the balance between erosional and
tectonic forces (Keller and Pinter, 2002). According to Pavlides (2003), a range between 1.0 and
1.6 is considered to be a tectonically highly active mountain front, 1.6 up to 3.0 less active and 3.0
and above inactive. It is important to notice that the value is affected by the map scale. In the case
of our mapped faults (Fig. 5), wherever it was possible for the method to be applied, the calculated
values are less than 1.6. The lowest values in ascending order belong to Asopia, Mavrovouni, Mega-
los Schinos and Kallithea Faults, while the highest values belong to Tanagra and Avlonas Faults.

2.3 Evaluation of seismic potential

According to the length of the mapped faults, we used the empirical relationships of Wells and Cop-
persmith (1994), Ambraseys and Jackson (1998) and Pavlides and Caputo (2004) in order to estimate
the seismic potential magnitude for each fault. At this stage we do not differentiate among the faults,
i.e. active vs. inactive. It is clear that the Asopos Fault is active (Figure 2) because it controls drainage
and shows linear, relatively unerroded scarps along its strike. However, other faults like the Tana-
gra fault seem less likely to be active because no such scarps were found during field work. No good
quality seismological data (from local networks) exist, in order to show microseismic activity in
south Beotia. Therefore, the estimates shown in Table 2 should be used with caution and with con-
siderable uncertainty as more field work is necessary. In Table 2, the seismic potential magnitude is
shown, according to the above mentioned empirical relationships (W & C, A & J, P & C respec-
tively). Abbreviation of fault names like in Figure 1.
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Table 2.

Fault Length (km) W & C A & J P & C
T 16.5 6.5 (± 0.6) 6.5 6.6 (± 0.5)

MS 6.5 5.9 (± 0.5) 6.1 6.2 (± 0.7)

As & A 5.0 5.8 (± 0.5) 5.9 6.1 (± 0.3)

Ar 7.0 6.0 (± 0.6) 6.1 6.2 (± 0.3)

Ka & Mv 10.8 6.2 (± 0.6) 6.3 6.4 (± 0.4)

The Asopia-Asopos Faults were considered segments of the same fault zone, thus we estimated the
worst scenario for total activation. The same was considered for Kallithea-Mavrovouni Faults. Tak-
ing into account the results from Pavlides and Caputo (2004) relationship, each of the faults of table
2 is capable of earthquake magnitude > 6.0. The Avlon fault (further East; Ganas et al., 2004) is not
calculated since it was not studied in all of its length
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Fig. 4: Thematic maps pro-
duced after morphotectonic
analyses in ARC GIS. The re-
sults of Asymmetry Factor,
Transverse Topographic Sym-
metry Factor, Hypsometric In-
tegral and Ratio of
Valley-Floor Width to Valley
Height are shown in order of
appearance. Further explana-
tion is found in the text.

Fig. 5: Mountain Front Sinuosity map of the investigated area.
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3. Conclusions

We applied detailed morphotectonic analysis in the region of the Asopos rift in central – south Beo-
tia region, central Greece (Figures 3, 4 and 5). According to morphotectonic criteria, most mapped
faults in the study area are considered as highly active, with the exception of Tanagra and Megalos
Schinos faults (Figure 1), which display no clear geological and less geomorphological evidences
of recent activity. Thus we characterized them as possible active in the sense that they can be trig-
gered/activated as secondary structures. For the rest of the faults, on one hand our morphotectonic
analysis and geological data suggest that they show evidence of recent and highly active tectonic
movements, but on the other hand they have sparse seismic activity with long periods of quiescence
as it derives from both historic and instrumental data. Evidence of high fault activity show the
Avlona-Koryfoula-Armakas, Kallithea-Mavrovouni and Asopia-Asopos fault segments. Concerning
the latter ones, Asopia fault segment although it seems morphologically less expressed than the Aso-
pos Fault segment (southeastern extension; Figure 2) we suggest that they comprise two branches
of the same fault. 
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Abstract 

A digital engineering-geological map of the Athens Prefecture area was compiled at an original
scale of 1:10.000 by IGME in cooperation with Engineering Geology Laboratory of Patras Uni-
versity. The map is related to a database management system constructed according to the project’s
special needs, including geotechnical and geological data mainly obtained by boreholes and trial
pits. The main map (11 sheets) is accompanied by three thematic maps at an original scale 1:50.000
(hydrogeological, tectonic) and 1:250.000 (seismic epicenters map). It constitute a basic tool for
every activity of the Prefecture’s services, in relation to urban development, civil and environmen-
tal protection policy, sustainable management of natural resources, continual data supply to citizens
and to the technical world.

The main advantage of the digital map is the ability of constant updating of the related database,
while this procedure should be established to serve social needs. As the mapping was based on a
combination of conventional geological mapping techniques and the information from geotechnical
database, it is considered to provide useful information for planners and decision makers at a pre-
liminary planning level.

Key words: engineering geological mapping, data base, urban development, Athens Prefecture.

1. Introduction 

The urban planning of the city of Athens was primarily based on economic and social determinants,
without taking seriously into account the geological environment and the geodynamic factor. The
problems that have been arisen due to this became more acute with the increase of the population
and urban settlement expansion, the industrialization and the natural hazard impact (seismicity,
floods) during the last decades. With the increasing demand for large engineering works construc-
tion (subways, freeways, metro, traffic links), the redevelopment of the broader area and the recon-
struction of the inner city area, there was a need for up to date geological information and
interpretation for planning purposes. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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The geological, hydrogeological and geotechnical conditions prevailing the urban area must be generally
well known for providing the necessary information to the local authorities, engineers and constructors,
since they consist the framework for technical works planning. This information also constitutes the basic
concept for the evaluation of the dynamic ground response in the case of seismic activity.

The IGME in cooperation with the University of Patras (Department of Geology - Laboratory of En-
gineering Geology), were commissioned to undertake the compilation of the digital engineering ge-
ological map of Athens Prefecture area at a scale of 1:10.000. The outcome (Fig. 1) was eleven (11)
map sheets that cover the studied area (45 Municipalities and 3 Communities), accompanied by an
extended legend and three (3) attached thematic digital maps, at various scales, as well as the rela-
tive data base. The work was coordinated by the Engineering Geology Department of IGME, while
other Departments of IGME also collaborated for the creation of thematic maps, such as that of Ge-
ology and Geological Mapping Dept, as well as the Department of Hydrogeology.

2. Aims of the Project - The digital engineering geological map

In order to give a detailed description of engineering geological environment of the studied area, the
working group placed the following objectives: 

1. Digital management of the available geological and engineering geological information in
the region of interest.

Fig.1: Part of a map sheet, accompanied by the relative information (excavation photos and borehole logs), in-
troduced into the data base. 
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2. Relocation of the gathered information in a map of 1:10.000 scale with respect to the suit-
able accuracy.

3. Collection and handling of data, so that to obtain as possible homogeneity, density and reli-
ability in geological – engineering geological information, all over the mapped area.

4. Reconsideration of configured information and update, according to the additional geolog-
ical – engineering geological data obtained by the groups and companies involved in the
area’s recent constructional activity.

5. Digital recording of a satisfactory number of borehole data in the created database obtained
by public organizations and private consultants.

The engineering geological map compilation and the database creation, in combination with the at-
tached set of thematic maps are considered to fulfil the engineering geological demands of Athens
Prefecture responsibilities. More specifically it can constitute the basic tool for:

• Urban planning of infrastructure developmental works
• Mitigation of natural hazards and improvement of citizens’ safety
• Protection and upgrade of the environment
• Sustainable management of natural resources
• Citizens’ awareness
• Optimum exploitation of technical knowledge for advanced quality of life

It is pointed out that the information and data presented in an engineering geological map at 1:10.000
scale, does not substitute the site geotechnical investigation required for technical work construc-
tions. Consequently, it does not withdraw the existing legal frame for public and private works, but
offers guidance and technical support.

Moreover the advantage of digital maps is the continuous data updating which is strongly recom-
mended to be established by the authorities in charge. Digital parameters also allow useful applica-
tions to be carried out, such as correlations, zonation, retrieval of selected data etc. 

The topographic background of the engineering geological map at 1:10.000 scale was created from
the digital background provided by the Prefecture of Athens, using Geographical Information Sys-
tems and more specifically ArcGIS 9.0. It has been produced with the accuracy of 1:5.000 scale
map and it includes, apart from the road network, also the boundaries of 45 Municipalities and 3
Communities that belong to the Prefecture of Athens.

For the creation of digital data, the official Greek projection system (EGSA 87) has been used.

In order to obtain an accurate and up to date engineering geological map, the boundaries of the con-
figurated formations have been redrawn in the field. For this aim two main bibliographic sources
have been implemented as guides, namely:

a) the engineering geological maps at a scale of 1:25.000 of PhD thesis of N. Sabatakakis (1991),
entitled “ Engineering geological research of Athens Basin” (University of Patras), as well as

b) the Geological maps of the Institute of Geology and Mineral Exploration at 1:50.000 scale, sheets
“ATHINAI - PIRAEUS”, “ATHINAI – ELEFSIS”, “ KIFISSIA” and “KOROPI - PLAKA”. 

3. Legend of the engineering geological map

To describe in detail the engineering geological conditions of the urban area of the city the soil for-
mations were grouped into twenty (20) individual geotechnical units, based on the evaluation of ex-
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isting geotechnical database and the origin, relevant age, composition, physical state and engineer-
ing geological characteristics of the ground formations. In the full text description of each unit the
particular characters of macroscopic observation are given, as well as qualitative and quantitative pa-
rameters from laboratory tests.

It is pointed out that the range of the given parameters has an indicative character and was determined
by the bibliography of the wider area, as well as the selected studies of the Athens Prefecture area,
that have been imported in the data base.

Finally, the classification of the engineering geological formations according to the Greek Seismic
Regulation (E.A.K. – 2000) is also given in the legend.

A summarized description of soil units is given bellow:

The physical and mechanical properties that are given in the full text legend of the engineering ge-
ological map are the following: 

Soils: LL (%), IP (%), w (%), γb (t/m3), e, NSPT, qu (kPa), Cc, cu (kPa), φu (o). 

