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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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Scordilis Em., Seifert Th., Skarpelis N., Skias S., Sokos E., Soulios G., Soupios P., Sta-
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G., Theodorou G., Theodosiou I., Torok A., Tranos M., Triantafyllou M.V., Tsapanos T.M.,
Tselentis G-A., Tsiambaos G., Tsikouras B., Tsipoura – Vlahou M., Tsirambides A., Tsokas
G., Tsolis–Katagas P., Tsombos P., Tsourlos P., Tucker M.E., Tulipano L., Tzanis A.,  Var-
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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.

xvi



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 Muğla Basin is one of the most well-documented coal basins of Anatolia, SW Turkey. Previous
studies mainly focused on coal geology, as well as on the environmental impacts from trace ele-
ments emitted into the atmosphere during coal combustion. However, the environmental impacts
from coal utilization also include groundwater contamination from hazardous trace elements leached
from exposed lignite stockpiles or ash disposal dumps. In the present study a comparative assess-
ment of the combustion, as well as the leaching behaviour of trace elements from sixteen lignite, fly
ash and bottom ash samples under various pH conditions is attempted. The samples were picked up
from three regions in the Muğla Basin, namely, these of Yeniköy, Kemerköy and Yatağan.

Proximate and ultimate analyses were performed on all samples. Quantitative mineralogical analy-
sis was carried out using a Rietveld-based full pattern fitting technique. The elements Ag, As, B, Ba,
Be, Co, Cr, Cu, Fe, Ga, Hf, Li, Mn, Mo, Ni, Pb, Sr, U, V and Zn were grouped according to their
volatility during combustion and their leachability in the various types of samples. The pH of the
leaching agent little affected the leaching trends of most elements and the mode of occurrence proved
to be the major factor controlling primarily combustion and to a lesser extent leaching. The elements
were classified into 7 classes with increasing environmental significance with Mo, Sr and V being
the most potentially hazardous trace elements in the Muğla region.

Key words: bottom ash, fly ash, leachability, lignite, mobility, Muğla, trace elements, Turkey, volatility.

1. Introduction 

The last decades countries using “conventional” fuels for electricity generation, are attempting to de-
velop a friendlier to the environment, energy policy. The study of the behavior of trace elements, par-
ticularly of the hazardous atmospheric pollutants - HAPs (As, Be, Cd, Cl, Cr, Co, F, Hg, Mn, Ni, Pb,
Se, Sb and U), is necessary for the prediction and the prevention of environmental impacts, induced
by coal combustion and the disposal of the wastes (Finkelman, 1994; Finkelman and Gross, 1999).
The behavior of trace elements in combustion can be assessed studying their geochemical and min-
eralogical characteristics (Clarke and Sloss, 1992; Meij, 1995). 

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 



There is an extensive literature concerning the determination of HAP behaviour during coal com-
bustion (e.g. Finkelman, 1994; Vassilev et al., 2005). All these studies are based on the fact that an
element is enriched in the produced fly and bottom ash due to the escape of the volatile matter dur-
ing combustion. Elements depleted in comparison to the feed coal are considered volatile and po-
tential HAPs. The volatility of an element depends on its properties but also on its mode of
occurence. The mode of occurence of an element can vary not only in different coals but sometimes
even in coals from the same deposit. Therefore, it is necessary to study the behavior of the elements
for each coal deposit separately.

Apart from atmospheric emissions, coal utilization involves enviromental hazards concerning waste
disposal. The impacts are related to the mobilization of toxic metals after the deposition of fly and
bottom ash at dump sites. The behavior of an element after the exposure of the waste under the at-
mospheric conditions can be predicted considering its mode of occurence, but an experimental study
using leaching tests provides direct evidence for the most suspectible to mobilization elements.
There are two major types of leaching tests concerning their set up: Column tests, which better sim-
ulate field conditions, and batch tests, which provide evidence for the maximum potential mobility
of an element. Batch tests are more widely applied due to their relatively rapid and reliable results
but can easily misinterpreted if only absolute values are to be considered (Siavalas et al., 2007; Baba
et al., 2008; Hesbach et al., 2009).

The lignite mining activities in Turkey appear to have serious repercussions in underground waters.
Several studies showed that certain trace elements are dissolved from ash dumping sites and pass into
the groundwater (e.g. Demirak et al., 2005). Taking into consideration the fact that Turkish lignite
displays low calorific value, high ash yield and sulphur content, further research is required to in-
vestigate the environmental impacts caused by their exploitation (İnaner and Nakoman, 2005).

The present work aims to investigate the combustion and leaching behaviour of trace elements in lig-
nite, fly ash and bottom ash from the regions of Yatağan and Milas in Muğla Basin. The main fo-
cuses are the conditions, under which trace elements are able to escape from the organic and
inorganic fraction of lignite, fly- and bottom ash and to be transported in the terrestrial and aquatic
environment constituting environmental hazard.

2. Regional and geological setting

Muğla Basin is located on the Eastern coast of the Aegean Sea, in southwest Anatolia (Fig. 1). The
coal fields are of Miocene age. The basin’s margins consist of the formations of the Menderes Mas-
sif and the Lycian nappes.

Muğla Basin is separated into two sub-basins: Yatağan and Milas (Fig. 1). The NW-SE oriented
Yatağan Sub-basin hosts the lignite deposits of Turgut, Eskihisar, Bagyaka, Tinaz and Bayir, while
the sub-basin of Milas includes the lignite deposits of Ekizköy, Sekköy, Cakiralan, Karacahisar,
Husamlar and Alatepe (Fig. 1). Open-cast mines operate in the Eskihisar, Bagyaka, Tinaz, Sekköy,
Ekizköy, Husamlar, and Cakiralan coal fields. The Alatepe coal field has been exploited by under-
ground mining methods. Bayır, Turgut, and Karacahisar coal fields are to be exploited by under-
ground mining methods in the future. Most of the lignite production supplies three thermal power
plants (Fig. 1), these of Yatağan, Yeniköy and Kemerköy with 630, 420 and 630 MW installed ca-
pacity, respectively (Querol et al., 1999; İnaner et al., 2008). Electrostatic precipitators and desul-
phurization units are installed in all 3 power plants and solid wastes are removed and stored by
hydro-transportation. Ash-dumping sites have been afforested by authorities of thermal power plants.

The Yatağan thermal power plant produces approximately 5 kt of fly and bottom ash per day. The pro-
duced solid wastes are transported to a schist and karstic marble disposal site. The Yeniköy thermal
power plant produces daily 4.5 kt of fly and bottom ash. The produced solid wastes are transported
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to the disposal site, which is located on alluvial deposits and limestone. The Kemerköy thermal power
plant produces c. 6 kt of fly and bottom ash per day. The produced solid wastes are transported to a
karstic and fractured dolomitic and cherty limestone disposal site (Baba and Kaya, 2004).

3. Experimental 

Sixteen samples of lignite, fly ash and bottom ash were collected from mines and thermal power plants
in the areas of Milas and Yatağan, in Muğla province. The lignite samples were described macro-
scopically according to the nomenclature of ICCP (1993). Proximate analysis carried out following
ASTM procedures, included the determination of moisture, ash yields, volatile matter and fixed car-
bon content. In addition, mineralogical analysis was performed in all samples. The contents of C, H,
N and S of lignite and lignite combustion by-products were determined using the Carlo Erba EA1108
CHNS analyzer. Quantitative mineralogical analysis was carried out using a Bruker D8 Advance X-
ray diffractometer, which is equipped with the detector LynxEye®, whereas the mineralogical phases
were quantified using a routine, which is based on the Rietveld method with the Topas software. All
samples were digested in acid solutions using a Milestone microwave oven. The contents of Ag, As,
B, Ba, Be, Co, Cr, Cu, Fe, Ga, Hf, Hg, Li, Mn, Mo, Ni, Pb, Se, Sr, U, V and Zn in the digested lignite,
fly- and bottom ash samples were determined using an ELAN 6100 Perkin Elmer® instrument (In-
ductively Coupled Plasma-Mass Spectrometry, ICP-MS). Batch leaching experiments took place under
pH 5 and 8.5 to estimate the mobility of trace elements from lignite and its by-products.

4. Results

4.1 Proximate analysis

The lignite belongs to the matrix lithotype. Moisture ranges from 14.0 to 36.5 wt.%, ash yield from
8.4 to 50.3 wt.%, where the highest ash yields concern the feed coal samples of the area. The calorific
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XLIII, No 5 – 2221

value ranges from 10.6-20.9 MJ/kg (on moist, ash-free basis). The content of volatile matter ranges
from 44.1 to 67.1 wt.% and of fixed carbon from 5.6 to 29.0 wt.%. According to these results the
Muğla lignite is classified as low to medium-grade, humic, ortho- to meta-lignite (ECE-UN, 1998).

The fly ash is composed of fine-grained particles and the volatile matter content ranges from 0.6 to
1.1 wt.%. The volatile matter content in bottom ash ranges from 0.7 to 8.5 wt.%.

4.2 Mineralogical analysis

The accuracy of the quantitative mineralogical analysis was checked using the Goodness of Fit
(GoF) rule, where the more the GoF value approaches 1 the better fit was achieved (Bish and Post,
1992). This value ranges between 1.1 and 2.3 with an average of 1.4 for the studied samples indi-
cating that a good fit was achieved (Table 1).

The inorganic constituents of coals may be introduced into the peat either as clastic material or may
derive from authigenic precipitation. However, in the study of bulk coal samples due to high noise/sig-
nal ratio caused by the organic matter, it is hard to determine some mineral phases. For this reason
mineralogical analyses were also performed on ash derived after low temperature (400°C) ashing (LTA)
in order to remove the organic matter without altering much the mineralogical composition (Table 1).

Table 1. Quantitative mineralogical analysis of bulk coal samples, low-temperature (400°C) ash,
fly ash and bottom ash samples. GoF (x2): Goodness of Fit factor.

TR-L1 19.2 80.8 1.5
TR-L2 11.7 19.4 11.6 39.3 9.4 8.5 1.1
TR-L3 39.0 14.2 28.7 18.1 7.1 1.6
TR-L3a 49.4 27.6 23.0 6.2 5.8 1.6
TR-L4 13.5 14.7 35.4 33.8 2.5 1.6
TR-L5 8.9 4.0 58.8 2.5 20.5 1.6 6.1 1.2
TR-L6 12.1 5.7 47.3 11.7 18.7 1.6 14.4 1.2
TR-L1 LTA 7.7 10.7 4.8 71.6 5.1 1.5
TR-L2 LTA 6.2 4.0 66.0 19.2 5.1 1.2
TR-L3 LTA 9.8 4.7 52.6 33.0 1.5
TR-L3a LTA 23.0 4.3 72.8 1.6
TR-L4 LTA 5.4 3.4 74.7 11.8 2.0 1.3
TR-L5 LTA 10.3 4.5 45.8 22.5 15.5 1.4 1.3
TR-L6 LTA 11.8 6.6 40.2 21.6 17.7 2.1 1.4
TR-AF1 3.2 3.2 0.7 5.8 7.5 2.4 4.0 2.3 4.1 66.8 2.3
TR-AF2 10.1 18.2 3.6 4.8 5.6 0.7 5.2 51.8 1.2
TR-AF3 4.1 1.5 14.7 12.2 0.8 4.6 3.9 58.2 1.5
TR-AF4 7.5 9.5 1.3 2.2 3.3 0.8 2.3 73.1 1.2
TR-AF5 6.4 6.6 6.0 7.0 2.5 2.6 4.0 64.9 1.3
TR-AB1 2.1 4.7 4.7 3.5 23.6 1.3 60.1 1.4
TR-AB2 3.7 9.9 12.7 7.6 3.6 20.2 2.8 39.4 1.8
TR-AB3 5.1 20.5 9.0 2.3 8.9 1.2 2.5 1.2 49.4 1.4
TR-AB4 10.9 13.5 4.6 2.2 1.8 0.6 1.5 65.0 1.6
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According to the combined results from both bulk samples and LTAs the most common mineralog-
ical components in the Muğla lignite are quartz, feldspars, carbonates, clay minerals mainly illite and
kaolinite, all being common in coals worldwide (Diessel, 1992).

The major minerals in fly ash samples are quartz, anhydrite and aluminosilicate minerals such as
feldspars, mullite and gehlenite. There are also ferrous and calcium oxides such as magnetite,
hematite, maghemite, portlandite and lime. The mineralogical composition of bottom ash samples
is somewhat different to that of the fly ash. Ghelenite is the dominant phase being more stable at low
temperatures. Calcite content is also higher probably due to the contribution of lignite particles in
the bottom ash. Quartz and aluminosilicates are present at lower contents than in the fly ash. More-
over, minerals from the zeolite group were determined at relatively high contents (16 wt.%, on av-
erage). The zeolites form from the reaction of glass with water in the combustion chamber (Karayiğit
et al., 2000). Bassanite and corundum are occasional minerals. 

Furthermore, the content of amorphous matter in fly and bottom ash samples was determined in
ZnO spiked samples. Amorphous matter content in the fly ash ranges from 51.8 to 71.3 wt.% being
higher than the respective in the bottom ash, which ranges from 39.4 to 65.0 wt.% (Table 1).

4.3 Chemical composition

In the lignite samples C ranges from 42.2 to 52.5 wt.%, N from 1.2 to 1.4 wt.%, H from 5.7 to 7.8
wt.% and total S from 2.7 to 7.9 wt.%, on a dry basis. The content of C in fly ash samples ranges
from 0.2 to 0.3 wt.%, of H is about 0.1 wt.%, of N is below 0.1 wt.% and of total S from 0.4 to 1.4
wt.%. Finally, the content of C ranges from 0.5 to 1.9 wt.%, of H from 0.0 to 0.7 wt.%, of N below
0.1 wt.-% and of S from 0.0 to 1.3 wt.% in the bottom ash. 