Rocks: ρd (kN/m3), σc (MPa), σt (MPa), Is(50) (MPa), EL (GPa), n (%),VP (m/sec), Id2 (%), ν, SHV

1. Man-made fill material. 

2. Recent materials of rivers, streams and coastal beds.

3. Loose coastal deposits of grey sandy silts and soft clays.

4. Loose deposits of mixed phases with predominance of fine materials

5. Loose deposits of mixed phases with predominance of coarse materials. 

6. Scree materials moderately to well cemented.

7. Moderately cemented breccia-conglomerates with brown-reddish cementing material.

8. Semi-cohesive silts – clays of light brown colour

9.
Semi-cohesive to cohesive formations of thin layers of sandstones, micro-conglomerates,
conglomerates and sands of marine facies, sub-white in colour. 

10. Cohesive red loams and moderately cemented conglomerates. 

11.
Semi-cohesive to very cohesive formations of marls, sandstones, marly limestones, yel-
low-white in colour.

12. Medium to thick bedded, intensely fissured, white-grey limestones of allochthonous series.

13. Thin to medium bedded limestones, strongly tectonised, of yellow to white colour. 

14. Thick-bedded to massive, strongly tectonised and karstified limestones. 

15. Dolomites - dolomitic limestones.

16. Schist-sandstone-marly series of the Athenian schists with limestone lenses.

17. Athenian schists. 

18. Marlbles with schist layers.

19. Schists with marble layers.

20. Semi-metamorphic to metamorphic undivided formations.
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4. Atlas of thematic maps

A set of thematic maps was also compiled attached to the engineering geological map of 1:10.000
scale. Each map was drawn in particular individual scale according to the character of the special
information shown. More specifically these maps are:

4.1 Hydrogeological map 

Since the hydrogeological conditions constitute an important factor affecting the geotechnical be-
haviour of geological formations, it was considered necessary to compile a hydrogeological map at
a scale of 1: 50.000. Indicative information with local character is given, while simple points of ob-
servation were also illustrated.  Special effort was made in the recognition of places where high
water level is expected affecting the foundation of common structures.

4.2 Tectonic map

A tectonic map of Athens Prefecture region was drawn at a scale of 1:50.000, in order to:

a) Show the main tectonic lines and trends that characterize the structure of the studied region.
b) Point out the areas where the geological formations are generally influenced by tectonics and

probably appear differentiated geotechnical behaviour

It is noted that tectonic lines, drawn in the tectonic map, were indentified by at least two of the fol-
lowing ways:

— Field work
— Air photos interpretation 
— Bibliographic reports and maps

4.3 Earthquake epicenters’ map

A map of seismic epicenters was compiled at a scale of 1:250.000 in order to sketch out the seismic
potential of the wider area around the study region. This map illustrates the distribution of shocks
with magnitudes ≥ 4R which occurred in the area around the city. 

5. Description of digital data

For the compilation of the engineering geological map of Athens Prefecture area at a scale of
1:10.000 including eleven (11) A0 size sheets, the following thematic levels were created for the rel-
ative sort of data:

— Sheets’ connection diagram 
— Boundaries of Athens Prefecture area
— Boundaries of Municipalities and Communities
— Greek territory boundaries
— City sector 
— Road network
— Boundaries of engineering geological units
— Borehole’s point
— Photo’s point
— Underground water level

37 (3)
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— Local underground water level 
— Faults

The topographic contours (40 m interval) exported in raster format, originate from the vector digi-
tal data of the Hellenic Military Geographical Service. The thematic levels referring to the built en-
vironment (roads etc) were created from the digital data provided by the Prefecture of Athens, while
further digital data used for the needs of the project originate from other sources such as the Uni-
versity of Patras and the Hellenic Mapping and Cadastral Organization. 

The points illustrating either boreholes’ or photos’ sites are connected through hyperlink to relative
picture files (Log records and Photos).

Two hundreds forty five (245) borehole points, were imported in the data base and marked on the
map. They were selected after the evaluation of more than 2000 borehole records and considered to
be most reliable and representative. They are well distributed over the map area and the different ge-
ological formations and originate from the Institute of Geology and Mineral Exploration, the Water
Company of Athens, the Ministry of Environment and Public Works, the Prefecture of Athens, the
University of Patras, as well as private companies.

Moreover five hundreds twelve (512) points, corresponding to photos taken during the recent field
work, were marked on the map and imported in the data base.

In addition, for the compilation of the Earthquake epicenters’ thematic map, digital data concerning
earthquake epicenters of the wider region of Attiki were imported in the database.  These data were
obtained by Comninakis, P. - Papazachos, B. (1986) catalogue, up to 1949 and from the Geody-
namic Institute of Athens Observatory records, for the time period 1950 – 2005.
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Abstract 
In this study seven fusion techniques and more especially the Ehlers, Gram-Schmidt, High Pass Fil-
ter, Local Mean Matching (LMM), Local Mean and Variance Matching (LMVM), Pansharp and
PCA, were used for the fusion of Hyperion hyperspectral data with ALI panchromatic data. The
panchromatic data have a spatial resolution of 10m while the hyperspectral data have a spatial res-
olution of 30m. All the fusion techniques are designed for use with classical multispectral data.
Thus, it is quite interesting to investigate the assessment of the common used fusion algorithms with
the hyperspectral data. The study area is Antiparos Island in the Aegean Sea.

Key words: Hyperion, Hyperspectral data, fusion, Antiparos Island.  

1. Introduction 

The majority of the earth observing satellites such as SPOT, Landsat, Ikonos, Quickbird, EO-1 (ALI
sensor) collect at the same time a panchromatic image with a higher spatial resolution and many mul-
tispectral bands with lower spatial resolution. This is due to technical reasons such as limited stor-
age capacity, small data transfer rate and the limited energy autonomy of most of the satellites. These
limitations affect more the hyperspectral sensors like Hyperion that collect more than 240 bands.
Considering these limitations, it is clear that the most effective solution for providing high-spatial
resolution hyperspectral remote sensing images is to develop effective image fusion techniques. 

In this study seven fusion techniques and more especially the Ehlers, Gram-Schmidt, High Pass Fil-
ter, Local Mean Matching (LMM), Local Mean and Variance Matching (LMVM), Pansharp and
PCA, were used for the fusion of Hyperion hyperspectral data with ALI panchromatic data. Both sen-
sors are on onboard Earth Observing-1 satellite. Thus the data was collected simultaneously thus,
there are no radiometric and atmospheric problems. The data was provided to IGME from USGS.
The panchromatic data have a spatial resolution of 10m while the hyperspectral data have a spatial
resolution of 30m.  All the fusion techniques used in this study are designed for classical multi-
spectral data and tested in previous studies (Chavez et al., 1991; Vaiopoulos et al., 2001; Niko-
lakopoulos, 2003; Aiazzi et al., 2002; Wang et al., 2005; Nikolakopoulos 2005; Laporterie-Dejean
et al., 2005; Nikolakopoulos, 2008). Thus, it is quite interesting to investigate the assessment of the
common used fusion algorithms with hyperspectral data. 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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2. Bands number reduction

The Hyperion data usually presents a low signal to noise ratio. Furthermore forty-six of the two
hundred forty two Hyperion bands are uncalibrated so it is better not to be used. In order to reduce
the total number of the bands a pre-selection based on optical and statistical criteria was done. Firstly,
all the bands were examined visually. The optical control detected many bands dominated by noise
and some other bands with no useful information (totally black or white images). Second, the his-
togram parameters of all the bands were examined. The statistical control of the minimum, maximum
and the standard deviation values confirmed the existence of bands corrupted by noise. As a result
only 155 bands (8-57, 78, 82-97, 99-119, 134-164, 182-184, 187-219) were used for the fusion pro-
cessing. The spectral range of these bands is presented in Table 1. 

3. Fusion techniques used in this study

The Ehlers algorithm (Ehlers, 2004; Ling et al., 2007; Ehlers et al., 2008) implemented in Erdas Imag-
ine software is based on IHS transform and filtering in the Fourier Domain and should give the same
quality results independently of the type of the images. The Gram Schmidt algorithm simulates a
panchromatic band from the lower spatial resolution multispectral bands, performs a Gram-Schmidt
transformation on the simulated panchromatic band and the multispectral bands, using the simulated
panchromatic band as the first band, then swaps the high spatial resolution panchromatic band with the
first Gram-Schmidt band and finally applies the inverse Gram-Schmidt transform to form the fused
spectral bands. A limitation of the algorithm is that the low spatial resolution multispectral bands used
to simulate the panchromatic band must fall in the range of the high spatial resolution panchromatic
band or they will not be included in the resampling process (Laben and Brower, 2000; Envi, 2008).

The process of the High Pass Filter involves a convolution using a High Pass Filter (HPF) on the high
resolution data, then combining this with the lower resolution multispectral data. More specially the
algorithm read pixel sizes from image files and calculates the ratio of multispectral cell size to high-
resolution cell size. Then it High-pass filter the high spatial resolution image, resample the multi-
spectral image to the pixel size of the high-pass image and finally add the HPF image to each
multi-spectral band. The HPF image is weighted relative to the global standard deviation of the
multi-spectral band. The algorithm stretches the fused image to match the mean and standard devi-
ation of the original multispectral image (ERDAS, 2008).

The LMM (Local Mean Matching) and the LMVM (Local Mean and Variance Matching), methods
were specifically designed in order to minimize the difference between the fused image and the low-
resolution MS channels (De Béthune et al., 1998), hence to preserve most of the original spectral in-
formation of the low-resolution channels. These filters apply normalization functions (Joly, 1986)
at a local scale within the images in order to match the local mean and/or local mean and variance
values of the PAN image with those of the original low-resolution spectral channel. The small resid-
ual differences remaining correspond to the high spatial information stemming from the high-reso-
lution PAN image. This type of filtering drastically increases the correlation between the fused
product and the low-resolution channel. By adjusting the filtering window sizes, the amount of spec-
tral information preserved in the fused product can be controlled.

The Principal Component Analysis algorithm calculates principal components, remaps the high reso-
lution image into the data range of PC-1 and substitutes it for PC-1, then applies an inverse principal
components transformation. The Principal Component method is best used in applications that require
the original scene radiometry (color balance) of the input multispectral image to be maintained as



closely as possible in the output file. As this method scales the high resolution data set to the same data
range as Principal Component 1, before the Inverse Principal Component calculation is applied, the
band histograms of the output file closely resemble those of the input multispectral image. 

The Pansharp fusion technique proposed by (Zhang, 1999) seems to have solved the two major prob-
lems in image fusion – colour distortion and operator dependency. A method based on least squares
was employed for a best approximation of the grey value relationship between the original multi-
spectral, panchromatic, and the fused image bands for a best colour representation. Statistical ap-
proaches were applied to the fusion for standardizing and automating the fusion process.

Some of the algorithms used in this study allow for various parameter settings. So many different
tests were done. For every algorithm the best visual result was selected for the quality assessment.
In all cases, the nearest neighborhood resampling method was applied. 

For each fused image the following issues have been examined: a) the visual qualitative result, b)
the statistical parameters of the histograms of the various frequency bands c) the correlation coeffi-
cient and d) the entropy of the original bands to the respective entropy of the fused bands was com-
pared. Those criteria are in accordance with the general quality assessment criteria that were
described in previous studies (Wald et al., 1997; Chavez et al., 1991).

4. Comparing the quality of seven fused images with the original  Hyperion image

4.1. Visual Comparison

As already mentioned in this study, the quality of the fusion algorithms was evaluated both qualita-
tively and quantitatively. Visual comparison of all the possible band combinations of the fused im-
ages was used for the qualitative assessment, since it is the most simple but effective tool for showing
the major advantages and disadvantages of a method. 
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Table 1. 

Spectral bands no Spectral Length (nm)
Full Width at Half the Maximum

FWHM (nm)

8 426,82 11,38

57 925,41 11,27

78 922,54 11,04

82 962,91 11,04

97 1114,19 10,95

99 1134,38 10,92

119 1336,15 10,69

134 1487,53 11,04

164 1790,19 11,45

182 1971,76 10,93

184 1991,96 10,91

187 2022,25 10,90

219 2345,11 10,40
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A RGB combination of specific bands (2203, 844, 487 nm) of the original and the fused images are
presented below (Figs 1-4). A first remark is that all the fusion algorithms ameliorate the spatial res-
olution of the original Hyperion data. The road network, the fields, the river network and the coast-
line can be more easily detected and mapped in the fused images. More particularly, the Ehlers fused
image presents a much better spatial resolution, as some of the most important geomorphological
characteristics can be easily discriminated. Moreover, it is obvious that the quality of the colours has
been enhanced. Nevertheless, the contrast failed to give any better result. The Gram Schmidt fused
image presents also a better spatial resolution. In that image, even the morphology of the sea bot-
tom can be observed, which mean that bathymetrical information can be derived. Furthermore, there
is a small amelioration in the contrast and a change in the quality of its colours as they became
darker. Observing the HPF fused image, it can be easily seen that its spatial resolution is quite sat-

Fig. 1: (left): The original Hyperion image at 1/25.000 scale. A RGB combination of specific bands (2203,
844, 487 nm) is presented; (right): The same RGB combination of the Ehlers fused image. 

Fig. 2: (left): The Gram-Schmidt fused image at 1/25.000 scale. A RGB combination of specific bands (2203,
844, 487 nm) is presented; (right): The same RGB combination of the HPF fused image. 
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isfied, comparing with Hyperion’s. This image gives information about the road network, every
field, the vegetation; even the coast line can be discriminated. The contrast of the image also pres-
ents a great enhancement but the quality of the colours isn’t so representative. The LMM and the
LMVM fused image also present better spatial resolution. They generally preserved the original
colours and present a better contrast. The Pansharp fused image even if has also better spatial reso-
lution than Hyperion’s, doesn’t give any further information about the morphology of the sea bot-
tom. Moreover, the quality of the colour has changed and the contrast is presented with better results.
The PCA fused image, has also a really satisfying spatial resolution as all the basic elements of the
area, such us road network and vegetation are being illustrated. Bathymetrical information can also
be retrieved. Meanwhile, the quality of the colour has been changed and now seems to be little darker
and the contrast is at a better level.

Fig. 3: (left): The LMM fused image at 1/25.000 scale. A RGB combination of specific bands (2203, 844, 487
nm) is presented; (right): The same RGB combination of the LMVM fused image. 

Fig. 4: (left): The Pansharp fused image at 1/25.000 scale. A RGB combination of specific bands (2203, 844,
487 nm) is presented; (right): The same RGB combination of the PCA fused image.
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4.2. Statistical Comparison

For all the images the statistical parameters of the histogram and especially the standard deviation
of some specific bands were studied. The value of the standard deviation is vital in recognizing dif-
ferent unities. The higher the value of the standard deviation of a histogram is, the more different for-
mations can be recognized.  The statistical control is necessary in order to examine spectral
information preservation. When the researcher wants to proceed to digital processing of the data
(for example applying different ratios for mineral detection), an alteration to the original spectral
characteristics wouldn’t be appropriate, as it may influence the results. 

As it can be observed all the fusion techniques didn’t provoke significant changes to the standard
deviation and the mean values (Fig. 5 and Fig. 6). There are only some changes at the value of min-
imum and maximum. 

Particularly, it has to be pointed out that the Ehler’s algorithm increases the minimum value of the
bands 14, 21, 31, 41, 49, 55 and 87. The rate of the increase slows down for the bands 106,116,136
and 151 and finally there is no change for the minimum value of the bands 161,195,205,218. At the
maximum value of this algorithm it can’t be distinguished any significant alteration. 

The Gram Schmidt algorithm has also some variations at the minimum value, which are higher at
bands 14, 21, 31. The maximum value differs from Hyperion’s in all bands and there is a big dif-
ference at band 87. About the High Pass Filter fusion technique, the minimum value has changed in
all cases and entails a negative number. The minimum value for the bands 49, 87, 106 has the great-
est fluctuation from the others. The maximum value of this technique presents the same inclination
with the one of Gram Schmidt where there were some remarkable changes in all bands and band 87
had the higher deviation. It is quite interesting to observe the LMM technique, which has the small-
est changes in the minimum value comparing with the other algorithms. Only bands 14, 21, 31, 41,
49, 55, 87, 106, 116, 136, 151, present a negligible alteration and at the bands 161, 195, 205, 218
the value remains the same. The maximum value has also some negligible changes at lower bands
and at higher bands there isn’t any fluctuation at all. The LMVM algorithm has the same behaviour
for the minimum values in all bands which mean that there is a small variation in all cases and all
the values appears to have negative numbers. The maximum value only entails some small differ-
ences. The Pansharp technique presents a small deviation at the minimum value, which is almost at
the same range. It is important to be marked that bands 14, 21, 31, 41 entail a positive number and
the rest bands have a negative one. The maximum value presents some alteration in all bands. Band

Fig. 5: The statistical parameters of the Hyperion band B106 and the respective fused bands. 
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14 has the smallest and band 87 has the biggest. Finally, PCA algorithm provokes some variations
in the minimum value. Bands 106 to 218 present the smallest alteration. The maximum value also
entails changes which are higher at band 87.

4.3. Correlation 

The closeness between two images can be quantified in terms of the correlation function. The cor-
relation coefficient ranges from -1 to 1. A correlation coefficient value of -1 indicates that the two
images are highly correlated, i.e., very close to one another. A correlation coefficient of -1 indicates
that the two images are exactly opposite to each other.

Each band of the original hyperspectral image has been correlated with the respective fused band.
The correlation coefficients have been computed. The best spectral information is available in the
hyperspectral image and hence the fused image bands should have a correlation closer to that of the
hyperspectral image bands. The results are presented above (Fig. 7).

Fig. 6: The statistical parameters of the Hyperion band B195 and the respective fused bands.

Fig. 7: The correlation value of specific fused bands and the respective original Hyperion bands. 
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The Ehlers fused image with a value close to 0,98 presents the highest correlation. The LMM and
LMVM fused images have also a very satisfied correlation which it is close to 0,97. The High Pass
Filter fused image presents the lower correlation to the original data. Its values are between 0,83 and
0,89. It is quite interesting to underline that all the fusion algorithms present the lower correlation
values for the bands B14 and band B21. For the bands B31 to B205 the correlation is being in-
creased. After the band 205 it can be observed that there is a decreasing tendency. 

4.4 Entropy

The entropy H of an image may be defined:

pi is the percentage of the pixels of the image with digital number i. L is the quantization level (tonal-
ity range) of the image. For example if the digital number may take 28 different integer values from
0 to 255, L is equal to 255.

The entropy is generally considered to be a measure of the information content of the image. As
long as the width of the image histogram increases, H also increases. Skewed image histograms
have bigger entropy than symmetrical ones with the same standard deviation (Skianis & Niko-
lakopoulos 2008). Therefore the entropy value of a digital image contains information about the
standard deviation and the shape of the histogram.

Observing band 14 (Fig. 8) it can be seen that High Pass Filter and LMVM fused images increase
the entropy, LMM gives almost the same result with Hyperion’s and all the other fusion techniques
present a decrease in the entropy. The highest increase is presented in the high pass filter technique
and the highest decrease in the Gram Schmidt. In Band 41 there are also some variations in the en-
tropy as three of the fused images presents an increase (Ehler’s, High Pass Filter and LMVM), three
didn’t give any fluctuation and two present a decrease from which  Gram Schmidt’s gives the great-
est. About bands 106, 161 and 205 it can be observed that all the fused images present an increase
in the entropy from which High Pass Filter has the highest and PCA the lowest.  It would be inter-

Fig. 8: The entropy of the Hyperion bands B14, B41, B106, B161, B205 and the respective fused bands. 
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esting to underline that High Pass Filter algorithm presents an important increase in all bands. More-
over, it can be observed that only bands 14 and 41 presented a decrease in certain fused images. All
other bands give an increase in the entropy.

5. Conclusions

Seven fusion algorithms designed for multispectral data were tested on Hyperion hyperspectral data.
The initial spatial resolution of Hyperion data (30m) has been ameliorated and the finally fused im-
ages have a spatial resolution of ten meters (10m). All the algorithms improve the target detectabil-
ity of the Hyperspectral data. The road network, the fields and generally the formation boundaries
can be more easily detected and mapped. All the algorithms keep almost invariable the mean and the
standard deviation values of the original data. All the algorithms with the exception of the High Pass
Filter provoke minor changes to the minimum value and a significant increase to the maximum
value of the original data. All the fused images present a very high correlation to the original Hy-
perion bands. All the algorithms enhance the information contained in the original image as they in-
crease the entropy value of most of the Hyperion bands.