The Fe concentration in the lignite samples ranges from 0.2 to 1.7 wt.% being probably related to
pyrite; it is also possible to participate in clay minerals. The average concentrations of Ag, As, Cd,
Cr, Ga, Li, Mo, Ni, Pb, Sr, U, V and Zn in the lignite samples are higher than the average world coal
concentration (Table 2). The determination of Hg and Se is not accurate, due to their high volatility
and the results for these elements are treated with skepticism.

Strontium exceeds 100 mg/kg in the lignite, while the concentrations of many elements as Ba (21-
227 mg/kg), Mn (23-173 mg/kg), Ni (9-153 mg/kg) and V (59-163 mg/kg) display a wide range
among the bulk samples. The contents of As, B, Co, Cr, Cu, Ga, Li, Mo, Pb, U, Zn have contents
vary from 1 mg/kg to 100 mg/kg, whereas these of Ag, Be, Cd, Hf, Hg are <1 mg/kg. The elements
Ag, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Ga, Hf, Li, Mn, Ni, Mo, Zn display strong correlation with
the ash yields suggesting an inorganic affinity, whereas the weak correlation of B, Mo, Sr, V, U and
ash yield indicates an intermediate affinity (organic–inorganic) for these elements.

Element concentrations in fly ash samples were compared to those corresponding to the average
crust composition (Table 2). It appears that As, B, Li, Mo, Ni, Pb, U, V and Zn are enriched. The con-
centrations of Ag, Cd, Cu, Ga present higher values in comparison to these of the crust, but not as
high as the elements that were mentioned before. Barium, Co, Cr, Hf, Mn, and Sr display lower av-
erage concetrations in the fly ash samples than in the crust (Table 2). 

The Fe content ranges from 0.9 to 2.9 wt.% in bottom ash with an average of 1.6 wt.%. Mn, Sr, V
and Zn have contents higher than 100 mg/kg, while the contents of Ag, Be, Cd, Co, Cr, Cu, Ga, Hf,
Hg, Li, Mo, Ni, Pb, Se and U range lower than 100 mg/kg. The elements As, B, U, V and Zn dis-
play very high average values in the bottom ash. Beryllium, Co, Cu, Hf, Mn, and Sr display lower
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contents in the bottom ash compared to the crust (Table 2). The ash samples are enriched in most of
the trace elements due to the loss of volatile elements during combustion.

4.4 Behavior of elements during combustion

In order to estimate the mobility of the studied elements, the relative enrichment factor (EF) was cal-
culated using a formula introduced by Meij (1995) (Table 2). It constitutes a measure of the con-
centration of an element in the bulk coal sample and its produced ash (Meij & te Winkel, 2009;
Vejahati et al., 2009). Elements with EF> 0.7 are considered enriched, these with EF<0.5 non-en-
riched, and these with 0.5<EF<0.7 slightly enriched. According to the calculated EFs B, Mo, Sr, U
and V are the most volatile elements, whereas Ag, As, Be, Cd, Cr, Ga, Ni, Pb and Zn display medium
volatility. Barium, Co, Cu, Hf, Li and Mn are non-volatile elements.

4.5 Leaching 

The concentration of an element in the leachate solutions is a function of both total element con-
centration in the sample and leaching behavior. For this reason the calculation of indices, which in-

Table 2. Average concentrations (in mg/kg, if not otherwise stated) of trace elements in Muğla
lignite, fly and bottom ash in comparison to worldwide coal (Clarke and Sloss, 1992) and
upper crust average values (Seredin and Finkelman, 2008).

Element Lignite Fly
ash

Enrichment
Factor

Bottom
ash

Enrichment
Factor Crust Worldwide

coals
Fe (%) 0.7 2 1.6

Ag 0.1 0.3 0.63 0.3 0.61 0.1 0.1
As 21 131 1.56 24 0.29 1 7.6
B 38 167 1.07 100 0.64 10 56
Ba 86 296 0.84 280 0.80 425 150
Be 0.5 3 1.29 2 1.10 3 1.2
Cd 0.4 2 1.04 0.6 0.37 0.2 0.2
Co 4 17 1.07 15 0.93 25 4.2
Cr 35 93 0.66 76 0.54 100 15
Cu 12 65 1.32 52 1.04 55 15
Ga 8 32 0.93 24 0.70 15 5.5
Hf 0.4 2 1.07 2 0.95 20 1.2
Hg 0.4 - - - - 0.08 0.1
Li 13 71 1.30 58 1.06 20 10

Mn 77 314 0.98 295 0.93 950 153
Mo 10 29 0.69 17 0.42 2 2.2
Ni 40 100 0.62 93 0.57 75 9.0
Pb 10 41 1.03 17 0.44 13 6.6
Se - - - - - 0.05 1.0
Sr 370 294 0.20 372 0.25 375 120
U 30 56 0.47 64 0.53 2 2.9
V 124 255 0.52 242 0.49 135 22
Zn 61 220 0.89 131 0.53 70 18



volve total element concentration is a common practice used to describe the leaching behavior of an
element.

In the present study the Leaching Intensity (Il) was calculated in order to describe the leaching rate
with respect to the leaching time (Wang et al., 1999):

(eq. 1)

where αx the concentration of an element x in the leachate (mg/ml), V the total volume of the leachate
solution (ml), Ax the concentration of the element x in the original sample (mg/g), M the sample
weight (g) used for the leaching experiment and t the leaching time (h). The stronger the Il, the high-
est the leaching rate of an element. The leachability of an element is distinguished in four classes ac-
cording to its Il. Strong leachability display elements with Il ≥ 5, medium with 1≤ Il < 5, weak with
0.5 ≤ Il < 1 and very weak with Il < 0.5 (Wang et al., 1999).

Arsenic, B, Ba, Cu, Li, Mn, Ni, Zn and Sr have strong leachability at all pH values in lignite sam-
ples except for Cu and Zn which reduce their leachability under alkaline conditions from strong to
medium. Chromium displays medium leachability under acidic and alkaline condtitions (Fig. 2).
Boron, Ba, Cr, Ga, Li, Mo, Ni, Sr have strong leachability at all pH values in the fly ash samples,
whereas As, Co, V and Zn have medium leachability with Co leachability turned to weak under al-
kaline conditions. Finally, B, Ba, Cr, Ga, Li, Mo, Sr, V display strong leachability at all pH values
in bottom ash samples and As, Ni, Zn have medium leachability, except for Zn which increases its
leachability to strong under alkaline conditions.

5. Discussion

Volatility and leachability are considered the major properties, which define the environmental signif-
icance of an element. The former predicts the combustion behaviour and the latter the potential release
of an element from the dump sites and the hazard for groundwater contamination. Both properties
were divided into three classes including high, moderate and low volatile/leachable elements (Fig. 3).

High volatile elements are Sr, Mo, U and V, whereas the volatility of most of the elements seems to
be moderate. Manganese, Li, Ba, Cu, Co and Hf are the least volatile elements. The correlation of
element concentrations and mineralogical composition indicates that the most volatile elements in
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Fig. 2: Element Leaching Intensities (Il) in the Muğla lignite, fly ash and bottom ash.



the Muğla lignite display a mixed affinity between mineral and organic matter probably forming
organometallic compounds or being adsorbed on the organic matter (e.g. Wang et al., 1999). Sul-
phide-bound elements display a moderate volatility except from Cu (Fig. 3), whereas elements af-
filiated to the carbonates and the silicates appear to be low or non-volatile.

All elements display almost the same leaching behaviour for the same sample type under both ini-
tial pH values of the leaching agent except from Cd, which proves to be highly mobile in the fly ash
under pH 5. The elements B and Sr seem to be the most mobile elements in the lignite indicating that
the organic affinity is responsible for the high leaching rate of an element, as well. However, other
organically-bound elements such as U and V display moderate and low mobility in the lignite sug-
gesting that the mode of occurrence of an element is not the exclusive factor influencing an ele-
ment’s mobility. This is also supported by the fact that other elements such as As, Ba, Cu, Li, Mn,
Ni and Zn with different modes of occurrence seem to be high mobile in the lignite. Most of them
display an affinity to the sulphide phase but others like Ba and Li are related to other phases (Fig.
3). The elements affiliated with the silicate phase are low or non-mobile.

Generally, most of the elements are redistributed during combustion due to volatilization and re-
condensation reactions participating either on the surface or in the matrix of the ash particles. Ele-
ments distributed on the ash surface tend to be more mobile but most of the trace elements are less
likely to be released due to their adsorption on less soluble aluminosilicates and oxide phases in fly
ash and bottom ash samples (Yuan, 2009). The elements Sr, B, Li, Ba, Pb, Ag, Fe, Be and Hf do not
display a shift in their leaching behaviour during the transition from the lignite to the ash state. The
surface distribution seems to be the most probable reason for the high mobile and organically-bound
elements (Sr, Mo, B). These three elements are usually among the most mobile in both coal and the
produced ashes (e.g. Wang et al., 1999; Georgakopoulos et al., 2002; Praharaj et al., 2002; Ward et
al., 2009). Especially Mo is mobile under all pH values between 2 and 8.5 (Siegel, 2002). The ma-
jority of the elements, affiliated to the sulphide phase in the lignite, displays a profound decrease in
their leachability in both fly and bottom ash. The breakdown of sulphides and the formation of sta-
ble secondary oxides or other more complex compounds is considered responsible for this change.
Particularly for As the decrease of its mobility in the ash state has also been reported from other
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Fig. 3: The mode of occurrence and the classification of the elements according to their combustion and leach-
ing behaviour in the Muğla lignite. Arrows indicate the shift of leaching behaviour in the ash samples.



coals worldwide and is due to the formation of the arsenate oxyanion, which reacts with calcium to
form calcium arsenate (Jones, 1995). However, although Ca acts as an immobilizing agent for other
elements such as B, its action in the Muğla ashes seems to be limited, probably due to its low con-
centration as suggested by the low calcite and lime contents in the lignite and ash, respectively. El-
ements with increased mobility in the ash samples are Cr, Ga and V, whereas Cd increased its
mobility in the fly ash under acidic conditions.

Aside volatility and leachability the total concentration of an element has to be considered in order
to discuss the environmental significance of a certain element. When compared to the average of
coals worldwide the Muğla lignite is enriched in As, Cr, Mo, Ni, Sr, U, V and Zn. In the fly and bot-
tom ash samples all elements are enriched compared to the average upper crust concentrations. Ad-
ditionally, it has been shown that certain elements including As, Mn, Mo and Pb are susceptible for
soil contamination in Yatağan region, although high Mn concentrations are attributed to the use of
fertilizers in the area (Baba, 2002).

6. Conclusions

Muğla lignite is a low rank coal of medium to poor quality, thus the estimation of environmental im-
pacts from its utilization is necessary. Trace element and mineralogical analyses reveal that the mode
of occurrence of the elements is the major factor controlling their combustion behaviour with the
most volatile being these, exhibiting a mixed organic/inorganic affinity (Sr, Mo, U, V and B). Sul-
phide related elements are next in the volatility string, whereas elements bound to the silicate min-
erals seem to be the less volatile.

The mode of occurrence also controls the leaching behaviour but other factors such as the physico-
chemical properties of individual elements have to be considered. The majority of elements display
identical leaching behaviour under both acidic and alkaline environments. Additionally, the change
of state from lignite to ash affects mostly the behaviour of elements affiliated to the sulphide phase
decreasing their leaching rates.

Based on both combustion and leaching behaviour all trace elements in the Muğla lignite can be dis-
tinguished in the following classes with increasing environmental concern:

• Ia: non-volatile/non-mobile elements - Co, Cu, Hf, 

• Ib: non-volatile/lignite mobile elements - Ba, Mn, Li,

• IIa: moderately volatile/low mobile - Ag, Be, Fe, Pb,

• IIb moderately volatile/lignite mobile - As, Ni, Zn,

• III moderately volatile/high mobile - B, Cd, Cr, Ga,

• IVa: high volatile/low mobile - U and

• IVb: high volatile/high mobile - Mo, Sr, and V.
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Abstract 

The objective of the present work is the assessment of the lignite contribution to the energy balance
of Greece, according to the creation processes and the chronological classification.

The lignite deposits known so far in Greece have been discovered and researched from the scientists
of IGME in the course of evolution since 1948 (Greek Geological Survey), 1950 (Institute of Geology
and Surface Research), 1973 (National Institute of Geological and Mineral Exploration) and finally
in its current form in 1976 (Institute of Geology and Mineral Exploration) and are divided into (a) “pro-
ductive”, (b) future “productive” and (c) no financial interest in power generation. A project, co-fi-
nanced by the Greek Government and the European Union, is currently implemented, aiming at the
recovery of the latter in non-electrical purposes with very good results in the first stage of research.

According to the works carried out so far it has been observed that lignite formation started in
Greece during Eocene and continued to date. 

From 1950 until today there is an upward trend in lignite reserves. Lignite generates electricity at
a rate 63% today with higher rates 79.3%, during 1994.

In Greece 41% of lignite deposits were created during Miocene. However, only 13% of these deposits
that contribute to electricity generation derive from economically exploitable reserves.

In Greece, due mainly to use of lignite for electricity production, the cost of Kw/h for both domes-
tic use and for industrial is below the European Union average.

Key words: lignite, energy balance, chronological classification and electricity.

1. Introduction

The objective of the present work is the assessment of the lignite contribution to the energy balance
of Greece, according to the creation processes and the chronological classification.

Furthermore, it was observed that lignite creation in Greece started during Eocene and that 41% of
the lignite deposits were formed during Miocene. However, only 13% of the deposits contributing
to electricity generation derive from economically exploitable reserves.

2. Chronological Classification 

The lignite deposits known so far in Greece have been discovered and researched from the scien-
tists of IGME in the course of evolution since 1948 (Greek Geological Survey), 1950 (Institute of

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: Map of Greek lignite bearing basins classification. 

Fig. 2: Map of Eocene – L. Miocene Greek
lignite bearing basins.