The general conclusion is that the specific algorithms even if they were designed for use with clas-
sical multispectral data they can be used for the fusion of Hyperion Hyperspectral data.
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Abstract 

Landslides are one of the most frequent and disastrous natural hazards worldwide. Thus, the need
of landslide susceptibility maps is of primary importance as they are both a useful tool for the land
use planning and a necessary step for future development activities. This paper presents an inte-
grated technique of analytical hierarchical process (AHP) and geographic information system (GIS)
to create a landslide susceptibility map of the NE part of Achaia prefecture. The study area mainly
consists of Neogene deposits and it is a part of the Corinthian graben, which characterized by in-
tense neotectonic activity. Therefore, it is affected by many slope movements that usually cause se-
rious damages in inhabitant areas and road networks. Based on field survey data analysis six
parameters were chosen as major parameters that influence the stability of slopes to the direction
of landslide manifestation. The AHP method identifies both the rate of the individual classes, and
the weight of each factor. Spatial layers with their corresponding rates and weights were linearly
combined to prepare the landslide susceptibility map, which includes four zones of slope movement’s
susceptibility, namely a low, a moderate a high and a very high zone. The evaluation and final con-
firmation of the map was based on a great number of recorded landslides in the area.  

Key words: landslide susceptibility map, GIS, AHP method, Achaia prefecture, Peloponnesus.

1. Introduction 

Landslides are among the most frequent and disastrous natural hazards worldwide, connected in
many cases with huge eco nomic and social welfare as well as with the loss of human lives. There-
fore, as their manifestation has a great influence on population, constructions and environment, the
evaluation of sliding risk is very important to their confrontation (Guzzetti et al., 1999). To this di-
rection, landslide susceptibility maps, covering urban and rural areas and depicting sites with grad-
uated risk levels, constitute a valuable tool for better understanding and confronting landslide’s
effects, but also for allocating areas prone to landslide manifestation (Castellanos et al., 2007). More-
over, they can be used in urban and rural planning and development (Bathrellos et al., 2009).

This study refers to the compilation of a landslide susceptibility map for the NE part of Achaia pre-
fecture using GIS and the Analytical Hierarchy Process (AHP). 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 
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The AHP is multi-objective multi-criteria decision-making methodology (Saaty 1990; 2006) that
has been used for compilation of sliding risk maps by many researchers (Ayalew et al., 2004; Komac
2006; Yoshimatsu and Abe 2006; Castellanos et al., 2007; Akgün et al., 2008). This process gives
the ability of the correlation both the parameters that cause landslide manifestation and their classes,
by using a table in which comparison of every two parameters and their classes is carried out. 

Moreover, Geographic Information Systems (GIS) comprise a valuable tool for the compilation of
landslide susceptibility maps (Saha et al., 2002; Lan et al., 2004). The use of GIS in such a case
gives the advantage of a quick analysis, processing and correlation of a big volume of data. 

As a great number of landslide phenomena is manifested in western Greece (Koukis and Rozos,
1982), the NE part of Achaia prefecture, was chosen for this study. This area mainly consists of
Neogene deposits and it is a part of the Corinthian graben, which characterized by intensive neo-
tectonic activity. So, it is affected by many slope movements that usually cause serious damages in
inhabitant areas and road networks. For the above reasons, various studies have been done in the past
regarding landslide examination in the Achaia prefecture (Koukis et al. 1997; Koukis et al. 2005;
Sabatakakis et al., 2005; Rozos et al., 2006). 

2. Geological setting

The North-eastern part of Achaia prefecture (study area), has an expanse of about 226km2, while its
altitude varies from 0 to 1760m. Formations from three geotectonic zones (Olonos - Pindos, Gavrovo
- Tripolis and Ionian) participate in the geological structure of Achaia County. Also, the existence
of Corinthian graben, with recent geodynamic evolution in its immediate vicinity, results in an in-
creased seismic activity. Therefore, Achaia is characterized by a complicated geological structure
with prevailing tectonic fracturing, as Pindos zone constitutes an extended overthrusted cup on
Gavrovo zone formations (Rozos 1989).

The study area is constructed by (Rozos 1989; Koukis and Rozos 1982): (a) Fine-grained to coarse
- grained loose Quaternary formations (clays, silts, siltstones and sands), as well as weathering prod-
ucts of older formations. Also, loose deposits of mixed phases, such as clayey silts, siltstones, and
sands of various grain size distribution, and grits also present. (b) Coarse-grained loose Quaternary
formations (pebbles and gravels of varying sizes with a minimum proportion of fine grained mate-
rials), screes and fans. (c) Coarse grained coherent Quaternary formations (polygenic conglomerates,
usually of a poor gradation), and slope breccias, but also serni-cohesiνe conglomerates, sands with
a low degree of diagenesis and rocky fragments, with red clay as a cementing material. All Quater-
nary deposits present a quick alteration of their phases, both vertically and horizontally.

(d) Fine – grained Plio-Pleistocene sediments with a variety of lithological horizons (clayey marls
alternating with sands of a varying degree of diagenesis), and/or their mixed phases. (e) Coarse –
grained Plio-Pleistocene sediments (conglomerates, usually strongly cemented, with pebbles of var-
ious and clayey - sandy cementing material). In general Plio-Pleistocene sediments can be subdivided
into two main horizons. The lower one consisting of fine-grained facies (alternations of clayey marls,
marls, silty sands and weak sandstones) prevails, with a progressive transition upwards to the coarser
facies, finally giving coherent conglomerates of a great thickness. 

(f) Flysch formations. Their main members are sandstones, siltstones and more rarely grit-con-
glomerates. They are cyclothematic and strongly folded sediments because of the tectonic action
(nappes and upthrusts) and thus, they are in many places covered by weathering mantle of consid-
erable thickness. 
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(g) Cretaceous limestones, which are usually moderate to thick-bedded, folded and karstified, with
thin intercalations or nodules of silica lumps, but also with rare intercalations of claystones or silt-
stones.

(h) Schist - chert formations. They are alternations of cherts, siltstones, limestones and sandstones
with rare occurrence of volcanic tuffs. Thus, thick weathering mantle is usually formatted, mainly
in the cases of the surface occurrence of siltstones. 

The surface distribution of the above engineering geological units is given in the map of Fig. 1. 

Regarding the faults and major discontinuities encountered in the area, the examination of air photos
and the field work revealed that their distribution and orientation show a rather dispersion, but with
domination of these with N70°-90°E and N30°-40°W azimuths that are the oldest ones and resulted
from the general uplifting of the area, as well as of these with N40°-50°E, N70°-80°W and N10°-20°E
azimuths, which are connected with the migration of the Aegean arch (Doutsos et al., 1988). 

3. Methods

3.1 Data analysis 

For the application of the AHP method, a data base was firstly created using GIS software ArcGIS
v.9.3. Then, all data used for the compilation of the sliding risk map were digitized and the various
thematic layers were created. All the data layers were in vector format, transformed in grids with cell
size 60x60 meters.

Fig. 1: The simplified geological map and the location map of the study area. 

38 (3)
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Landslide inventory map

Landslide phenomena, for the necessities of the landslide inventory map compilation, were studied
and recorded (Fig. 2), using previous works (Rozos 1989), but also field observations in the study
area during 2008-2009. Finally, a number of 277 landslide events were recorded, with a varied size
from 3.738m2 to 83.356m2. These events were engaged for the confirmation and evaluation of the
landslide susceptibility map.

Based on the data analysis regarding the 277 landslide events in the area, lithology, distance from tec-
tonic elements, slope’s inclination, rainfall, land use, and geometry of main discontinuities, were cho-
sen as major parameters that influence the stability of slopes to the direction of landslide manifestation. 

Lithology

Lithology is one of the most determinative parameters regarding the landslide manifestation. For the
study area the classes of lithology have arisen from its geological setting, based on literature (IGME
2005; Rozos 1989) and fieldwork. The distinctive geological formations were digitized and unified
according to their engineering geological behaviour, in relation to landslide manifestation. Thus,
lithology includes five classes as follows: (a) moderate to thick bedded limestones, (b) thin bedded
schist chert formations, (c) Plio-Pleistocene coarse-grained sediments, (d) Cyclothematic forma-
tions (Plio-Pleistocene fine-grained sediments and Flysch sediments), (e) Fine, fine-coarse to coarse
and loose to semi-coherent Quaternary formations. 

Distance from tectonic elements

The active tectonics in the study area plays an important role in the landslide manifestation. The
various tectonic elements were also collected from the same sources as for lithology and fieldwork.
All tectonic elements (faults, overthrusts and the rest lineaments) were digitized and buffer zones
were formulated around them at distances of 50m, 100m, 150m and 200m. Thus, the classes of the
buffer zones are five, namely: (i) the nearest (0-50m), (ii) the very near (51-100m), (iii) the near
(101m-150m), (iv) the moderate distant (151m-200m) and (v) the distant (>200m). 

Fig. 2: Landslide events map in the study area.
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Slopes’ inclination 

The inclination and the aspect of the slopes play a very important role in the manifestation of the
landslides because they express the result of the combined influence of many agents (Rozos et al.
2008). The information on slope was obtained from topographical map (scale 1:50,000) developed
by Hellenic Military Geographical Service. The grid map of the slopes’ inclination was produced by
means of the Digital Elevation Model. This map were classified into 5 classes, as follows: (i) 0°-5°,
(ii) 6°-15°, (iii) 16°-30°, (iv) 31°-45°, and (v) > 45°.

Rainfall

As it is well known, precipitation is among the most usual triggering factors for landslide manifes-
tation. Rainfall data were derived from four (4) meteorological stations, referred to mean annual
precipitation for the period of 1975 – 2007. The mean annual precipitation of the area is between
665.98 to 870.93mm. For the necessities of this study, the precipitation map was produced, using the
data of the meteorological stations in the area and applying the Inverse distance weighted (IDW) in-
terpolation method. This map was separated into following classes: (i) <700mm, (ii) 701-750mm,
(iii) 751-800mm, (iv) 801-850mm, and (v) >850mm.

Land use

The vegetation covering of the study area was taken from CORINE program (Bossard et al. 2000)
and was saved as polygon layer. The variations of the vegetation in an area constitute an important
parameter affecting the slope failures, as slope stability is very sensitive in changes on vegetation.
For the necessities of this study, the land use, which reflects the vegetation covering, was classified
into 5 categories as follows: (i) Barren areas, (ii) Urban areas, (iii) Forest areas, (iv) Shrubby areas
– Natural grasslands, and (v) Cultivated areas.

Geometry of main discontinuities

The geometry of the main discontinuities in relation to slope geometry (aspect) is strongly related
to the stability of hard soils, and soft rocks that dominate in the study area. Thus, the map of the main
discontinuities was compiled using the relevant literature (Rozos 1989; IGME, 2005) and the ob-
servations during the fieldwork.  The recorded dips and dip directions of the formations were digi-
tized and saved as a map of GIS database. The formations without dip were characterized as ‘‘no data
formations’’. In a next step, the map was converted in raster format and combined to the aspect map
for the correlation of the dip direction of strata with the slope aspect and classes like ‘‘drive against’’,
‘‘drive sideways and vertical’’ ‘‘drive with’’ were formulated. Furthermore, the ‘‘drive with’’ class
was combined with the angle of the slope and another three classes were created. Thus, the overall
classes were as follows: (i) Drive against, (ii) Drive sideways and vertical, (iii) Drive with, having
a dip of 1°-15°, (iv) Drive with, having a dip 16°-30°, (v) Drive with, having a dip of > 30°. 

All the thematic layers of the instability parameters involved in this study are given in Fig. 3.

3. The Analytic Hierarchy Process (AHP) method

As a qualitative inhomogeneity is obvious in between the major parameters affecting slope stabil-
ity, but also the influence of every one on landslide manifestation varies, the correlation and rating
of these parameters and their classes were thought necessary. 

This was done using Analytic Hierarchy Process (AHP) method, which includes a table with the
numerical values of the binary comparison of the parameters. The binary comparison process is per-
formed using a nine point scale, its numerical values of which with their corresponding level of im-
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portance are: 1 = equal, 3 = moderately, 5 = strongly, 7 = very strongly, 9 = extremely 2,4,6,8 = In-
termediate values (Saaty, 1990). In the table used, every factor is weighted in relation to the others,
and the derived numerical values, which range from 1/9 to 9, are placed in the correspondent cells.
These values are subjective and represent the relative importance of one factor to the other regard-
ing the adequacy for the seeking purpose. It is obvious that when the binary comparison is applied
vice versa, the numerical value is the reciprocal of the initial. Then, the numerical values were nor-
malized by diving each entry in a column by the sum of all the entries in that column, so that they
sum up to 1. Following normalization, the values were averaged across the rows, in order to give the
relative importance weight for each parameter.

Fig. 3: Thematic maps of the instability parameters involved in this study and their classes. (a) lithology, (b)
distance from tectonic elements, (c) slopes’ inclination, (d)  rainfall, (e) land use and (f) geometry of main dis-
continuities
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The validity of AHP results is checked, by using consistency ratio (CR). This ratio is used in order
to avoid the random choice in the AHP table. When CR is less than 0.1 the calculated weighting co-
efficients are acceptable. If the consistency ratio is higher than 0.1, a reassessment of judgements in
the AHP table is demanded (Saaty, 1990). All the binary comparisons, the eigenvectors, the rates,
the weights and the consistency ratio were calculated using the Expert Choice 11 software. 

In this study, the instability parameters engaged and their classes were rated, engaging the experi-
ence and the field observations. The calculated ratings of the parameters and their various classes
from the binary comparison and from CR of every matrix are shown in Table 1.

The aim of this analysis is every pixel of the thematic layers to gain a value, which represents the
varied influence to landslide manifestation. For that reason the classes of every parameter were sub-
stituted by the numerical values derived from the rating. Next to that, the main parameters were in-
terrelated with the same manner. Therefore, the weighting coefficients values were calculated. The
results of the methods’ application are shown in Table 2. As can be seen from this table, the param-
eter with the greater influence on landslide manifestation is slopes’ inclination. 

4. Results and discussion

Finally, and after the application of the AHP, a linear correlation was done between the weighting
coefficients of the method and the raster layers of the principal parameters involved. The aim of this
correlation was the total estimation of the ratings and thus, the compilation of the final landslide
susceptibility map. This linear correlation is given by the formula:

Where, O = the overall score, n = the number of the parameters, Pi= the parameter i, and Wi = the
weighting coefficient of the parameter i.

The produced landslide susceptibility map of the study area (Fig. 4) is territorially divided into four
landslide susceptibility zones (low, medium, high, and very high), using the Quantile method, which
was thought to be the proper one for the necessities of this study. 

In this map the percentage extent of the susceptibility zones is 25.13% for the low zone, 25,22% for
the moderate zone, 24,94% for the high zone, and 24,71% for the very high zone. The latter shows
the higher territorial extent at the central and southwestern part of study area. The validity of the
above map was checked by using the recorded landslides events in the area. For that purpose, the
extent of landslides that laid on the distinguished landslide susceptibility zones, were counted using
GIS capabilities. The derived percentages are: 9.33% for low zone, 29.19% for moderate zone,
28.83% for high zone, and 32.65% for very high one. These values, and especially for the last three
zones, show a very good correspondence to those derived using AHP method, and thus revealing the
validity of AHP application for compilation of landslide susceptibility maps.  

5. Conclusions

From the above analysis and results, it is clear that a high percentage of the landslides in the study
area belong to the zones of high to very high landslide susceptibility in the map, which was com-
piled, using AHP and GIS capabilities. The AHP is easy applicable, involves no complicated data,
and its application is compatible with a GIS. Thus, the AHP and its methodology regarding the rat-
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Table 1. The ratings of the classes of the major parameters used.

Parameters Rating
Lithology L1 L2 L3 L4 L5
Moderately to thick bedded limestones(L1 ) 1 1/2 1/3 1/5 1/7 0.048
Thin bedded schist chert formations(L2 ) 1 1/2 1/4 1/6 0.073
Plio-Pleistocene coarse-grained sediments (L3 ) 1 1/3 1/5 0.115

Quaternary formations fine, fine –coarse to coarse, and loose to
semi-coherent (L4 )

1 1/3 0.253

Plio-Pleistocene fine-grained sediments and Flysch formations(L5 ) 1 0.510
Consistency Ratio: 0,03

Distance from Tectonic elements T1 T2 T3 T4 T5
Nearest (0-50m)- (T1) 1 2 3 4 5 0,409
Very near (51-100m) - (T2) 1 2 3 4 0,256
Near (101-150m) - (T3) 1 3 4 0,183
Moderate distant (151-200m) - (T4) 1 3 0,097
Distant (>200m) - (T5) 1 0,053

Consistency Ratio: 0,05
Slopes’ inclination S1 S2 S3 S4 S5
0° – 5° (S1) 1 1/3 1/4 1/5 1/7 0,041
6° - 15° (S2) 1 1/4 1/6 1/8 0,060
16° - 30° (S3) 1 1/3 1/5 0,135
31° - 45° (S4) 1 1/3 0,259
> 45° (S5) 1 0,506

Consistency Ratio: 0,08
Rainfall R1 R2 R3 R4 R5
< 700mm (R1) 1 1/2 1/3 1/4 1/5 0.062
700 - 750mm (R2) 1 1/2 1/3 1/4 0.097
751 - 800mm (R3) 1 1/2 1/3 0.160
801 - 850mm (R4) 1 1/2 0.263
>850mm (R5) 1 0.419

Consistency Ratio: 0,06
Land use LU1 LU2 LU3 LU4 LU5
Barren areas (LU1) 1 1/2 1/2 1/4 1/6 0,063
Urban areas (LU2) 1 1/2 1/4 1/5 0,087
Forest areas (LU3) 1 1/2 1/3 0,143
Shrubby areas – Natural grasslands (LU4) 1 1/2 0,271
Cultivated areas (LU5) 1 0,437

Consistency Ratio: 0,01
Geometry of main discontinuities D1 D2 D3 D4 D5
Drive against (D1) 1 1/2 1/4 1/5 1/3 0.057
Drive sideways and vertical (D2) 1 1/3 1/4 1/2 0.089
Drive with, having a dip of 1-15  (D3) 1 1/4 3 0.235
Drive with, having a dip 16-30°(D4) 1 4 0.490
Drive with, having a dip of > 30° (D5) 1 0.129
Consistency Ratio: 0,06
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ing of the major parameters affecting landslides and their classes involved are valuable for compi-
lation of a landslide susceptibility maps. 

Therefore, AHP, supported by GIS capabilities, helps to the compilation of landslide susceptibility
maps. This kind of maps can significantly helps in the urban planning and development of a site, a
town or a county. To this direction, the landslide susceptibility map which was compiled during this
study can be a useful guide for local Authorities, with regard to landslide confrontation and thus to
the restriction of their damages in inhabited areas and technical works. 
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Abstract 

In the context of a recent  research on the performance of vegetation indices we have shown, with
the aid of probability theory, that the shape and width of the histogram of the Transformed Vegeta-
tion Index TVI  is controlled by  the ratio of the standard deviation of the Red band to that of the NIR
band. Therefore a modification of the mathematical expression of the TVI vegetation index may pro-
duce images with a varying tonality contrast. In the present paper the modified transformed vege-
tation index MTVI is introduced, the value of which is controlled by a positive parameter c. A
theoretical study of the effect of this parameter on the image histogram is first carried out  and it is
shown that changing c one can obtain MTVI images with different histograms and standard devia-
tions. Experimentation with a satellite image over western Peloponnese verifies that the parameter
c controls the shape of the MTVI histogram and, furthermore, the optical effect of the MTVI image
as well as the spatial variation (semivariogram) of the pixel values. Therefore the  proposed modi-
fied transformed vegetation index may help the potential user in broadening his/her choices to map
the vegetation cover of the area under study.

Key words: vegetation index, TVI, MTVI, parameter c, standard deviation, semivariogram.

1. Introduction 

The mapping of the land cover is essential for local and regional planning. Furthermore, studying
the role of terrestrial vegetation is crucial in understanding how the earth functions as a system. A
measure of the vegetation cover and green biomass may be obtained by calculating the vegetation
index at each pixel of a multispectral image. 

An abundance of vegetation indices have been proposed, in order to map vegetation cover. A com-
prehensive list of these indices is made by Jensen (2000). Most of the vegetation indices have been
introduced and evaluated taking into account empirical criteria of response over land cover types of
interest (Gitelson 2004, Malinis et al. 2004, Kale 2005, Silleos et al. 2006). Mathematical models
which associate the vegetation cover with its reflectance at various spectral bands have also been de-
veloped (Goel 2008, Haboudaine et al. 2004). A probabilistic approach on the problem of the per-
formance of a vegetation index has been proposed by Vaiopoulos et. al. 2004.