Geology and Surface Research), 1973 (National Institute of Geological and Mineral Exploration) and
finally in its current form in 1976 (Institute of Geology and Mineral Exploration) and are divided
into (a) “productive”, (b) future “productive” and (c) no financial interest in power generation. A
project, co-financed by the Greek Government and the European Union, is currently implemented,
aiming at the recovery of the latter in non-electrical purposes with very good results in the first stage
of research (Fanara and Chatzigiannis, 1999).

According to the studies implemented so far, the chronological classification of the Hellenic terri-
tory is illustrated in figs 1,2,3,4 and 5. In Greece, lignite formation started during Eocene and con-
tinued to date (Metaxas et al., 2007). 
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Fig. 3: Map of Up. Miocene – L. Pliocene
Greek lignite bearing basins.

Fig. 4: Map of Up. Pliocene Greek lignite bearing basins. Fig. 5: Map of Pleistocene Greek lignite bearing basins.
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Fig. 6: General view of lignite formation.

Fig. 7: Different phases of the Kozani –
Servia lignite bearing basin.



A schematic representation of the general creation way of lignite is given in figure 6, while in fig-
ure 7 is schematically given the creation of the lignite-bearing basin Kozani – Servia.

3. Participation of Lignite in the Energy Balance

From 1950 to date, there was an upward trend in the participation of the lignite reserves (Fig. 8) As
indicated in figure 9, lignite contributes to electricity generation at a percentage of 63% today, com-
parison with highest ever level of 79.3%, recorded during 1994 (Leontidis et al., 2005).
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Fig. 8: Greek lignite mine able and geological
proven reserves.

Fig. 9: The contribution of the lignite in the
electricity in Greece.

Fig. 10: Distribution of Greek lignite
bearing basins reserves.



According to figure 10 although around 41% of lignite deposits in Greece was formed during
Miocene and only 9% during Pliocene, 30% out of the economically exploitable reserves of elec-
tricity generating lignite belongs to Pliocene, (Koukouzas et al., 1997; Kotis, 2002) 

In Greece, due mainly to the use of lignite for electricity production, the cost of Kw/h for both do-
mestic use 6,7€, and for industrial 4,3€, is below the European Union average 13.9€ and 5.2€ re-
spectively (Karageorgiou and Metaxas, 2006) (Fig.11).

4. Conclusions

The known lignite deposits in Greece, have been discovered and researched by the scientists of In-
stitute of Geology and Mineral Exploration (I.G.M.E.),

Lignite formation started in Greece during Eocene and continued to date. 

Lignite generates electricity at a rate 63% today with higher rates 79.3%, during 1994.

In Greece although 41% of lignite deposits were formed during Miocene and only 9% during
Pliocene, the electricity generating lignite belongs mostly to Pliocene, at a rate 30% of the eco-
nomically exploitable reserves.

In Greece, due mainly to the use of lignite for electricity production, the cost of Kw/h for both do-
mestic use 6.7€, and for industrial 4.3€, is below the European Union average 13.9€ and 5.2€ re-
spectively.
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Fig. 11: Prices of Kw/h in €, for industrial and
domestic use in E.U.
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ABSTRACT

The island of Crete has been thoroughly explored, by various organizations, for the presence of lig-
nite deposits, in order to examine the possibility of energy independence for the island and thus re-
duce the cost of consumed electric energy. Research showed that lignite generates in fluvial –
lacustrine environments in many places in Crete and lignite deposits have been investigated and ex-
ploited from time to time. In the present study all lignite occurrences of the island are recorded and
their generation and depositional environment is analysed. Lignite horizons from different basins are
compared and correlated. An evaluation of results from previous studies is attempted, regarding
both surface information and depth data, derived from borehole projects. Finally, areas suitable for
lignite exploitation in the production of electricity or other uses are presented.

Key words: lignite origin, lignite deposits, electricity, exploitation, Crete, South Greece.

1. Introduction 

Exploratory works carried out in the island of Crete have shown the presence of lignite deposits in
several areas. In some of them small-scale exploitation took place in the past. 

The electric power consumed in the island of Crete reaches 3050Gw/h per year and is either trans-
ported from the mainland or produced in Steam Electric Stations using oil. 

The aim of this study is to present the lignite deposits recorded by investigations carried out by In-
stitute of Geology and Mineral Exploration of Greece (IGME) in the island of Crete (fig.1) regard-
ing both surface information and depth data. An analysis of the origin and depositional environments
is attempted, given that they are mainly located in fluvial-lacustrine environments with successive
sea transgressions. Moreover, the lignite horizons from different basins are correlated. This study can
contribute to the reduction of the electric power costs and achieve energy independence for the is-
land of Crete.
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Πρακτικά 12ου Διεθνούς Συνεδρίου Proceedings of the 12th International Congress
Πάτρα, Μάιος 2010 Patras, May, 2010 



2. Geological setting

In the island of Crete the lignite deposits are located into the Miocene fluvial-lacustrine formations,
with exception of Kandanos to the West and Almyri Panagia in the Central and South part of the is-
land basins. (Karageorgiou, 1952).

Lignite was deposited into fluvial-lacustrine formations consisting of clays, sands and marls. Fos-
sils - neritina, potamites, melanopsis, etc. – are observed into these formations (Vetoulis, 1952).
Frequent sea transgressions are also observed separating the lignite beds.

The general stratigraphic column of the lignite basins is described below: 

• Bedrock: consists of the rocks of the formations of Tripolis zone (Jurassic to Middle Eocene
Limestones, Flysch of Upper Eocene to Oligocene), Pindos zone (Upper Cretaceous Limestones,
Flysch of Paleocene to Eocene), as well as of the ophiolithic complex of the internal zones. 

• Formation of the Base: consists of a polymict conglomerate, breccias, sands, red clays, with
thickness ranging from a few centimetres to some tens of meters. It overlies the bedrock and
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Fig. 1: Neogene’s and Quaternary lignite areas of Crete Island.

Fig. 2: Stratigraphic correlation of the lignite areas of Crete Island.



smoothes its erosions. In the areas of Almyri Panagia and Handra these sediments are of ma-
rine origin and different age: Upper Pliocene and Miocene respectively. 

• Lacustrine-marshy and fluvial–lacustrine phase: consists of marls, clays, sands and silts and
hosting lignite beds of various thicknesses. This phase is of Miocene age apart from the areas
Almyri Panagia and Kandanos, which are of Pleio-Pleistocene age.

• Fluvial-torrential or marine formations: closing the Neocene series. The marine formations
consist of a transgression conglomerate and sands, clays with Ostrea, Pecten, etc. fossils and
the fluvial-torrential formations of sands, clays, conglomerates and breccias. 

• Recent formations: alluvial deposits, talus cones, clays, sands, unconsolidated conglomer-
ates (Fig. 2).

3. Areas of Interest

3.1 Kandanos

The area is located to the South-West of Chania city at a distance of 60 km., occupying an extent of
about 10km2. Only the West - North West part of 1km2 area has been investigated in the past, (Kara-
georgiou, 1951) since it is of great geological interest and Germans have exploited the lignite of this
section during the period 1940-1944.
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Fig. 3: (a): Stratigrafic column of Kandanos area; (b): Geological map of Kandanos area; (c): Geological sec-
tion of boreholes in Kandanos area.



The geological formations (Chatzigiannis and Karageorgiou 1977) observed in the area are shown
in the stratigraphic column (Fig. 3a) and the geological map (Fig. 3b). 

Three main lignite beds are located in Kandanos area (Fig. 3c) having 9 million tons as potential re-
serves. These lignite beds can be exploited by open-pit mining with an exploitation ratio ranging from
2.3 to 11/1. The Gross Calorific Value [on an a.r. (as received) basis] is of 1700Kcal/Kg. 

The region should be systematically investigated as a whole in order to increase the exploitable lig-
nite reserves. 

3.2 Vryses

This area is located east of Chania city at a distance of 20 km. The geological formations observed
in the area are shown in the stratigraphic column (Fig. 4a) and the geological map (Fig. 5). 
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Fig. 4:(a): Stratigraphic column of Vrysses area; (b): Geological section of boreholes in Vrysses area.

Fig. 5: Geological map of Vrysses area.



Four lignite beds (Fig. 4b) were located in the area of Vryses Apokoronou. Previous investigations
(Papachristos, 1952) demonstrated that there is apparent economic interest in the region.

3.3 Plakias – Lefkogia

The area is located south of Rethymno city at a distance of 35km, occupying an area of 10km2 and
has been repeatedly exploited in the past. From the extended mineralogical and geological investi-
gation of the area carried out by I.G.M.E. (Koukouzas and Papaspyros 1993) 2.3 m. tons of strongly
tectonized mineable lignite were located with an average Net Calorific Value [on an a.r. (as received)
basis] >2.000 Kcal/Kg as illustrated in Fig. 6b.The geology of the area is shown in the stratigraphic
column (Fig. 6a) and the geological map (Fig. 6c). 

3.4 Almyri Panagia

The area is located to the south of Iraklio city at a distance of 40 km occupying an area of 8Km2.

Restricted investigation including drilling of a few boreholes of small depth was carried out in the
past (Papastamatiou et al., 1966). Four lignite beds were located (Fig. 7) having geological reserve
in the order of 4.5 million tons and thickness of lignite beds varying from 2.70m to 5.20m (Pa-
paspyros 1993). The geology of the area is shown in the stratigraphic column (Fig. 8a) and the ge-
ological map (Fig. 8b). 
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Fig. 6: (a): Stratigraphic column of Plakias area; (b): Geological section of boreholes in Plakias area; (c): Ge-
ological map of Plakias area.



3.5 Agios Paisios – Houdetsio

The area is located to the South-East of Iraklio city and at a distance of 20 km, occupying an area
of 18km2.

The area is covered by lacustrine sediments of Miocene age with overlying marine Miocene for-
mations (Koukouzas and Papaspyros 1984). The lacustrine sediments occupy much greater extent
than the aforementioned (the 18km2).

3.6 Handras

The area is located to the South of Sitia city at a distance of 20 km, occupying an area of 4,5km2.

During Miocene three sea transgressions took place in the area alternating with two fluvial-marshy
phases including the lignite beds of 30cm average depth (Maratos, 1952). Apart from the surface ob-
servation (Figs 8a, 8b) no other exploratory work was implemented in the area.

3.7 Roussa Limni 

It is located at the margins of Sitia city occupying an extent of about 35km2. Besides the geological
mapping (Fig. 9b) and surface recordings, no further investigation was carried out in the area. The
surface observation leads to the conclusion that the marine deposition of the sediments was inter-
rupted by a small period of deposition of lacustrine-lacustrine-marshy sediments of 6m thickness,
resulting in lignite generation without any economic interest (Fig. 9a). At the margins of the basin,
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Fig. 7: (a): Stratigraphic section of lignite outcrop in Almyri Panagia area; (b): Geological map of Almyri Pana-
gia area.



to the west of Sitia city, a small occurrence of lacustrine Pliocene formations is observed with po-
tential lignite deposition (Karageorgiou, 1978).

3.8 Toplou monastery

It is located East of Sitia city at a distance of 18 km, occupying an area of 20km2. The development
of the geological formations in the area is similar to this of Lake Roussa area (Fig. 10b).The drilled
borehole for irrigation of the cultivations provides the only evidence for the existence of lignite beds
in the area where a lignite seam of 40 m thickness was found at a depth of about 70m (Fig. 10a). In
order to confirm the occurrence of “blind” lignite deposit, this area should be further investigated
(Karageorgiou, 1978).

4. Possibility of lignite deposits use

According to the data from the Public Power Corporation (P.P.C.), the electricity needs in Crete
amount annually to 3050Gw/h. To produce this energy, two units of 300MWatt each are required.
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Fig. 8: (a): Stratigraphic column of Handras area; (b): Geological map of Handras area.



Burning oil produces the higher percentage. According to data obtained from the investigations so
far on the island, a unit of 150Mwatt can be constructed and run with the existing lignite reserves.
These reserves will increase if the potential lignite reserves of the island of Crete will be explored
more systematically. At least 25% of the electricity consumed can be covered by the use of lignite
instead of oil as fuel with lower costs and hence lower prices paid by the consumer. On the other hand
carbon dioxide and other heat-trapping gases are declared as pollutants and endanger public health
and welfare. Man-made CO2 released into the atmosphere is a significant contributor to the green-
house gas effect and related global warming. This fact must be taken into account in an island with
important tourist industry. With plans to drastically reduce the venting of CO2 through capture at the
source [Carbon Capture and Storage (C.C.S.) Technology], vast volumes of CO2 will need to be se-
questered and it is expected that CO2 capture and storage in the subsurface and monitoring are going
to be of major importance in the future. Pilot Projects concerning carbon sequestration are under de-
velopment worldwide. In the case of Crete, storage-related research should be done, in the sea at great
depths or below evaporitic horizons, in order to estimate the CO2 storage capacities. In parallel,
other methods than the conventional ones for the lignite exploitation and combustion can be applied
to reduce the environmental impact. As an example the in situ combustion is mentioned.

In the recent years an investigation was carried out by the Institute of Geology and Mineral Explo-
ration (I.G.M.E.) under the Community Support Framework programs, on the possible uses of lig-
nite in other applications than electricity production (I.G.M.E. Final Report: Study and Research of
selected Solid Fuel deposits for application in other than electricity uses, ISBN 978-960-87453-2-
2, 2008). 

XLIII, No 5 – 2243

Fig. 9: (a): Stratigraphic column of Roussa Limni area; (b): Geological map of Roussa Limni area.
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It was concluded that Crete lignites may be suitable for use as additives in drilling mud, as a soil im-
provement product and as a pollutant-removing material contributing to the increase of their eco-
nomic value.

5. Conclusions-Results

Lignite basins mainly of Miocene age develop in the island of Crete. The total reserves of these
basins amount 25,000 million tons. Among these reserves some millions tons can be exploited. Since
the electric power requirements in the island of Crete reaches 3.050 Gw/h annually, mostly covered
by the use of oil, lignites exploitation can contribute to a dependency reduction of at least 25%. This
lignite exploitation can be achieved using new technologies in order to reduce the impact on the en-
vironment and offer cheaper and cleaner energy. In this purpose a more systematic investigation of
the lignite deposits in the island of Crete is necessary. The use of lignites in other than electricity pro-
duction applications is also possible.
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Fig. 10: (a): Stratigraphic column of Toplou area; (b): Geological map of Toplou area.
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Abstract 

The Akropotamos area constitutes a new geothermal field located in the eastern coastal zone of the
Strymonikos Gulf in Macedonia (Northern Greece). After a detailed and systematic reconnaissance
study including water temperature measurements at the heads of the existing irrigation and water
supply wells, 6 new geothermal wells were constructed. This geothermal drilling program was per-
formed by the Institute of Geology and Mineral Exploration during October 2003 - February 2006.
Temperature and fluid conductivity logs were carried out into these boreholes during their drilling
and after their completion. Well AKR-1 has a depth of 275 m and produces thermal waters at a tem-
perature of 83oC with artesian flow rate 150 m3/h and large amounts of dissolved CO2. Well AKR-
2 of 410 m yields 25 m3/h of waters at 46oC. Well AKR-3 was drilled down to 515 m and the
temperature of 88.9oC was measured at 498 m. This well yields about 200 m3/h CO2-rich geother-
mal fluids at a temperature of 90oC with artesian flow. Next to this borehole, well AKR-4 was drilled
at 180 m penetrating a shallow aquifer with waters reaching 49.7oC. During pumping test with con-
stant flow rate, this well yielded 40 m3/h water of 48oC. Well AKR-5, 422 deep, was drilled in the
western part of the study area close to the Strymon river’s mouth. The temperature of 27.8oC was
recorded at 280 m into this borehole. The last well AKR-6 was drilled down to 545 m in the eastern
part of the field. The temperature of 38oC was recorded at depth of 503 m. Pumping tests were per-
formed in wells AKR-2 and AKR-4. This geothermal drilling project has resulted in the official char-
acterization of the Akropotamos - Kavala area as a “proven low enthalpy geothermal field”. 

Key words: Akropotamos, Macedonia, geothermal field, geothermal wells, Strymonikos Gulf,
Kavala, CO2.

1. Introduction 

The Akropotamos area constitutes a new low enthalpy geothermal field located in the eastern coastal
zone of the Strymonikos Gulf in Macedonia (Northern Greece). During 2002-2006 the Institute of
Geology and Mineral Exploration (I.G.M.E.) of Greece performed a systematic geothermal inves-
tigation in the area extended between the mouth of the Strymon river and the Eleftheres thermal
springs (Fig. 1). After a detailed and systematic reconnaissance study including evaluation of geo-
logical and tectonic setting of the wider area, water temperature measurements at the heads of 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
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existing irrigation and water supply wells and geophysical surveys, six (6) new production geot-
hermal wells were constructed at depths of 180-545 m and produce waters up to 90oC. This drilling
activity proved the existence of one of the most important low enthalpy geothermal fields of Greece
in the area. This paper presents the results of the geothermal drilling project in the Akropotamos -
Kavala field supported financially by the 3rd Community Support Framework 2000-2006 (Opera-
tional Programme “Competitiveness”). 

2. Geological and tectonic setting

The Akropotamos geothermal area belongs to the wider area of the Strymon basin. This basin is a
typical post-orogenic graben. It has been formed between the Serbomacedonian Massif (SMM) to
the west and the Rhodope Massif (Pangeon Unit) to the east and it has been filled with Neogene and
Quaternary sediments of a total thickness reaching about 4000 m. Various depositional palaoenvi-
ronments (continental, fluvial, fluviolacustrine, lacustrine-marshy, marine, brackish, deltaic) were
created during Neogene-Quaternary and their succession make the stratigraphy very complicated
(Syrides, 2000). The typical stratigraphic column of the basin consists of the older Miocene forma-
tions (basal conglomerates and breccias, alternations of clays, sandstones, dark brown marls, lignite
layers, petroliferous limestones), 700-800 m Pliocene sediments (layers of clays, conglomerates,
travertines, marls, red clays, sandstones, siltstones, limestones, lignites) and 900-1000 m of Pleis-
tocene deposits (alternations of sands, clays, sandstones, marls, siltstones, conglomerates and lime-
stones) (Lalechos, 1986; P.P.C., 1988). The Strymonikos Gulf (or Orfanos Gulf) can be considered
as an offshore extension of the Strymon basin southeastwards separated from the continental Stry-
mon basin by a horst (tectonic uplift) close to the present estuary of the Strymon river. Noussinanos
(1991) considers the northern part of the Orfanos Gulf to correspond to a post-Alpine basin in a
shallow marine environment (“shallow water”) and the southern part of the Orfanos Gulf to belong
to a “transitional” environment. According to Lalechos (1986) during Miocene there was no con-
nection between a lake prevailed extended to the continental basin and the Miocene Sea of the Or-
fanos Gulf because of a probable barrier from the metamorphic basement. Sediments composed of
marls with intercalation of anhydrite layers and deeper layers of hard sandstones and limestones
were revealed in a cross-section of a road next to the sea and these formations can be correlated
with offshore well APOLLONIA-1 (AP-1) drilled in the Strymonikos Gulf (Fig. 1) indicating that
during Pliocene a fault had separated the continental area of the Strymon basin and the Orfanos Gulf
(Lalechos, 1986). Oil exploration borehole AP-1 of 3146 m depth has penetrated Pleistocene-
Holocene deposits (0-1250 m), Pliocene sediments (1250-1875 m) and Miocene formations (1875-
3146 m). Holocene - Pleistocene deposits consist of alternating sands, clays and sandstones with
locally lignite intercalations and fragments of Bivalvia (Lamellibranchia). Pliocene - Miocene sed-
iments are composed of alternating sandstones, siltstones, clays and marls. Alternations of dolomites,
sandstones, limestones and anhydrites dominate near the base of Miocene formations (Lalechos,
1986). In borehole AP-1 the temperatures of 59-67 and 121-130oC were registered at depths of 1335
and 3146 m respectively and the average geothermal gradient is estimated to be 36.5oC/km. During
the Upper Miocene, the South Kavala Ridge (tectonic uplift in a NW-SE direction, South-East of the
Akropotamos area, Fig. 1) emerged to separate the Prinos - Kavala basin from the Orfanos Gulf
(Pollak, 1979). 

The Akropotamos area lies close to the “Strymon line”, which is the tectonic contact between the Ser-
bomacedonian and Rhodope Massifs. Therefore, the geological basement of this area consists of
gneisses, amphibolites and schists belonging to the Serbomacedonian Massif (Kerdylia series) to the
West and marbles (dominant rock type) and schists belonging to the Pangeon Unit (Rhodope Mas-
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sif) to the East. Tertiary granitoids have intruded into the crystalline rocks of the basement (Eleft-
heriadis G. et al., 2001). The oldest Miocene sediments of the Akropotamos area consist of lacus-
trine and fluvial-lacustrine deposits with conglomerates, sands, coarse-grained sandy marls and
sandstones with a total thickness more than 500 m. Eastwards thick laminated biogenic limestones
of Middle Miocene age of high secondary porosity are located. The sedimentary series was devel-
oped uniformly towards the Pliocene. Pliocene sediments consist of travertine deposits, sands and
clays of marine origin and calc-sandstones. Southwards the entire series is covered by recent coastal
and fluvial - torrential deposits and scree.

The fault pattern of the Akropotamos area is dominated by NW-SE and NE-SW faults. The NW-SE
faults with a greater population are activated as oblique sinistral normal faults and they have high
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Fig. 1: Simplified geological map of the Akropotamos area with the sites of geothermal wells [1: Alluvial deposits
in valleys and coastal deposits, 2: Alluvial fans and older talus cones - Scree, 3: Pleistocene lacustrine and conti-
nental deposits: clays, loams, sands, conglomerates, 4: Pleistocene marine deposits: marls, clays, sands, conglom-
erates, coastal terraces, 5: Pliocene marine deposits: conglomerates, sands, clays, marls, marly limestones, 6:
Mio-Pliocene lacustrine and terrestrial sediments: conglomerates, sands, marls, clayey material, marly limestones
and clays, 7: Mio-Pliocene marine deposits: the above-mentioned detrital sediments, 8: Amphibolites, gneisses,
schists with marble intercalations (Rhodope Massif), 9: Marbles or crystalline limestones (Rhodope massif), 10: Am-
phibolites, gneisses, schists with marble intercalations (Serbomacedonian Massif). 11: Gneisses (Serbomacedon-
ian Massif), 12: Tertiary granitoids, 13: Fault, 14: Probable fault, 15: Strymon tectonic line, 16: Oil exploration
borehole, 17: Geothermal well]. The compilation of this map is based on the geological map of Greece at a scale
of 1:500,000 (I.G.M.E., 1983) with some additional tectonic structures derived from the 1:500,000-scale seismo-
tectonic map of Greece (I.G.M.E., 1989) and some modifications according to Lalechos (1983) and Pollak (1979). 



dip angles. The NE-SW faults are very common in the area, probably related to the Kavala-Xanthi-
Komotini fault zone (Mountrakis and Tranos, 2004). These faults are activated as oblique dextral-
normal faults. During Lower Quaternary the wider area of Akropotamos was affected by NW-SE and
NE-SW striking faults. Two main tectonic blocks are observed in this area: the Akropotamos horst
and the Pieria graben (east of the investigation area). The wider area was activated due to the pres-
ence of the North Anatolian Fault Zone. 

The thermal springs of Eleftheres located about 3 km east-northeast of the study area constitute the
only geothermal manifestation in the wider area. Their water temperature is 38.7-53oC. These springs
are situated in the Marmaras river Valley occurring in a NNW-SSE direction in the Symvolon gran-
itoid (Miocene granodiorite) although the marbles of the Pangeon Unit dominate in the area. The
presence of the springs is related to a fault or intersecting faults (P.P.C. and E.N.E.L., 1979;
Gavrielides, 1990). 

3. Geothermal drilling activity in the Akropotamos area

3.1 General 

A detailed and systematic reconnaissance study was carried out in the Akropotamos area extended
between the mouth of the Strymon river and 3 km west of the Eleftheres thermal springs. This study
was performed during 2002-2003 including evaluation of geological and tectonic setting of the wider
area, water temperature measurements at the heads of the existing irrigation and water supply wells,
water sampling and chemical analyses and geoelectric surveys. Based on the results of this research,
6 exploration - production geothermal wells were constructed by I.G.M.E in the investigation area
during the period October 2003 - February 2006. The sites of these wells are shown on the map of
Figure 1: The results of this drilling activity are presented as follows.

3.2 Geothermal well AKR-1 

Geothermal well AKR-1 was drilled in the coastal zone, south of the national road Thessaloniki - Nea
Peramos - Kavala. The coordinates of the drilling site are X:504423 and Y: 4507391 (Greek Grid,
GGRS1987). Its elevation is approximately 9 m a.s.l. This well was drilled during October-Decem-
ber 2003. It has a depth of 275 m. Pliocene and Miocene sediments were penetrated. These sediments
consist of chaotic conglomerates, clayey-marly formations, fractured limestones and calcareous con-
glomerates. The geothermal reservoir is located at 240-275 m depth composed of calcareous con-
glomerates. The lithologic column and the mechanical diagram with the main construction features
of well AKR-1 are shown in Fig. 2. The wellbore was drilled at a diameter of 15΄΄ to a depth of 40
m and drilling was then continued at a diameter of 9 5/8΄΄ down to the final depth of 275 m. The cas-
ing of this borehole has a diameter of 10 ¾΄΄ at 0-40 m and 6 5/8΄΄ at 0-275 m. Screens were placed
at 233-275 m. The well was cemented from the surface to 40 m depth. Well AKR-1 produces about
150 m3/h waters of 83oC with artesian flow. The electrical conductivity of water is 7718 μS/cm. The
produced geothermal fluids contain significant quantities of carbon dioxide (CO2).

3.3 Geothermal well AKR-2 

Geothermal well AKR-2 was constructed at a distance of 3.2 km WNW of well AKR-1 in the coastal
zone. Its coordinates are X: 501353 and Y: 4508475 (Greek Grid, GGRS1987) and its elevation is
approximately 7 m. It was drilled during January-April 2004. The total drilled depth was 422 m and
the borehole was cased down to 410 m. The section from the surface to 45 m was drilled at a diam-
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eter of 15΄΄ and drilling continued at a smaller diameter (9 5/8΄΄) below 45 m. The casing of this bore-
hole has a diameter of 10 ¾΄΄ at 0-45 m, 6 5/8΄΄ at 0-48 m and 5΄΄ at 48-410 m. Screens were placed
at 294-410 m. The borehole was cemented from the surface to 100 m depth.

Well AKR-2 penetrated a sedimentary sequence composed of sands, pebbles, gravels, unconsolidated
calcareous conglomerates, unconsolidated clayey sandstones, clays, marls and coarse-grained sand-
stones. The geothermal aquifer is located at depths of 282-422 m composed of coarse-grained sand-
stones. Temperature and water conductivity logs were performed in borehole AKR-2. The temperature
of 48oC was measured at 360 m (Fig. 3). Considering that the mean annual surface temperature of the
area is 16.8oC, the average geothermal gradient is calculated to be 8.70 oC/100 m from the surface to
360 m depth. The results of water conductivity logs recorded in this borehole at various dates are
shown in Fig. 4. Measurements dated 20/4/2004 and 25/5/2004 showed an enormous increase between
70 and 190 m depth and the maximum value reached 15800 μS/cm at 130 m on 20/4/2004. This in-
dicates a probable intrusion of sea water into the unconsolidated calcareous conglomerates located at
65-120 m depth influencing a large part of this well. This increase was not recorded on 29/4/2004 and
the electrical conductivity rose gradually down to 344 m reaching 3680 μS/cm. 