The transformed vegetation index TVI has been introduced by Deering et al. 1975. It has a particu-
lar interest, since it produces images with a strong tonality contrast, which may help in detecting
burnt areas and soils with a poor vegetation (Skianis et al. 2007a, b). 
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The TVI is defined by (Deering et al. 1975):

(1)

u is the value of the vegetation index x and y are the tonalities or reflectances of the Near Infrared
and Red bands, respectively. This vegetation index may be alternatively expressed as sqrt[ (x-y)/(x+y)
+ 0.5] in order to avoid negative values of the quantity under the square root, but in the present paper
the definition of the TVI according to relation (1) is adopted.

Skianis et al. (2007b) have shown that modifying the expression for the TVI may produce images
with a varying optical effect, which may be useful in recognizing targets of interest and mapping the
land cover. The modified transformed vegetation index MTVI is defined by (Skianis et al. 2007b):

for cx > y (u = 0 if cx £ y) (2)

c is a parameter which takes values between 0.1 and 10 and controls the tonality contrast of the image.

In Fig. 1 the variation of TVI and MTVI against x/y is presented, according to the relations (1) and
(2). The behavior of the frequently used NDVI vegetation index, which has been introduced by
Rouse et al. (1973) and is defined by u = (x-y)/(x+y) is also presented. It can be observed that the
MTVI takes higher values as long as c increases.

In this paper the statistical behaviour as well as the optical effect of the MTVI image is studied.
First a mathematical expression for the MTVI histogram is derived, according to a probabilistic ap-
proach which has been developed by Vaiopoulos et al. (2004). The standard deviation is then cal-
culated for various values of the c, in order to have a quantitative measure of the variation of the
tonality contrast with this parameter. Then, the MTVI is applied on an ASTER image of the area of
Olympia (western Peloponnese) in order to assess the optical effect and study the spatial variation
of the produced MTVI images.

Fig. 1: NDVI, TVI and MTVI variation against x/y.
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2. The MTVI histogram, according to the probabilistic approach

In order to study the statistical behaviour of the MTVI vegetation index, the histograms of the NIR
and Red bands, x and y respectively, have to be simulated by a proper distribution. It is reasonable
to assume that this distribution is zero for a null brightness value, presents a peak at a relatively low
value of the tonality range and gets practically nullified at high brightness values. In practice, the his-
togram may be more complicated and present more than one peaks, but it is reasonable to be ap-
proximated by a simple distribution, which may help the mathematical analysis. 

Vaiopoulos et al. 2004 have proposed distributions p of the form p(x) (or p(y)) ~ x.exp(-ax2) (or p(y)
~ y.exp(-ay2)), in order to describe the histograms of x and y bands. In the same paper, it has been
derived the expression for the distribution g(u’) of the values u’ of the MNDVI vegetation index,
which is defined by (Vaiopoulos et al. 2004):

(3)

c is the same parameter which appears in relation (2) for the MTVI vegetation index.

According to Vaiopoulos et al. 2004, g(u’) is given by:

(4)

λ is given by (Skianis et al. 2007a):

(5)

The u values of the MTVI are is related to the u’ values of the MNDVI, by u’ = u2, for u’ ≥ 0 (or cx
≥ y). According to Spiegel 1977, the distribution g(u) of the MTVI values is related to g(u’) by:

(6)

Combining the relations (4) and (6) and taking into account that du’/du gives:

(7)

For u’ < 0, or cx < y, u is equal to zero, according to relation (2). The percentage g(0) of the null TVI
values, is given by:

(8)

Combining relations (4) and (8) gives:
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(9)

For convenience in the further statistical treatment, the quantity λ’ is introduced, which is defined by:

λ’ = λ/c2 (10)

According to relations (7), (9) and (10), the expression for g(u), which describes the histogram of
the MTVI image, is:

(11)

There is a remarkable similarity between the expression for the distribution g(u) of the MTVI val-
ues (relation (11)) and that of the TVI values (Skianis et. al. 2007a). The only difference is that in
the former the parameter λ’ appears, while in the latter parameter λ appears instead. 

In Fig. 2 the distribution g(u) of the MTVI values for various λ’ values is presented. As long as λ’
decreases (which means that c increases) the peak of the distribution is shifted to the right. On the
other hand, as it can be seen in Fig. 3, as long as c increases (λ’ decreases), the percentage g(0) of

Fig. 2: The distribution g(u) of the MTVI values,
for various λ’ values.

Fig. 3: The percentage g(0) of the zero MTVI val-
ues against λ’.



the null values -in other words the percentage of the image pixels with null tonality- decreases.
Therefore for high c values the MTVI image is expected to be bright. Low c values are expected to
produce dark images.

The standard deviation stdev of g(u), which describes the MTVI image histogram, was numerically
calculated for various λ’ values. In Fig. 4, the stdev variation against λ’ is presented. It can be ob-
served that the stdev takes a maximum at λ’≅ 0.5, which, according to relation (10), gives c ≅ √(2λ).
For this value of c the MTVI image is expected to have a maximum standard deviation, therefore
the strongest tonality contrast.

The probabilistic approach gave a picture of how the parameter c influences the optical effect and
statistical behavior of the MTVI image. Theoretical predictions have to be tested with real data, ob-
tained by satellite images.

3. Experimentation with a satellite image

Fig. 5: A TVI ASTER image of a part of Western Fig. 6: The histogram of the TVI image.
Peloponnese around Alfios river.

The MTVI vegetation index, for various c values, was applied in a satellite ASTER image of July
2008, around the region of Olympia (western Peloponnese). The ratio λ of the satellite image was
found to be equal to 1.006. The MTVI images where produced using ERDAS Imagine software. A
special tool to calculate the MTVI values was developed, using the spatial modeller of this soft-
ware. In Fig.5, the TVI image (c = 1) of the area is presented. Alfios river is expressed with a curved
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Fig. 4: The stdev variation of the MTVI
values against λ’.
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line at the middle of the image, with direction East West. At the upper left and upper right part of
the image the tonality is quite dark and expresses burnt areas (the fire took place one year before the
acquisition of the image). Burnt areas with dark tonalities are also present at the middle of the image,
below the river. Areas with dense vegetation and agricultural land are expressed with bright tones.
In Fig. 6, the histogram of the image is presented. A great number of pixels have a null tonality and
the others take values up to 0.885.

In Fig. 7 the MTVI image of the same area, for c = 0.5, is presented. It can be observed that the image
has an overall dark tonality, which is also expressed in the image histogram of Fig. 8. The histogram
is apparently blank because most pixels have null or very small tonalities. Therefore a small c value
(less than unity) produces an MTVI image with dark tones and u values accumulated at zero point. 

In Fig. 9 the MTVI image for a high c value equal to 4 is presented. The image is considerably
brighter than those of Figs 5 and 7 and the MTVI histogram of Fig. 10 is shifted to the right.

The observation of the TVI and MTVI images shows that there is an accordance, in qualitative terms, be-
tween theoretical predictions and real data. Low c values produce dark images and histograms shifted to
low u values, while high c values produce bright images with histograms shifted towards high u values.

Fig. 7: The MTVI ASTER image for c = 0.5. Fig. 8: The MTVI histogram for c = 0.5.

Fig. 9: The MTVI ASTER image for c = 4. Fig. 10: The MTVI histogram for c = 4.

No histogram stretch was applied on the images of Figs 5, 7 and 9. The dark tonality of the MTVI
image for c = 0.5 (Fig. 5) does not favour the different land cover types to be expressed clearly. If a
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linear histogram stretch is applied on this image, the vegetation cover, as well as the river zone, are
expressed with very bright tonalities, in contrast to the dark tonality of the other formations. 

In the MTVI image for c = 4 (Fig. 9) the eastern part of Αlfios river is expressed with a dark tonality
which is considerably lower than that of the other parts of the river. Particularly this tonality contrast
is not so strong in the TVI image (Fig. 5). Actually a high c value (more than unity) produces images
with a diversification in the tonalities of dark areas. Therefore the parameter c controls the contrast of
the MTVI image, as well as the optical effect by which the various land cover types are expressed.

In order to study in quantitative terms the performance of the MTVI vegetation index on the ASTER
image, the standard deviation (stdev) of the MTVI histogram for each c was calculated. In Fig. 11 the
variation of the stdev of the produced MTVI images against c is presented. It can be observed that the
stdev takes its maximum value for c = 0.7. According to the theoretical predictions, the peak should
be at c = √(2λ) = 1.4 (since the λ value of the ASTER image is equal to unity). Actually, in quantita-
tive terms, there are deviations between theoretically predicted and actual stdev values, as it can be
seen in Fig. 12. The differences are smaller for high λ’ (=λ/c2) values and bigger for low λ’ values.

The deviations between theory and actual data should be attributed to the assumptions upon which
the probabilistic approach is based. The assumptions are: a) to describe the histograms of the NIR and
Red bands can be described by simple distributions p(x) ~ x.exp(-ax2), b) the reflectances of the NIR
and Red bands are independent each other (Vaiopoulos et al. 2004). Actual histograms are more com-
plicated than the distribution p and a considerable correlation between NIR and Red values exists. 

On the other hand there are similarities in the behaviour of the theoretical and actual stdev curves
of Fig. 12. Both curves present a maximum around λ’ = 1 and relatively high (low) actual stdev val-
ues correspond to high (low) theoretically predicted ones.

As a general comment, it can be stated that the probabilistic approach and the experimentation with
the ASTER image showed that the parameter c in the expression for the MTVI tunes the optical ef-
fect and the standard deviation (in other words the tonality contrast) of the MTVI image. 

Since the standard deviation is only a measure of the width of the contrast and does not provide any
direct information about the spatial variation of the MTVI values, it is important to study this issue
using a proper geostatistical function.

Fig. 11: The standard deviation of the MTVI ASTER
images of part of western Peloponnese against c.

Fig. 12: Theoretically predicted and actual standard de-
viation values of the MTVI ASTER images against λ’.
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4. The spatial variation of the MTVI images

The semivariogram of a digital image represents the variance of the tonality differences between pix-
els at various distances each other, therefore it provides information of the spatial variation of the
tonality. The semivariograms of the MTVI images, for different c values were calculated, in order
to see how the MTVI values vary in space. The ILWIS software was used for this purpose.

In Fig. 13 the horizontal semivariograms of MTVI images, for different values of c, are shown. The
vertical semivariograms are not presented, since they have the same behaviour and small differ-
ences in the values of the semivariogram functions. It can be observed that the semivariogram of the
MTVI image with c = 0.7 increases with distance more rapidly than all the others. Comparing Figs
11 and 13, one can see that the MTVI image of this c value has the biggest standard deviation. It can
also be observed that as long as the standard deviation in Fig. 11 decreases, the values of the re-
specting semivariogram function also decrease. The same relation between standard deviation and
spatial variation has also been observed in the case of an other vegetation index which was applied
on a satellite image over a different area (Skianis et al. 2009). This remark indicates, without prov-
ing, that a high standard deviation of the image histogram corresponds to a strong spatial variation
of the tonality of the image. If this is correct, then the probabilistic approach, although it is centered
on the image histogram, may also provide information about the spatial variation of the image tonal-
ity. A further experimentation with satellite images of different areas, possibly combined with the-
oretical considerations, could be the subject of a future paper. 

5. Conclusions

According to the mathematical analysis and the experimentation with the satellite image, two main
conclusions can be drawn:

The standard deviation of the MTVI image depends on the ratio λ/c2. For a certain value of c, which
does not differ much from λ, the standard deviation and spatial variation of the values of the MTVI
image become maximum and the tonality contrast appears strong.

Changing c, MTVI images with different a different optical effect are produced. Targets that are not
expressed clearly in an MTVI image with a certain c may appear with a more pronounced tonality
contrast in an image of another c value. 

Fig. 13: The horizontal semivariograms of
MTVI images for different c values.
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The results and conclusions of this paper may help in the photointerpretation of the satellite image,
in order to map burnt areas, different land covers and related morphological features. The MTVI may
also serve as a tool to estimate important biophysical parameters such as leaf area index, percent-
age green cover and chlorophyll content, which control the behaviour and the evolution of an ecosys-
tem, as well as the function of  the system of the earth as a whole.
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Abstract 

The need to provide data management capabilities in geotechnical projects, makes data visualiza-
tion in a more understanding way vital, while improvements in computer science, have created an
opportunity to rethink the manner in which such data is archived and presented. Geographic Infor-
mation Systems are considered nowadays as principal methods for analysis, utilizing their ability of
manipulating, compiling and processing spatial data, such as geotechnical one. 

In this paper, the development of Borehole Analysis System (BAS) a specific Graphical User Inter-
face (GUI) application is proposed to access geotechnical data with the aim of a relational database
and an open source GIS platform, embodied in the application. The BAS, is able to integrate multi-
ple layers of gathered information and to derive additional knowledge by applying statistical and
data mining algorithms with the use of spatial query tools. These can give reasonable conclusions
and better representation in 2-D and 3-D environment.

The presented application is illustrated with an example from field practice, testifying its ability to
be a useful tool for management and presentation of geological and geotechnical borehole data.

Key words: Geotechnical Data, Statistical Analysis, K-Means, GIS.

1. Introduction 

The common practice was and in some extent still is, to report geotechnical data as borehole logs
and laboratory spreadsheets as a supplement of geotechnical surveys that follows the planning, and
designing of any civil engineering projects. 2-D graph or map is thought to be the basic tool of com-
munication in geological science. However in the case of a borehole log, the most important docu-
ment in a geological modelling, a 3-D environment is converted to a 2-D plane consequently with
the loss of the third dimension, producing uncertain patterns of objects with similar properties. Ge-
otechnical characterization of large civil engineering projects typically requires 3-D data such as
stratification of soil types, elevation of water table, soil properties at various depths producing large
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volumes of data that are difficult to manage and analyze (Adams, 1994). The applied procedure fol-
lowed for manipulating multiple data from different locations involves, the opening of many different
achieves, overlay series of papers, maps, photos, geotechnical surveys and spreadsheets, demand-
ing a great amount of time and considerable effort. The common practice in order to be more pro-
ductive implies averaging techniques with uncertain outcomes, which certainly influence the design
and planning parameters of any project (Luna and Frost, 1998).

However, from that early practice, the introduction of Information Systems and Technology in ge-
otechnical science had significantly changed the process of collecting, retrieving, analyzing and vi-
sualizing geotechnical data (Foster and Culshaw, 1990; Laxton and Becken, 1996; Bain and Giles,
1997; Pininska and Dziedzic, 2004; Denas et al, 2005; Lan and Martin, 2007). Moreover, Geo-
graphic Information System (GIS), has emerged to be a powerful computer-based technique that in-
tegrates spatial analysis, database management, and graphic visualization capabilities (MacCarthy
and Graniero, 2006; Kaufmann and Martin, 2008). Many research tools and commercial software
packages as those discussed by MacCarthy and Graniero (2006), have as main objective to discover
similar patterns in spatially distributed geotechnical data. Those systems although they contain pow-
erful features for statistical analysis, visualization and data exploration, in most cases they provide
strict structural requirements for data input, limiting the user’s freedom to structure his own data,
while other software are developed on specific platforms or as an extension of commercial software
narrowing its use and interoperation with other tools.     

The Borehole Analysis System (BAS), a specific Graphical User Interface application, introduced
in this paper, is presented as a tool to aid in the management, querying, data mining, and visualiza-
tion of geotechnical data. It is capable to integrate multiple layers of gathered information, and to
derive additional information visualizing them in a more easy-to-use way. This enables the produc-
tion of maps with unlimited data, introduced in the form of attributes, layers and combinations of
these. It fulfils the desire to visualize spatial patterns in data that may not be so obvious when pre-
sented in tabular format, establishing links with borehole and cross sections, processing spatially the
data onto 2-D and 3-D environment. Finally data mining algorithms were applied, clustering data
in such a manner that areas could be identified having certain characteristics or set of characteris-
tics and seek knowledge from their locations and distribution.  

2. Designing and compiling the application

The target was to develop an easy-to-use open source application, not to replace existing modelling
techniques and known commercial software, but rather to serve as a geotechnical data manager as-
sistant. In this way expert would be able to determine the geotechnical behaviour of the formations
in a given research area, using interactive displays and visual correlation, but also saving time and
working productive with considerable less effort.

The basic functions that it should supply the users, includes: a) a tool to import data in specific tem-
plate or by structuring data manual according to users needs (Data Input Manager), b) a tool to apply
simple data mining algorithms along with classical statistical analysis to identify similar physical or
mechanical characteristics and draw correlations (Statistical / Data Mining Manager), c) a tool to in-
dicate queries (Query Builder Manager) and finally d) a tool to visualize the outcomes in 2-D and
3-D environment (Visualization Manager). 

The application has a graphical interface and has been developed with the use of Visual Basic 6.0
(VB6), a third – generation event driven programming language. The relational database, that is
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constructed to contain geological, geotechnical and other related data, was embodied in the appli-
cation by Structured Query Language (SQL) connection. It’s implemented on the Microsoft Jet En-
gine, storing data in Microsoft Access Database, guarding an easy access, management and updating
of data. Clustering algorithms (K-Means algorithm), written in VB6 code, were also embodied to
source code in order to cluster data with similar characteristics providing an indication of the engi-
neering behaviour. Finally the data were able to be manipulated and spatial analyzed by using the
MapWindow GIS ActiveX Control. MapWindow project started in 1998 at Utah Water Research
Lab at Utah State University as an alternative to using ESRI MapObjects LT 1.0 for custom appli-
cations. It is also defined as an open source GIS (mapping) code and set of programmable mapping
components, capable for storing and spatial analysis, as well as properly modified and embodied in
the applications source code (Dunsford and Ames, 2008). 

3. Basic Functions and tools

Running BAS is practically a three step procedure. In the first step the user provides the application
with all the available data, in the second step the application creates the needed files for analysis and
in the final step the user is able to query, explore and analyse but also to visualize the data in 2-D or
3-D environment, through the appropriate functions and tools. 

The obtained information is derived from existing borehole logs, field and laboratory test spread-
sheets, geological, hydro-geological and geotechnical surveys, available topographic, hydrological,
hydro-geological, and infrastructure information, aerial photos, boring photos, etc. The main ob-
jective during data pre-processing is to convert all the available data into digital format and import
them to the system, such as maps, road infrastructure, topographic contours, and points of interest.
Photos from boreholes are scanned and imported in the database. It is thought to be the most im-
portant phase as the quality and quantity of data determines the outcomes of the implementation of
the system. The main functions and tools embodied in the BAS are described in more details in the
following paragraphs.

3.1 Data Input Manager

The application provides a Data Input Manager which archives information concerning borehole
identifiers and location data (x, y, z coordinates), such as columns containing sample depths, litho-
logical and formation descriptions, columns with physical and mechanical properties, photos and
scanned information maps. While using the Data Input Wizard the user has two options: to manu-
ally collect information by linking each data with the appropriate field names, or to import data
using a specific template provided by the application. The database used, is built having five primary
tables (project-info, borehole-info, physical-info, mechanical-info, description-info), which con-
tained different types of information, categorical and numerical, but also spatial and non-spatial
components. The key field to link each table was the Borehole Boring _ID (Tsagaratos, 2008). After
the completion of the data input process the application creates the appropriate shapefile and adds
it to the projects table as data point files. In addition, the user is able to create his own shapefiles by
selecting the attributes of interest applying either Data mining Manager or Query Builder Manager. 

3.2 Statistical and Data Mining Manager 

By the utilization of statistical analysis the application could provide an indication of the range of
variation and the distribution of geotechnical parameters in each lithostratigraphic unit, obtaining me-
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dian, mode, mean, and standard deviation values. Moreover measuring asymmetry (skewness) and
whether the data are peaked or flat relative to a normal distribution (kurtosis) is of valuable impor-
tance. High values of skewness and kurtosis indicate that data are not normally distributed, thus one
could approximately expect that the variable in question tends not to cluster around the mean value.
In addition more advanced statistical analysis could be initialized. Specifically by applying Pearson’s
test, the degree to which each one of the data parameters included in the database varies linearly with
another could be calculated giving a more precisely knowledge of the geological environment. More-
over, Kendall’s tau test (Daniel 1990), could be initialized when there is no linear relationship among
the variables involved in the model. The Kendall’ tau test measures the degree of concordance or dis-
cordance between two random variables, ranging also from -1 to +1, indicating respectively prefect,
negative and positive correlation. The test can also be used to establish whether a random variable
should be addressed as independent, if there is a significant spatial trend which would result in de-
pendency (Jaska, 1995; Uzielli et al, 2004).  