A 24-hour pumping test at a constant flow rate of 25 m3/h was performed. The final drawdown was
measured at 44.6 m. The static water level was 7 m before pumping. The water temperature re-
mained constant at 46oC during the pumping test and the electrical conductivity of the pumped water
was 3334-3600 μS/cm. 
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Fig. 2: (left): Lithologic column and mechanical diagram of geothermal well AKR-1; (right): Photo showing
the artesian flow rate of geothermal well AKR-1.
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Fig. 3: Geothermal well AKR-2.



3.4 Geothermal well AKR-3 

Geothermal well AKR-3 was drilled at a distance of 1.62 km southeast of well AKR-2 in the
coastal zone (Fig. 1). Its coordinates are X: 502858 and Y: 4507783 (Greek Grid, GGRS1987) and
its elevation is approximately 2 m. It was constructed during May-October 2004. The total well
depth is 515 m. Sands, clays, sandstones and conglomerates were penetrated. The lithology of
this borehole is shown in Fig. 5. A deep geothermal aquifer is located at 480-515 m depth. This
aquifer is made up of sandy sandstones and contains geothermal fluids of about 90oC. A shallow
aquifer composed of coarse-grained sandstones and conglomerates is located at 102-185 m depth
containing thermal waters of 48-49oC. Microfossils have been found at depths of 96-102, 258-270,
360-372, 480-492 and 510-515 m. Among them, the presence of Tectochara escheri (Charophyta)
found in the lower layers of this borehole (486-515 m depth) is of special interest and suggests a
Miocene to Middle Pliocene age for these strata. The total casing depth is 515 m. Screens were
placed from 440 to 515 m depth (Fig. 5). Temperature and water conductivity logs were performed
in this borehole at different times. The maximum measured temperature was 88.9oC at depth of
498 m. Considering that the mean annual surface temperature of the area is 16.8oC, the average
geothermal gradient is calculated to be 14.48oC/100 m from the surface to 498 m depth. All con-
ductivity measurements show a significant increase between 100-230 m depth and the maximum
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Fig. 4: Water conductivity logs in geothermal well AKR-2.



value was 14000 μS/cm at 215 m registered on 9/9/2004. This indicates the presence of brackish
water in a shallow aquifer. This brackish water has a temperature of 48-50oC. Fig. 5 shows the con-
ductivity vs. depth curve based on logs carried out on September 27, 2004. Well AKR-3 produces
about 200 m3/h waters of 90oC with artesian flow. The electrical conductivity of water is 5858
μS/cm. The produced geothermal fluids contain significant quantities of CO2. 
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Fig. 5: Geothermal well AKR-3.



3.5 Geothermal well AKR-4 

Geothermal well AKR-4 was drilled next to well AKR-3, only a few meters away (Fig. 1). Its coor-
dinates are X: 502862 and Y: 4507796 (Greek Grid, GGRS1987). It was constructed during April-June
2005. The total well depth is 180 m. Borehole AKR-4 penetrated a sedimentary sequence composed
of sands, gravels, pebbles, grey-green plastic clays with thin intercalations of sands and gravels and
finally pebbles and consolidated sandstones (Fig. 6). The latter sediments located at 114-185 m depth
make up a hot aquifer containing waters of 46-49.7oC. Temperature and water conductivity logs were
performed in borehole AKR-2 on September 12, 2005. The maximum temperature of 49.7oC was
measured at depth of 168.86 m. Considering that the mean annual surface temperature of the area is
16.8oC, the average geothermal gradient is calculated to be 19.48oC/100 m between the surface and
168.86 m depth. Water conductivity log showed a rapid and high increase below 115 m depth and the
maximum value of 34000 μS/cm was recorded at 165 m depth (Fig. 6). This increase in water con-
ductivity indicates a high percentage of seawater in the shallow geothermal aquifer due to probable
seawater intrusion into this aquifer. Step-drawdown and constant-rate pumping tests were carried out
after the completion of the well. The static water level was 3 m before pumping. A step-drawdown
test was performed on June 23, 2005. The well was pumped for 2 hours each in two steps at discharge
rates of 28 and 40 m3/h respectively and the total drawdown was 32.77 m at the end of the test. The
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Fig. 6: Geothermal well AKR-4.



24h constant-rate pumping test was performed at a flow rate of 40 m3/h and the drawdown at the end
of this test was 37.12 m. The water temperature was increased from 47oC (in the beginning of the con-
stant-rate test) to 48oC (after 16 hours pumping) and remained constant until the end of this test. Elec-
trical conductivity of the pumped water was 36990-37360 μS/cm.

3.6 Geothermal well AKR-5 

Well AKR-5 was drilled 2.2 km southeast of the Strymon river estuary at a small distance from the
coast. Its coordinates are X: 489165 and Y: 4514004 (Greek Grid, GGRS1987) and its elevation is
about 1.5 m. Well AKR-5 was drilled down to 422 m and penetrated a sedimentary sequence com-
posed of unconsolidated sands (0-45 m depth), coarse-grained sands (45-50 m), alternations of com-
pact sands and clays of Neogene age (50-180 m), alternations of Neogene compact sands and clays
with dominant clay material (180-280 m), aquifer sands (280-320 m), clays (320-330 m), aquifer
sands derived from gneisses (330-350 m), clays (350-380 m) and impermeable organic material (380-
422 m). The wellbore was drilled at a diameter of 17½΄΄ from the surface to 12 m depth and drilling
then continued at smaller diameters below 12 m (drilling was 11΄΄, 9 7/8΄΄, 7 ½΄΄ and 5 5/8΄΄ in di-
ameter at depths of 12-48, 48-218, 218-330 and 330-422 m respectively). Well AKR-5 was cased
down to 422 m and 12΄΄, 10΄΄, 8΄΄, 6΄΄ and 4΄΄ casings were set at depths of 0-12, 0-48, 0-218, 170-
290 and 278-422 m correspondingly. The total casing length is 542 m. The annular space around the
outside of the 12΄΄ surface casing was cemented. The annular space between the 12΄΄ and 10΄΄ cas-
ings from the surface to 12 m depth was cemented too. Cementing was also performed around the out-
side of the 8΄΄ casing down to 60 m depth. Screens were placed at depths of 280-340, 355-363,
375-383 and 416-418 m. Temperature and water conductivity logs were performed in borehole AKR-
5 on October 11, 2005. The static water level was 3.2 m below the surface. The temperature of 27.8oC
was measured at depth of 280 m. Considering that the mean annual surface temperature of the area
is 16.8oC, the average geothermal gradient is calculated to be 3.93oC/100 m from the surface to 280
m. Water conductivity log showed a gradual increase with depth. Electrical conductivity values ranged
from 10138 to 19500 μS/cm at depths of 4-280 m. Below 120 m the water conductivity values were
higher than 18000 μS/cm indicating the influence of seawater on the sandy aquifers.

3.7 Geothermal well AKR-6 

Well AKR-6 was drilled 1.9 km east of well AKR-1 and approximately 3 km SW of the Eleftheres
thermal springs (Fig. 1). Its coordinates are X: 506291 and Y: 4507527 (Greek Grid, GGRS1987)
and its elevation is about 13 m. It was constructed during October 2005-February 2006. Well AKR-
6 was drilled down to 545 m depth and penetrated a sedimentary sequence composed of scree and
travertine limestones (0-42 m depth), Neogene sandy clays (42-96 m depth), unconsolidated con-
glomerates and breccias alternating with marls (96-135 m), clays and marls (135-174 m), sandy
clayey-marly sediments (174-192 m), flyschoid formations (192-246 m), consolidated organic clays
and sandy clays (246-486 m), grey-green clays and fine-grained sands (486-492 m), fine-grained
sands (492-516 m), clays with gravels and small pebbles (516-522) and finally grey-green clays
with fine-grained sands and gravels (522-545 m). The wellbore was drilled at a diameter of 22΄΄

from the surface to 6 m depth and drilling then continued at smaller diameters below 6 m (drilling
was 17΄΄, 9 7/8΄΄ and 5 5/8΄΄ in diameter at depths of 6-117, 117-492 and 492-545 m respectively).
Well AKR-6 was cased down to 545 m and 19½΄΄, 10΄΄, 6΄΄ and 4΄΄ casings were set at depths of 0-6,
0-117, 102-492 and 485-545 m correspondingly. The total casing length is 573 m. The annular space
around the outside of the 19½΄΄ surface casing was cemented. Cementing was also performed around
the outside of the 10΄΄ casing down to 60 m depth. Screens were placed at depths of 497-515, 521-533

XLIII, No 5 – 2255



and 539-545 m. Temperature and water conductivity logs were performed in AKR-6 at various dates.
The temperature of 38oC was recorded at 503 m depth and the average geothermal gradient is cal-
culated to be 4.2oC/100 m from the surface to this depth. The conductivity logs have registered val-
ues higher than 6600 μS/cm reaching up to 36940 μS/cm. 

4. Conclusions

In the Akropotamos area, the preliminary geothermal investigation resulted in a drilling program in-
cluding the construction of 6 exploration - production wells (AKR-1, AKR-2, AKR-3, AKR-4, AKR-
5 and AKR-6). All these wells were drilled in the coastal zone of the Strymonikos Gulf at depths of
180-545 m. The main geothermal interest is focused on the area between wells AKR-2 and AKR-1
along the coastal zone (Fig. 1), where geothermal waters of 46-90oC are produced from depths of
130-515 m. Two geothermal aquifers have been recognized in this area: (a) a shallow aquifer at 100-
185 m depth containing high-conductivity (14000-38000 μS/cm) waters of 46-49.7oC and (b) a deeper
reservoir at 240-515 m containing lower conductivity (3600-8160 μS/cm) waters of up to 90oC. Wells
AKR-1 and AKR-3 produce about 150 and 200 m3/h CO2-rich waters of 83 and 90oC respectively with
artesian flow. The Akropotamos area has been characterized officially as “a proven low temperature
geothermal field” and its boundaries have been defined by a Ministerial Decision (Official Gazette
1058/B΄/ 02.06.2009) based on the geothermal study carried out by I.G.M.E.
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Abstract 

The Epsilon field, is located at the centre of Prinos oil basin (N. Aegean, Greece), 11 km NW of the
island of Thassos and 4 km NW of the Prinos field, the first productive oil field in the Aegean Sea.
The taphrogenetic basin of Prinos has been widely studied, due to its hydrocarbon reservoirs. Ex-
tensive geophysical survey, started at early 1970 ‘s, led to a number of drilling jobs, which con-
firmed the existence of hydrocarbons in the area. The combined geological information, derived
from the analysis of lithological, stratigraphic and geochemical data of the basin, suggested a struc-
tural and depositional model, strongly related to the Miocene tectonics and sedimentation. The new
geophysical and drilling data from Epsilon oil field, are correlated to that already known, complet-
ing the model of the basin. Pay zone is found to be below an evaporitic sequence, consisting pre-
dominantly of salt, with anhydrite, clay and sandstone intercalations. These upper Miocene aged
evaporites extend, varying in thickness, throughout Prinos basin. Reservoir consists mainly of sand-
stone with intercalations of claystone and trace of siltstone. The geology of the structure and the ini-
tial productivity, were positive for further drilling operations in Epsilon field. 

Key words: Prinos taphrogenetic basin, anticline, evaporites, Epsilon oil field, drilling data.

1. Introduction 

The Epsilon oil field is located in the north Aegean Sea between the Greek mainland and the island
of Thassos, approximately 11 km S-SE of the city of Kavala. It belongs to the taphrogenetic basin
of Prinos, the only area with productive hydrocarbon fields in Greece (Fig. 1). Geophysical (seis-
mic) exploration in the area at large, started in 1970 and resulted to a number of drillings. The first
well was drilled in 1971, 20 km east of Thassos island but encountered very low gravity oil (Proe-
drou and Sidiropoulos, 1992). In 1972-1973 the next two wells were drilled west of the island and
led to the discovery of South Kavala gas field in 52 m of water depth. The main reservoir was a
tourbiditic sand package, contained in between a sequence of evaporites. It consisted mainly of
methan and small quantities of ethan, propan and butan (Proedrou and Sidiropoulos, 1992; Proedrou,
2001). The fourth drilling attempt, was at the end of 1973, at the centre of Prinos basin and led to
the discovery of Prinos oil field in a water depth of approximately 30 m. The oil was present in
stacked turbiditic sandstones, in four reservoir units. It was waxy, containing a high proportion of
asphaltenes, sulphur and H2S (Proedrou and Sidiropoulos, 1992). Four delineation wells in 1975-
1977 (Proedrou and Sidiropoulos, 1992) and a 3-D seismic survey followed by interpretation in
1993-1995, confirmed the presence of North Prinos oil field. The five wells that were drilled in
1976, 1994, 1996, 2004 and 2009, kept the field in production till today.
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The Epsilon oil field was discovered in late 2000, in a water depth of 30-40 m. The well E-1 drilled
in 2001 but it was suspended and re-entered in 2002 as E-1A. Technical problems led to re-drilling
in 2002 and the well was sidetracked as E-1As.

This work presents geological and geophysical data from Epsilon oil field in Prinos basin. Data were
given from KAVALA OIL SA, as part of the project ARCHIMEDES II: “Rock ‘n’ oil-The Kavala
band”, supervised by Department of Oil and Gas Technology, Technological Educational Institute
of Kavala. The project was co-financed by the European Social Fund (75%) and Greek national re-
sources (25%), under the Framework of the Third Community Support Framework 2000-2006, Op-
erational Program for Education and Initial Vocational Training, Priority Action Line 2 – Promotional
Improvement of Education and Vocational Training within the framework of Lifelong Training,
Measure 2.2 – Reformation of Studies Programmes, Expansion of Higher Education, Action 2.2.3
– Postgraduate Studies Courses, Research Scholarships, Action Category 7 - Enhancement of Re-
search Groups in Technological Educational Institutes.

2. Prinos basin model

2.1 Geotectonic evolution

The extensive exploration for hydrocarbons in the offshore area at large of Thassos island and the study
of the well drilling data that followed on, since 1970, brought the information for understanding the
geotectonic evolution of the area. A detailed description of this information and a complete model for
the geology and the depositional model of Prinos basin can be found in literature (Pollak, 1979; Proe-
drou, 1979; 1988; Proedrou and Sidiropoulos, 1992; Georgakopoulos, 1998; 2000; Proedrou, 2001;
Proedrou and Papaconstantinou, 2004; Kiomourtzi, 2007; 2008; 2009). According to this model, the
Prinos basin is a result of the post-alpine tectonism that started in early to middle Miocene and led to
the breaking of the Aegean plate and to the subsidence of the pre-alpine Rhodope massiv under the sea
level. This gravity tectonics was responsible for the genesis of grabens and horsts in North Aegean. A
number of gravity, often echelon, faults with NE-SW and NW-SE direction formed the taphrogenetic
basin of Prinos. Its length is approximately 38 km, from Nestos river delta in NE, to offshore south
Kavala ridge in SW. Its width is approximately 20 km, from Thassos island in SE, to the opposite
mainland in NW. It is subdivided into two sub-basins, separated by a topographic basement high, in
Ammodhis area (Fig. 1). The Nestos sub-basin is located at the north part and the Prinos sub-basin,
deeper than the previous, at the south part. The taphrogenetic basin is structured by roll-over anticlines,
formed by NW-striking and SW-dipping faults which are related to the trapping mechanism (Fig. 2).
These faults, still active today, activated during sedimentation (syngenetic faults) and resulted in the
dome-like anticlines of Prinos, North Prinos, Epsilon, Ammodhis and South Kavala (Fig. 1).

The NE part of Prinos basin was probable close by the first time of its formation, while the SW
basement started to uplift by messinian period, forming the south Kavala ridge (Fig. 1). The basin
was gradually isolated from the open sea and changed into a lagoon.

2.2 Stratigraphy

The stratigraphy model of the taphrogenetic basin has been presented by Pollak (1979) and Proedrou
(1979) (Fig. 3). According to this, the generalized stratigraphic column is divided into three series:

• The Pre-Evaporitic Series.
• The Evaporitic Series.
• The Post-Evaporitic Series.
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Fig. 1: The Epsilon oil field is located in the middle and north part of the basin of Prinos (N. Aegean Sea). Along
with Prinos field, Prinos North field and South Kavala gas filed are the only productive hydrocarbon fields in
Greece. The oil generation and the migration paths are shown. Figure from Proedrou and Papaconstantinou (2004).

Fig. 2: Simplified cross section of the Prinos basin parallel to the long axis. The roll-over syngenetic faulting
formed the dome-like anticlines. Depths in kilometres below mean sea level. Figure from Proedrou and
Sidiropoulos (1992). 

6 (5)



The Palaeozoic basement is composed of metamorphic rocks: gneiss, quartzite and dolomitic mar-
ble. The Pre-Evaporitic Series, closely related to Miocene tectonics, begins with continental de-
posits: conglomerates with large basement components, sandstones, feldspatic, mainly immature,
claystones and thick coal seems. These continental deposits originated from the NE and SW parts
of the basin, decrease in thickness towards the centre of the sub-basins. They are followed by ma-
rine deposits of shales with interbedded sandstones, coarser at the periphery of the basin, which
overlay the older ones with an unconformity. Above these units, a zone of limestone, dolomite and
anhydrite layers alternated with clastics follows. Towards the centre of the basin, to the deeper parts,
the anhydrite is replaced by a few metres thick layers of salt. At the top of the Pre-Evaporitic Series,
at Prinos sub-basin, there is an extended deposition of dark gray claystone, the zone D. It is petro-
liferous and strong carbonaceous, with sandstone intercalations. The following Prinos sub-marine
fan, consists entirely of turbiditic fan deposits, which were deposited along the downthrown side of
a fault escarpment. The present facies, are representative of the turbidite facies classification of
Walker and Mutti (1973). At Nestos sub-basin, the equivalent zone is the pro-deltaic varves (Proe-
drou and Papaconstantinou, 2004).

The Evaporitic Series, closely related to Messinian “Salinity Crisis” of the Mediterranean Sea (Hsu,
1972), consists of two facies, in each of the two sub-basins. In the northern one, anhydrite and lime-
stone layers 3-5 m thick, alternate each other and with sandstone, claystones and marls, too. The se-
ries in the southern part, consists of 7-8 salt layers with increasing thickness towards the base of the
section, which alternate with clastics and has a total thickness up to 800 m. The salt is white, gray,
crystalline, often intercalated by anhydrite and dolomite layers (Proedrou and Papaconstantinou, 2004). 
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Fig. 3: Generalized chronostratigraphic column of Prinos basin. Figure from Proedrou and Sidiropoulos (2004).



The Post-Evaporitic Series is pure clastic and marine origin, as indicated by the presence of a great
number of Pliocene foraminifere and algae. Towards the top, coarse clastic sediments with abundant
rests of molluscs point out to a deltaic, according the seismic, prograding sequence. A transgression
followed with deposition of marine clastic sediments (Proedrou and Papaconstantinou, 2004).

These three series reflect the different sedimentological conditions of each period and generally, in-
crease in thickness towards the centre of the sub-basins.

2.3 Reservoirs

Hydrocarbon fields in Prinos basin are related to rollover anticlines, which are in front of syngenetic
NW-SE striking downthrown faults or surrounded by downthrown faults. Prinos oil field, Prinos
North oil field and South Kavala gas field belong to the former and Ammodhis and Epsilon fields
to the latter case (Proedrou and Papaconstantinou, 2004).

Reservoirs are mainly sandstones and secondly siltstones, that resulted of the uppermost Miocene
depositions from deltaic, marine and turbiditic environments. The evaporites cover the whole basin,
keeping hydrocarbons below them, except from an upward movement of hydrocarbons in South
Kavala and Ammodhis fields, probable due to fault activation. Generally, porosity and permeabil-
ity is decreasing with increasing depth, due to weight overlay, clay content and dolomitization (Proe-
drou and Papaconstantinou, 2004). 

3. Epsilon field data

3.1 Seismic section

The Epsilon oil field is located in the middle of the Prinos basin axis, close to the north slope of the
basin, approximately 4.2 km W-NW of the Prinos oil field (Fig. 1). The 3-D seismic survey that
took place the period 1993-1997, indicated the existence of a new hydrocarbon field in the area.
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Fig. 4: NW-SE seismic section across the wells E-1 and E-1As in Epsilon oil field of Prinos basin. The anti-
clinal structure with the downthrown faults are well illustrated from the seismic reflectors.



The first well, E-1, was drilled in 2001 and confirmed the results of the geophysical research, but as
mentioned in section 1, technical reasons dictated the redrilling in 2002, originally with E-1A and
finally with E-1As wells.

The discovery of Epsilon oil field brought some new data for the already well studied Prinos basin.
In Fig. 4, the NW-SE seismic section across the wells E-1 and E-1As is shown. The anticlinal struc-
ture of Epsilon field with the downthrown faults are well illustrated from the seismic reflectors.

3.2 Drilling data

According to the E-1 well drilling data, as recorded by KAVALA OIL S.A., the Evaporitic Series
started at 1895 m (all depths T.V.D.). The 40 m thick stray evaporite zone consisted predominantly
of anhydrite and salt with claystone, limestone and sandstone. The 1st evaporite horizon was found
at 2096 m depth. It consisted of salt and traces of anhydrite. The salt was colourless, white or milky
white, translucent, firm or crystalline. The anhydrite was white, soft to moderately firm, cryp-
tocrystalline and occasionally microstystalline. The thickness of the horizon was about 34 m. The
2nd evaporite horizon was found at 2195 m depth in well E-1 and at 2195.5 m depth in well E-1A
(KOP from well E-1 was at 2135 m). It consisted of salt with anhydrite intercalations and had a
thickness of about 50 m. The salt was again colourless, white, tan, transparent, firm, well crystalline,
occasionally with succrosic texture and anhydritic. The anhydrite again it was white, soft to mod-
erately firm, cryptocrystalline and occasionally microstystalline. There were also traces of gray, soft
plastic and soluble clay. The 3rd evaporite horizon was found at depths of 2321.5 m in well E-1 and
2319 m in well E-1A. It was composed of salt with clay and sandstone intercalations. The salt was
similar to the 1st and 2nd evaporite, except that sometimes it was anhydritic with up to 10 % anhy-
drite with traces of gypsum. The claystone was gray, soft, highly washable and calcareous. The
thickness of this horizon was 30-34 m. The 4th evaporite was met at depths of 2483.5m in well E1,
2476.5 m in well E-1A and 2479.5 m in well E-1As. It consisted of salt and anhydrite, up to 10%.
The salt was colourless, white to off white, milky white, soft to firm, with succrosic texture, crumby,
well crystalline and occasionally microcrystalline. The anhydrite was milky white, soft to moderately
firm, pasted and occasionally cryptocrystalline. The thickness of this series was 46-50 m. 

The Upper Main Salt (UMS) zone was found at 2633 m deep in E-1 well, while in wells E-1A and
E-1As at 2630 m deep and had a thickness of 50-57 m. The Lower Main Salt (LMS) was at depths
of 2769 m, 2775.5 m and 2777 m at wells E-1, E-1A and E-1As, correspondingly and had a thick-
ness of 30-42.5 m. Both UMS and LMS zones were becoming thicker from the NW to the SE, to-
wards E-1As well.

The cap rock (claystone 70-90% with sandstone intercalations and traces of siltstone), was found at
depths of 2799 m in E-1, 2816m in E-1A and 2819 m in E-1As and had a thickness of 13.5-15 m.
The top reservoir was at 2813 m, 2831 m and 2833 m in the three wells, respectively. The reservoirs
had a total maximum thickness of 77.5 m at E-1As well. They consisted of latest Miocene fan de-
posits, where sandstone was prevalent (60-70%) with claystone intercalations (30-40%) and traces
of siltstone. Sandstone was non-consolidated, colourless, translucent transparent, occasionally smoky
white, fine to medium, subangular and subrounded, pyritic in part. Claystone was gray, soft to mod-
erated firm, blocky, silty, grading to high siltstone and calcareous to high calcareous in part. Sand-
stones were cemented and had porosities that varied from 5-20%. The permeabilities varied from
8-10 md in reservoirs of E-1, to 10-15 md in E-1As. In Fig. 5, a 3-D structure map of Epsilon oil
field, contoured at the top of the reservoir is shown. 
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Epsilon oil is aromatic-asphaltic type with 36.50 API at 180 C and with sulphur content less than the
4% of Prinos oil. The average initial pressures for the producing zones were approximately 6000 psi.
Total reserves at place of Epsilon field were initially estimated to more than 40˙106 bbl.

4. Conclusions

The Prinos basin is the only productive hydrocarbon area in Greece and the Epsilon oil field is the
latest field brought to production. Following the general structure of the taphrogenetic basin, it is a
dome-like anticline formed by NW-striking and SW-dipping syngenetic faults also related to the
trapping mechanism. Guided from the seismic survey of 1993-’97, three drillings took place in 2001-
’02 that confirmed the existence of the new hydrocarbon field. The drilling data were in agreement
to the geotectonic evolution and depositional model of Prinos basin. The quality and quantity char-
acteristics of initial production led to plans for further drilling operations in Epsilon field.
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Fig. 5: A 3-D structure map of Epsilon field, contoured at the top of the reservoir. 
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Abstract

The purpose of this study was the discovery, identification and evaluation of directly exploitable ge-
othermal fields, in the Thermopylae - Anthili area (100km2).

After the evaluation and the processing of any preexisting data, followed the surface works, such as
further geological mapping, tectonic and stratigraphic correlations and analyses, geothermal im-
pressions, observations at 30 recorded points (springs, drillings, wells) regarding water sampling,
chemical analyses, temperature, pH and conductivity measurements, special sampling for Br and iso-
topes analyses. The in depth works that took place concern geophysical prospecting, loggings, small
and large diameter drillings. All the data were digitized and processed in a GIS environment.

After correlating all the data collected for the region, a geological - geothermal model was con-
structed. According to this model, water percolates through permeable formations, joints and faults,
gets mixed with the existing salt water, warms up and then ascends to the surface through faults and
concentrates on proper reservoirs. Specifically, the region of Damasta where two areas of hot water
reservoirs have been identified is of particular geothermal interest. The first, located in Triassic–
Jurassic limestones (more than 600m deep), presents the greatest interest in terms of temperature
and capacity, while the second (found on the surface and up to 350m deep) is located in Quaternary
sediments and the upper formations of the underlying Late Cretaceous limestone.

Key words: geothermy, reservoir, geothermal gradient, isothermal lines, Central Greece.

1. Introduction

Geothermy as an alternative form of energy, is sustainable and does not pollute the environment. It
should also be mentioned that Greece, according to the European Union standards, has to increase
the use of alternative energy sources to 18% of the total energy consumption by 2020. Any geot-
hermal energy exploitation will bring social, financial and environmental benefits, in both regional
and national level.

A research about the geothermal field of Spercheios area was made to identify if there is any geot-
hermal interest in the geological formations of the basin and then to estimate if there is any ability
of these new fields to be exploited. In this framework of the Spercheios basin research (Metaxas
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et.al., 2008), a significant geothermal field was found near Thermopylae – Anthili, in the close area
of Damasta (Fig. 1) that is described below. 

Spercheios basin is located in central Greece and in terms of administration belongs to the Fthiotida
prefecture , where reside the headquarters of the region of Central Greece. The basin’s surface is ap-
proximately 700km2, while of the wider research area is 2400km2. It ranges from Maliakos bay in
the East to Tymfristos mountain on the West. To the North the basin is defined by Mount Orthris and
to the South by mountains Iti and Kallidromo (Fig. 1).