The statistical analysis and also graphical plots were used to prepare detailed reports and surveys de-
scribing the geotechnical properties of the materials, their engineering behaviour but also produc-
ing maps showing their distribution in the area of interest (Fig. 1).

The integration of data analysis and data mining techniques ultimately aims to the discovery of in-
teresting, implicit and previously unknown knowledge hidden in the geotechnical database. The ap-
plication provides an algorithm for clustering data. Clustering can be considered the most important
unsupervised learning problem grouping sets of objects into clusters of similar objects. Applying
these techniques on geotechnical data could be useful in identifying different lithology or formations
with specific relative values and frequencies or distributions of certain attributes (Goktepe et al,
2005). In this application, K-Means algorithm (MacQueen, 1967) was utilized, which is considered
as one of the simplest unsupervised learning algorithms that solve the well known clustering prob-
lem. The procedure follows a simple and easy way to classify a given data set (n observations) by
implementing either the option that assumes a certain number of clusters (k clusters) fixed a priori,

Fig. 1: Screenshot of Statistical / Data Mining Manager
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or the option of finding the optimum number through the data, in which each observation belongs
to the cluster with the nearest mean. 

3.3 Query Builder Manager

The Query Builder Manager along with the Statistical and Data Mining Manager are the most pow-
erful tools in the developed application (Fig.2). The former can be helpful in identifying patterns of
similar behaviour. It’s used to combine categorical or numerical query terms into a single or com-
plex query. 

For example it could enable all boreholes that contain a particular formation or lie within a defined
area, with relative information available at a point defined by grid coordinates, or within a defined
lithostratigraphic unit. It could be also find a segment or lithostratigraphic unit with a particular set
of physical or mechanical properties necessary to meet the design criteria for a specific engineering
application. It’s also the main tool to prepare the data for further analysis, as it builds the appropri-
ate shapefiles. 

3.4 Visualization Manager 

The visualization tools were designed to visualize data, linking borehole photos, logs and cross-sec-
tions, physical and mechanical properties, based on a response to query parameters and data mining
results or simply visualize the whole database (Fig. 3, 4). The application has also the ability of visu-
alizing data in a 3D environment presenting the spatial distribution of the query or data mining results. 

4. Applying the methodology and results

The database consisted of 39 boreholes data, derived from a civil engineering project located at the
western part of Greece and involves the construction of the Ionia Odos, Ionian Highway. The total

Fig. 2: Screenshot of Query Builder Manager
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Fig. 3: Screenshot of Borehole Image / Visualization Manager

Fig. 4: Screenshot of Log View / Visualization Manager

length of the motorway will be 384 km, becoming part of the E55 highway in its full length. In the
presented application we used data from the section that begins from Rio, Patras and ends at the town
of Ioannina. It includes physical and mechanical properties obtained by engineering geological sur-
veys, aerial photos, and log photos, collected and evaluated during the design phase of the project.
After importing into the system the available data (1st phase), the aim was to quantify the degree of
spatial variation of the physical and mechanical properties of the studied soils and thus obtain a more
meaningful estimate at unsampled locations but also to provide input to reliability analyses. The main
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steps were: a) perform statistical analysis for the entire database, describing the variation that the ge-
otechnical parameters have and also using the Query Builder Manager to perform statistical analysis
in specific areas, b) find the correlations between the variable used in the analysis, c) determine which
variables would be included in the data mining process, and finally d) interpret the results in accor-
dance with the available geotechnical surveys, evaluate and provide additional knowledge.

The mean value and the standard deviation, considered as the best estimate and the uncertainty of
the best estimate respectively. In descriptive statistics the coefficient of variation, appears to be di-
mensionless. In most cases, it provides a more physically meaningful measure of dispersion relative
to the mean value. When comparing between data sets with different units or widely different means,
the coefficient of variation is better to be used instead of the standard deviation as can being illus-
trated below. Table 1 shows the results of the descriptive statistical analysis. 

It seems that parameter of Plasticity Index PI, a parameter of great importance in geotechnical en-
gineering, is the one with the higher value of coefficient of variation, while parameter Plastic Limit
(WP) the one with the lowest, having great spatial variation and varying behaviour response within
the same area. The knowledge of variation for each parameter is more reliable when referred to each
lithostratigraphic unit or within a specific segment of known depth. To focus our analysis in those
areas the Query Builder Manager was used, following either the classification used in the log files,
and applying the statistical analysis in the lithostratigraphic unit CH, or producing segments of cer-
tain depth, by applying simple methods of classification (equal intervals, equal area, and standard
deviation). The lithostratigraphic unit CH refers to inorganic clay of high plasticity. It is used in the
analysis as an example since it appears as the most dominate unit throughout the research area. Dur-
ing the first analysis, for the entire database, PI appeared with the highest value of coefficient of vari-
ation. However, it does not appear as such, within the CH lithostratigraphic unit, but also within the
10m depth segment that was produced by the Query Builder. From the above analysis it is obvious
that each parameter varies differently in respect to different lithostratigraphic units, or within dif-
ferent segments of certain depth.  

Fig. 5: Screenshot of GIS View / Visualization manager 
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Table 1. 

Statistical Analysis applied to the entire database

Parameters WL WP PI Wc Cc Vr

Mean Value 45,38 23,40 21,98 26,536 0,153 0,723

Variance 168,24 14,394 115,719 47,588 3,3711E-02 3,2724E-02

Standard Deviation 12,97 3,794 10,757 6,898 5,8061E-02 0,1808

Coefficient of variance 0,285 0,1620 0,4894 0,2599 0,3774 0,2501

Minimum 20,2 14,1 1,3 8,3 0,051 0,238

Maximum 66,2 32,3 36,2 42,6 0,279 1,15

Range 46 18,2 34,9,6 34,3 0,228 0,911

Skewness -0,3429 0,1628 -0,4215 -0,4418 0,2281 -0,3349

Kurtosis 2,1118 3,1251 1,8546 3,5297 2,2985 3,5596

Statistical Analysis applied to the CH lithostratigraphic unit

Parameters WL WP PI Wc Cc Vr

Mean Value 57,207 25,615 31,593 29,115 0,174 0,785
Variance 25,672 7,963 12,184 3,265 3,4673E-03 1,3711E-02
Standard Deviation 5,0667 2,8218 3,4905 4,2537 5,9048E-02 0,117
Coefficient of variance 8,8568E-02 0,1101 0,1104 0,1461 0,338 0,149
Minimum 50,4 22,2 24,6 18,5 0,057 0,51
Maximum 66,2 32,3 36,2 34,9 0,279 0,955
Range 15,8 10,1 11,6 16,4 0,222 0,455
Skewness 0,23 0,796 -0,3298 -1,0269 8,047E-03 -0,7931
Kurtosis 1,7177 3,2236 0,1614 3,7637 2,5736 3,2263

Statistical Analysis applied to the 10m depth segment

Mean Value 50,583 24,458 26,125 28,716 0,152 0,776

Variance 62,765 13,22447 37,53296 15,04879 3,0666E-02 1,1636E-02

Standard Deviation 7,922 3,636 6,126 3,879 5,5377E-02 0,107

Coefficient of variance 0,1566 0,1486 0,2345 0,135 0,3631 0,1389

Minimum 38,1 20,8 15,1 20,5 0,057 0,54

Maximum 66,2 32,3 35,4 33,0 0,235 0,908

Range 28,1 11,5 20,3 12,5 0,178 0,368

Skewness 0,3554 0,8821 -0,2967 -0,9666 0,1006 -0,8570

Kurtosis 2,4855 2,4761 2,0671 2,6784 2,0558 2,6982

WL: Liquid Limit, Wp: Plasticity Limit, PI: Plasticity Index, Wc: Water Content, Cc: Compression Index, Vr: Void ratio
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By the end of each performed analysis the BAS provides the user within a second the statistical re-
ports and exports data into word or excel format. Moreover the results were encoded as shapefiles
and introduced in the Visualization Manager. There the user could produce 2D views of the spatial
distribution of the borehole database, showing the values of each parameter in a formulated list-
view object (Fig. 5). When ever the user needs to visualize the log photos or the log profile, he could
do so just by clicking in the appropriate tab, which illustrates the image data. 

The application can commute the features into 3D shapefiles, where x, y, z values are imported by
the user, while the application converts those values in such a manner that the new values of x,y,z
are within a space of [-1, 1]. This conversion provides a better visualization perspective of the bore-
holes location and the spatial variances of the geotechnical parameters (Fig.6).

Fig. 6: Screenshot of 3D View / Visualization manager 

Fig. 7: Visualizing the Data Mining Manager results 
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The problem of classifying formations according to certain variables becomes more complicated in
areas where few experimental data exist. However data mining algorithms could server as an ap-
propriate tool, in order to perform clustering and classification (Chen et al, 1996; Kanungo et al,
2002). In our case the existing data could be used to identify areas with similar characteristics by
clustering them into classes that appear minimum coefficient of variance within each class and max-
imum coefficient of variance among classes. The outcomes of the initialization of data mining al-
gorithms, were in accordance with those described by the geotechnical surveys and indicate that
certain areas could be identify having similar geotechnical profile, according to their Euclidean dis-
tance (Fig.7).

5. Conclusions 

The developed application is based on structuring and storing in digital formats the various geot-
echnical data of different types (borehole logs, cross-section, geological maps, and in-situ and lab-
oratory test parameters). It can also be used to answer specific enquiries concerning the variables that
characterized the material in question, to aid to the production of engineering geological maps, ge-
otechnical summaries, and assessments of engineering behaviour for the soils and rocks of an area. 

It could be used as a simple querying tool to answer simple questions about geological and geot-
echnical characteristics in a spatial context or as an advanced investigation tool, identifying spatial
patterns in their data based on any attribute through querying, data mining and visual explore them
in 2-D and 3-D environment.

The application of data mining algorithms in the available geotechnical database proved to be a very
powerful technique, identifying spatial patterns of similar geotechnical parameters that were much
more difficult to identify following the classical procedure applied in geotechnical investigation.

The final product is for use both to engineers and geologists, providing a better understanding of en-
gineering geological conditions, but also to planners identifying areas that may geologically constrain
development.
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