Geothermal energy in Spercheios basin has been known since ancient times. For example the Ypati
baths are mentioned in inscriptions of the 4th century B.C. and seem to have been dedicated to the god-
dess Aphrodite. During the Turkish Occupation they were known as “Patratzik Baths”.

The only use of geothermal energy so far, is for spa therapy.

2. Methodology

After the evaluation and the processing of previous studies (Garagunis, C. N., 1976; Stamatakis,
1987) and any preexisting data, as were the geological mapping (Marinos et al., 1963, 1967) and the
recorded temperature measurements of the water samples by surface-active hot springs, drillings
and wells (Dounas et.al, 1978), an widespread thermal anomaly was observed in Spercheios that
occupies the entire basin and extends beyond it.

The survey in Spercheios basin, determined that the Thermopylae-Anthili area, namely the close
area of Damasta presents the greatest geothermal interest. The results of this study is the outcome
of numerous surface works in the area such as further geological mapping, tectonic and stratigraphic
correlations and analyses, geothermal impressions, observations at 30 recorded points (springs,
drillings, wells) regarding water sampling, chemical analyses, temperature, pH and conductivity
measurements, special sampling for Br and isotopes analyses. The in depth works that took place
concern geophysical prospecting, loggings, small and large diameter drillings. All the data were dig-
itized and processed in a GIS environment. After correlating all the data collected for the region, a
geological - geothermal model was constructed.

3. Thermopylae-Anthili area

The surface warm water events occur along faults in the areas of Kammena Vourla, Thermopylae,
Psoroneria, Ypati, Platystomo, Palaiovracha, Archani (Metaxas et al., 2008).
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Fig. 1: Indicative map of Spercheios Basin (in black frame the Thermopylae-Anthili area).



The area of Thermopylae - Anthili is located in the southeastern part of the Spercheios basin and cov-
ers an area of 100km2. The synthesis of geological mappings (Fig. 2) indicated that the background
consists of flysch and limestones (Upper Cretaceous), parts of the schist-chert formation with ophi-
olites and limestones (Triassic – Jurassic) of the Subpelagonian zone. The sediments of the area are
mainly recent formations of river and torrent beds, older fluvial and torrential deposits, slope debris
and hot springs’ travertine, mainly in the Thermopylae and Psoroneria areas. In coastal regions, par-
ticularly at the mouth of Spercheios river, recent marsh formations with peat are observed. The
basin’s clastic sediments and the layers of limestone and dolomite are permeable formations and
are able to hold significant quantities of geothermal fluids. The impermeable formations of ophio-
lites and flysch as well as the fine-grained clastic materials, mainly located in the eastern part of the
basin, are considered the permeable formations’ cap preventing thus any direct heat loss.

The intense tectonics observed in the basin, the vertical faults, the joints and any form of discontinu-
ity, are contributing to the upward movement of hot fluids that reach the surface. Warm water, during
its ascent through the faults towards the surface, is mixed with cold water table aquifers, leading to
changes in both its temperature and its chemical composition. The temperature across the basin is ir-
regular and significant fluctuation is observed from place to place. The main directions of the region’s
faults are E-W and NW-SE while the recent ones are vertical to the old ones: NE-SW and N-S.

In Thermopylae-Anthili and namely in the close area of Damasta, were also carried out several small
and large diameter drillings (Fig. 2) that were part of this project (Metaxas et al., 2008) in order to
determine the geothermal field for immediate use, and its qualitative and quantitative parameters.

Specifically in Damasta, a productive drilling was made and based at its rate C = 435m2/sec5 was
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Fig. 2: Geological map of Thermopylae-Anthili area.



characterised as efficient, and its specific capacity that is over 40(m3/h)/m is considered quite good
for a constant pumping flow of 115m3/h and a temperature of 43.6°C. The range of the effect should
be considered to be at least 100m on a constant supply of 115m3/h (Fig. 3) and the reservoir has a
high permeability, is semi-confined and has also a high pressure drop factor.

Observations at 30 recorded points (springs, drillings, wells) showed that temperatures in the area
range from 19.4°C to 43.6°C.

The geochemical and isotopic study of the hot water in the Thermopylae - Anthili region (Dotsika
et. al. 2008), showed that according to the concentration of the total dissolved solids (TDS), it is clas-
sified as salt water, with greater concentration in Psoroneria area (Damasta). In terms of acidity (pH)
the water is neutral to slightly alkaline (Psoroneria) and according to the Waterlot chart, the pota-
bility is not appropriate. From the Piper chart it seems that warm water is sodic, chloride, sea water
and comes from calcareous and siliceous rocks.

The ionic values of the water (Dotsika et. al. 2008) show that the solutions are chemically charged,
with the concentration of the chlorine salt at 16000 mg/L. The water specimens from the region of
Thermopylae are of Na-Cl, Na-HCO3 and Ca-HCO3 type.

The use of silica geothermometer shows that the temperature of the source of the hot water is around
107,5°C.

The water’s chemistry generally indicates the underground course followed through the rocks and
the exchange of the chemical elements among them. Indeed, the calcium, bicarbonates and magne-
sium levels show the exchange between water and rock under the influence of high temperatures.
The isotopic values of the waters from Thermopylae, Damasta and Psoroneria show the penetration
of the sea in the deep geothermal reservoir (Dotsika et al., 2008).To estimate the temperature in the
deep reservoir based on the above mentioned data, the use of the K-Mg geothermometer is recom-
mended; and gives probable temperatures of 80-85°C.

From the analysis and evaluation of all previous data and information, it seems that the geothermal
model of the area is the one presented in Figure 4. In this figure, surface water percolates through
the raised part of the area which consists of limestones and other formations; and also through faults,
cracks and joints and discontinuities into deeper formations. The percolated water is heated and
mixed with the existing salt water which penetrated during earlier times, altering the water’s tem-
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Fig. 3: Impact range rd and drop cone
of the drill level.



perature and chemical composition. Finally, through different faults, the water rises again to the sur-
face in the form of hot springs. While rising, part of the water gets trapped in the Triassic-Jurassic
limestones & dolomites, which lie beneath the impermeable cover of the schist-chert formation and
the ophiolites. The rest of the water continues to rise and another part of it gets trapped in the Upper
Cretaceous limestones that lie below the sediments as well as in the sandy and generally coarse-
grained clastic quaternary formations, which are below the fine-grained clastics (clays, sludges) that
function as impermeable cover.

From the above mentioned data derives the conclusion that the area has a special geothermal inter-
est with two hot water reservoirs. The first is located in the quaternary sediments and the Upper
Cretaceous limestone and is located between just under the surface on the South and 350m deep to
the North. The second one is located in the Triassic - Jurassic limestone beyond 600m deep and
presents the greatest interest in terms of temperature and potentiality.

According to the financial research program in the area of Spercheios and the available resources,
it was impossible to explore the deeper reservoir. Because of this, we describe in details only the sec-
ond -shallower- reservoir.

It appears (Fig. 5) that the most important factor that determines the temperature change, in relation
to the depth of the second -shallower- reservoir, are the regional tectonics. High temperatures are oc-
curring just under the surface, on the basement’s slopes, and reach 350m deep in a relatively short
distance due to the faults presence. In drilling ΣΠ-Δ2 (Fig. 5) was observed a characteristic horst,
where in both sides the vertical temperature is sinking because of the faults.
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Fig. 4: Geological-Geothermal model of Damasta area.



Generally, due to the presence of faults, a gradual increase in the depth of high temperatures is ob-
served from the basement (South) towards the basin (from South to North - Northeast). Higher tem-
peratures seem to occur in debris cones above the basement and also inside the basement in the
Upper Cretaceous limestone.

The second-shallow reservoir is a hot water table aquifer in the close area of Damasta that has been
identified in quaternary basin sediments, especially in coarse-grained clastics, conglomerates, gravel
conglomerates, sands, etc., which are often interrupted by clay, as well as in the Upper Cretaceous
limestone below quaternary basin sediments. Its main volume and higher temperatures are specified
in the Upper Cretaceous limestone, that is fragmented, faulted and karstified, as well as in the over-
lying limestone debris (breccia, conglomerates, etc.).

The sediments have a standard thickness and expansion because of their fluvial / fluvial-torrential
origin. There is a continuous change and movement of river and torrent beds and as a result there is
a continuous change in the sediment composition and granulometry.

The high temperatures are starting to appear round about the surface in the southern region, whereas
while going north the depth where the hot water table aquifer appears, increases significantly (Fig.
6). This is mostly due to the large and deep faults of NW-SE and N-S direction that exist in the area,
and less to those of E-W direction.

In Figure 6 we can see the contour lines of the hot water aquifer’s roof, taking into account the tem-
perature of 25°C. It should be noted that after the edging fault the depth increases significantly to -
90m absolute altitude in the NE part of the region and to -130m absolute altitude in the NW part,
primarily because of the vertical fault of N-S direction.
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Fig. 5: Geological map of the Damasta area and correlation section Z-Z’ with isothermal lines.



Taking into account all facts of the close Damasta area and by observing the isothermal lines that
were drawn for every 50m depth (Fig. 7a), we see that higher temperatures are found in the south-
ern region and gradually reduce towards North-Northeast. These range from 20-45°C depending on
the depth of the basin. In the basement, between the two edging faults, although we have no infor-
mation from drillings, the trend of the lines shows that much higher temperatures of 50-65°C are to
be expected. We present a map of isothermal lines of the highest temperature that appears in the
area (Fig. 7b). It is an area that should be investigated, with future programs, in order to verify or
reject the above mentioned theory.

Taking into consideration all the above mentioned factors, the map of the equivalent curves for the
average gradient was composed (Fig. 8) for the Damasta region.
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Fig. 6: Map of contour lines for the roof of the hot aquifer (25οC).

Fig.7: (a): Map of isothermal lines at 50m deep; (b): Map of isothermal lines of the highest temperature.



In the map (Fig. 8) the higher values are located South and the lower ones to the North. In the sed-
iments temperature is ranging from 35°C/100m to 5°C/100m and in the basement is estimated at 35-
50°C/100m. 

After the process and evaluation of all the data and information that the research provided, some ge-
othermal fields, of 43.5°C in relation to the depth, have been identified (Fig. 9). This map shows that
the most important part, with the higher temperatures and the lower depths, is in the Southern region.
Gradually going north the same reservoir deepens due to the tectonics that are observed in the region.
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Fig. 8: Map of equivalent curves for the average geothermal gradient.

Fig. 9: Map of geothermal fields in Damasta area.
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4. Results and discussions

The following new data and results from the presented study can be summarised and further inter-
preted to the following:

• The thermal anomaly observed in Spercheios is extensive, occupies the entire basin and ex-
tends beyond it.

• The surface warm water events occur along the faults observed in the region.

• From the geochemical study of the Damasta area, warm water is salty (sea water), sodic, chlo-
ride, neutral to slightly alkaline and non potable.

• The temperature of the hot water source is 107.5°C according to the silicate geothermometer
and the K-Mg geothermometer while the temperatures of the deep reservoir are 80-85°C.

• In Damasta area, there are two reservoirs of hot water. The one (second one) is in the qua-
ternary sediments and the Upper Cretaceous limestone and is located between just under the
surface on the South and 350m deep to the North. The first and more interesting reservoir, in
terms of temperature and capacity, is found in the Triassic-Jurassic limestone at depths ex-
ceeding 600m.

• The geothermal gradient of the second reservoir inside the sediments is ranging from
35°C/100m to 5°C/100m and in the basement is estimated at 35-50°C/100m.

• The constant pumping flow to the assigned geothermal field is 115m3/h with a temperature
of 43.6°C, the reservoir has a high permeability and is semi-confined.

There should be a deep drilling research program to identify and explore the deeper reservoir as
well as a shallow drilling program to explore the southern part of the study area and enhance the de-
termination of the quantitative and qualitative parameters of the already known reservoir.

Some examples for future exploitation of the geothermal energy in the area when the conditions are
favourable are: agricultural applications (greenhouses, etc.), fish farming, desiccation of agricul-
tural products, house heating, and others like indoor swimming pools and SPA therapy that can be-
come an attraction for winter as well as summer tourists.
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Abstract 

Lignite is an important energy source for Greece, which severely relies on this fossil fuel for elec-
tricity generation over the years. The lignite combustion, however, releases a significant amount of
carbon dioxide to the atmosphere per unit of energy generated, more than does the combustion of
other fossil fuels. On the other hand, there is a growing concern over the possible consequences of
global warming due to the increase of carbon dioxide in the atmosphere (a major greenhouse gas).
Additionally, there is also a need for accurate estimates of carbon dioxide emissions.

There are many factors resulting in the increase of CO2 content in lignite such as their formation and
depositional environment, the possible presence of fossils, and their rank.

In the present paper the CO2 content of the Proastio lignite deposit, Ptolemais Basin, is studied, in
relation to the depositional palaeo-environment. An interpretation of CO2 variation with depth, age
and surrounding rocks is also attempted.

CO2 content of Proastio deposit is compared with this of other lignite deposits in the Ptolemais
Basin, of various types and ages. Finally, the effect of CO2 content in the combustion of lignite is
studied, while the possibility of the geological storage of the emitted carbon dioxide is explored
after its capture from the Thermal Power Plants (CCS technology).

Key words: lignite, carbon dioxide, Proastio, Ptolemais, NW Greece, carbon storage.

1. Introduction 

There are a number of adverse environmental effects of coal mining and burning, especially in power
stations. These effects include release of carbon dioxide, a greenhouse gas, which causes - accord-
ing to the IPCC [Intergovernmental Panel on Climate Change] - climate change and global warm-
ing. Coal combustion is the largest contributor to the human-derived CO2 in the air.

In Greece, approximately 38% of the annual CO2 emissions, i.e. 53 t of a total of 140 t, derive from
lignite combustion for the production of electric power. From P.P.C. data’s it knows that for each pro-

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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duced MW/h in the Thermal Power Plants, 1.2-1.3 t CO2 are emitted in the atmosphere. To meet the
enhancement of the annual energy demand that is expected to increase significantly until the year
2030, the use of fossil fuels (lignite, hydrocarbons) is necessary apart from the use of Renewable En-
ergy Sources (R.E.S.), a fact resulting in an increase of CO2 emission from 18 Gt in 1980 to 40 Gt
in 2030. The Hellenic lignite, constituting the main electric power generation source in the country,
contains varying CO2 amounts depending mostly on the age of deposition, the depositional envi-
ronment and the lignite features. The elevated CO2 content of the Proastio lignite and the Upper
Pliocene lignite in general, is mainly due to the great amount of fossils, the CaCO3 saturations and
the thin intercalated marl layers. Carbon dioxide, a greenhouse colourless, inorganic gas is gener-
ated as a by-product of the combustion of fossil fuels or the burning of vegetable matter, among
other chemical processes. Small amounts of carbon dioxide are emitted from volcanoes and other
geothermal processes such as hot springs and geysers and by the dissolution of carbonates in crys-
tal rocks. The Pliocene lignite deposits hosted in the Ptolemais Basin display high CO2 contents
(Metaxas et al., 2007) resulting in the emission into the atmosphere of 0.6-0.7 t CO2 per ton of lig-
nite burned in the thermal power plants. A representative deposit of this age is that of Proastio,
which, in terms of total reserves, is the second one after the Southern Field deposit.

2. Geological setting

The Ptolemais Basin is located in the North-Western Greece and constitutes part of the Monastir-
Ptolemais-Kozani-Servia tectonic trench (Fig.1a). It is a discontinued geological unit due to occur-
rence of recent tectonic disturbances of great scale, which were activated in Neogene and Quaternary
times. The elongated and deep basins (Metaxas et al., 2007) of Ptolemais-Ardasa-Vegoritida, etc. as
well as the tectonic ridges of Xyno Nero, Bordo-Filota, etc., disrupted the continuity of various lig-
nite-bearing regions (Fig. 1b).

Fig. 1: (a): Map of Florina-Ptolemais Kozani and Sarantaporo basins; (b): Map of Graben with ridges.
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Fig. 2: Synthetic stratigraphic column of the Florina, Ptolemais-Amynteon, Kozani, Sarantaporo Graben.

The area of Proastio is located at a distance of about 5 km to the S-SE of Ptolemais city. It is not an
independent geological unit and is attributed to the geological unit of Ptolemais basin.

The stratigraphic structure of the sedimentary series, the lithofacies analysis of the geological for-
mations and the geological structure of the lignite deposits in general, were based on the data ob-
tained from the study of borehole cores (Kotis et al., 2001). 

The overview of the geological setting of the broad Ptolemais basin (Metaxas et al., 2007) is show-
ing in the stratigraphic column (Fig. 2).

During Upper Miocene-Lower Pliocene, the Ptolemais Basin was supplied with materials from the North
and West. The rocks in these basin margins are metamorphic, such as gneisses, schists, etc. This is one
of the main reasons that calcium carbonate display low contents in these formations. Fossils occur rarely
into these formations due to the small concentration of CaCO3 during this period. The aforementioned
feeding is due to the ascension of the basement of the Florina Basin during Mio-Pliocene, in relation to
Ptolemais Basin, which is going on up to now. Moreover, it seems that the ascension of the western mar-
gins of Ptolemais Basin was quicker and higher compared to the eastern ones. The sediments deposited
during this period are coarser in Florina Basin and the western margins of Ptolemais Basin (coarse-grained
sands, conglomerates, etc.) compared to these deposited at the eastern margins (clays, silts, etc.). Lignite
deposition of this type could not form in the West and North of the trench due to the aforementioned rea-



sons and in addition to the quick flow and great volume of transported materials. During Upper Pliocene,
when lignite of Ptolemais type was deposited, the feeding of the Ptolemais Basin took place from the East.
Further ascension of Florina Basin impeded deposition of Pliocene lignite in this basin as well as a quicker
ascension of the eastern margins of Ptolemais Basin and subsidence of the central area and the western
margins. Thus, this lignite type occurs in the central and the western parts of Ptolemais Basin. Given that
the feeding took place from the eastern bedrock, where carbonate rocks such as limestone, semi-meta-
morphic marble etc., occur, high concentrations of CaCO3 and fossils are included into the sediments of
this period resulting in, respectively, high CO2 amounts released from the lignite of Ptolemais type. An-
other factor of CaCO3 deposition is the environment of lignite formation of this type. Sediments of bio-
chemical type with increased CaCO3 are observed due to the smooth environment where the time required
for creation and deposition of these sediments is ensured. Furthermore, capture of CO2 by the plants
through the solutions took place resulting in CaCO3 deposition.

The lignite deposit of Proastio is remarkable and second in terms of total volume of deposit after the
South Field. This deposit can be developed and exploited securing the supply of two units of 600
MW for 43 years.

The formations observed in the area (Kotis et al., 2001) are described in the stratigraphic column of
Fig. 3. The maximal cumulative thickness of the lignite seam is 360 m and this of lignite 81 m. The
average moisture of lignite is 45.8%, the ash yield [on dry basis] 29.7%, the volatile matter content
40.0%, while the fixed carbon [on dry basis] ranges from 31.4 to 35.1%. The average combustible
sulphur is 0.63% and the total 1.19%. The elemental analysis of the fuel (d.b.) gave a Carbon con-
tent of 50.7%, Hydrogen content 4%, Nitrogen content 1.39%, Oxygen content 10.61%. The Gross
calorific value (G.C.V.) is of 2485 kcal/kg while the net calorific value (N.C.V.) 2085 kcal/kg.

Geological reserves are estimated to 370 m. tn. and mineable reserves to 273 m. tn, with an average
exploitability relation [(Overhead deadwood + Intermediate deadwood) / lignite, (Υ+Ε)/Λ=9,88:1]
and average ash content [on dry basis] 27.8%.

3. CO2 Content In The Ash

The content in carbonate minerals constitutes a very important factor for the qualitative differenti-
ation of the lignite beds. During lignite combustion into the steam power plants these minerals are
split in carbon dioxide and oxide of the respective element, for example CaCO3 → CaO + CO2↑.

The higher the CO2 content, the worse the lignite quality, because a part of the power (425 kcal/kg)
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Fig. 3: Correlation between CO2 and moisture.



is absorbed for break down the carbonates (endothermic reaction) thereby reducing the amount of
energy produced. Thus, determining the quantity of CO2 released by the decay of carbonate miner-
als is essential for characterising the actual coal.

Until around 1980, there was no need to calculate the CO2 content in the evaluation of the deposits.
For this reason no measurements and information exist before this date. After 1980 the CO2 content
is taken into account in the calculations referred to in the evaluation of each deposit, based on the
ash (Kolovos et al., 2002; 2002; 2002; 2003, Sotiropoulos et al., 2005).

The ash yield of each sample is due to the presence of various fossils shells, apart from the inorganic
materials comprised into lignite and the thin barren layers (clay, marls, etc.) collected with lignite
during sampling.

The only concern previously considered during the sampling of lignite layers was the thickness of
the barren layer, if consisting of clay, not to exceed 5% of the length of the core - sample.

The other criterion in the evaluation of the deposits was the relatively low ash yield on dry basis
(35%) in the mineable bed. But today, after implementation of chemical analyses it was proved that
in many layers, where ash is less than the above limit, adding CO2, exceeds 45 to 50% and the ex-
ploitable reserve decreases down to the 1/3 of the initially calculated reserve without the CO2.

As a result, several operational problems are created, even black out of the station, depending on the
specifications of the lignite combustion unit. Furthermore, problems are created in the exploitation
and the overall design of a mine as well as in the use, transportation, combustion, etc. 

Re-evaluation of several lignite deposits is suggested, mainly of those assessed before 1980, using new
datasets, taking into consideration the CO2 and the specifications of the combustion plants to be fed by
the specific lignite deposit. If for example a station can use lignite having thermal capacity up to 1280
kcal/kg, the N.C.V. of the mineable lignite seams should be taken into account for the evaluation. 

The ash yield on an as-received basis varies widely due not only to the different content in inorganic
matter, but also to the different moisture of the samples. Moisture varies even for lignite samples of
the same composition. Thus, in order to compare the values of ash yield and therefore of CO2, it is
appropriate to refer them to a fixed percentage of moisture or to a dry and ash free basis. Figure 3
shows that as the moisture increases, the CO2 decreases on an as-received basis.

4. Origin of CO2

During the exploration of the Proastio deposit, a specific sampling of lignite was carried out, de-
pending on the reaction to the hydrochloric acid (HCl, density 1:10), as well as on the fossils con-
tained and the thin marl or clay layers included. 

The samples of the pure or clayey lignite are not reacting to the hydrochloric acid (no bubbling) and
their average CO2 content ranges on an as-received basis is about 1.5% (Fig. 4). This amount of
CO2 is mainly due to CaCO3 dissolved from the surrounding carbonate rocks by surface and karstic
waters feeding the palaeomires. 

Only the fossils included in the lignite samples react to the HCl (strong bubbling) and the average
CO2 values are c. 7%. These values vary from sample to sample, depending on the fossils content.
In this category, the CaCO3 reaches values up to 40%.

Samples with thin marl or clay layers are classified to the third category. They display very strong
reaction to the HCl (very strong bubbling); the average CO2 value is about 9%, while CaCO3 exceeds
45% (Fig. 5). 
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The marl layers hosted into the lignite beds are mainly due to changes of the depositional environ-
ment, the feeding from the surrounding rocks and the vegetation type (abstraction of CO2 from the
plants for the photosynthesis resulting to CaCO3 precipitation). 

In Proastio area and beneath a depth of 210 m, the CO2 content decreases drastically in all cate-
gories of lignite samples, as well as the CaCO3 content below 11% (Fig. 6). 

One of the main reasons is the feeding environment. During the deposition period of the deeper lig-
nite beds (Miocene/Pliocene boundary), the feeding took place from North and West where the sur-
rounding rocks are metamorphic (gneiss, schist). Almost stable relation of CO2 is observed in the
lignite free from saturations, marl layers and fossils, compared to the combustible (Fig. 7) and fixed
carbon (Fig. 8), with however a small decrease when CO2 increases. Conversely, a great decrease
in lignite beds with fossils and marl layers is observed. The greater decrease of the permanent car-
bon is mainly observed in the lignite with CaCO3 saturations. Almost stable relation between Ο2 and
CO2 is observed in the lignite samples including fossils or thin marl layers, with a small increase of
Ο2 when CO2 increases. On the contrary, in samples not reacting to HCl or with CaCO3 saturations,
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Fig. 4: Correlation between pure CO2 and depth.

Fig. 5: Correlation between CaO content in lignite ash and CO2 content (on dry basis).



the Ο2 decreases when CO2 increases with greater decrease in the saturations (Fig. 9). 

The above described situation is the same in all Pliocene lignite deposits of Ptolemais Basin. In the
Proastio deposit the average CO2 value on dry basis of the mineable lignite is 3.8%, while the geo-
logical lignite ranges from 1.3 to 14.4%, with an average value 4.5%.

Conversely, the respective CO2 in the Miocene xylite-rich lignite deposits of Ptolemais and Florina
Basins is from 0.8% to 2.2% (Anatoliko-Karyohori). 

Based on all the aforementioned, and taking into consideration the fact that lignite constitutes the
main resource for electric power generation in Greece, it is obvious that the CO2 capture and stor-
age (CCS) technology should be applied in the near future.

5. Current Situation of the CCS Technology

The CCS technology began developing in the 1990’s, when the first large-scale storage of CO2
started in the underwater reservoir of Sleipner, Norway (North Sea). Other large-scale (industrial)
projects were carried out in Weyburn, Canada, and in Salah, Algeria. In all these cases, either there
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Fig. 6: Correlation between CaO, CaO+CO2 and depth.

Fig. 7: Correlation between combustible carbon and CO2 on dry basis.



is no cost for pure CO2 from other gases, or there is economic benefit from the improved extraction
of hydrocarbons. The Intergovernmental Panel on Climate Change suggested in 2005 that CCS could
achieve 55 per cent of the global mitigation effort while reducing costs by 30 per cent or more com-
pared with a non-CCS solution. The European Commission found in 2008 that the costs of meeting
its climate change commitments to 2030 will be 40 per cent higher, at €60 billion ($95 billion), if
CCS is not included. The Pew Center on Climate Change, concluded in 2007 that building 30 CCS
demonstration projects for $30 billion would save the US $80 to $100 billion in subsequent mitiga-
tion costs. This tranche of CCS demonstration projects will be expensive, but in the medium term
they will bring considerable savings to society (Aarnes et al., 2008).

The CCS technology in electric power stations or other industries, which require the capture of CO2,
is currently at the stage of pilot applications, such as in the Schwarze Pumpe (Berlin) and Ketzin,
Germany, where capture and storage technologies are tested in units of 30 MWe with lignite fuel.
In the Schwarze Pumpe the capture of CO2 takes place before combustion using the Oxyfuel tech-
nology. According to the officers of VATTENFALL, which is responsible for the unit, the technol-
ogy for “clean lignite stations” with capture and storage of CO2 will be rentable in a decade at a cost
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Fig. 8: Correlation between fixed carbon and CO2 on dry basis.

Fig. 9: Correlation between O2 and CO2 on dry basis.



equivalent of the CO2 emissions rights market. 

Interdisciplinary research groups examine the role of coal in a world where constraints on carbon
dioxide emissions are adopted to mitigate global climate change. The future of coal in a carbon-
constrained world, will evaluate the technologies and costs associated with the generation of elec-
tricity from coal along with those associated with the capture and sequestration of the carbon dioxide
produced coal-based power generation. Growing electricity demand in Greece and in the world will
require increases in all generation options (renewable, coal, and nuclear) in addition to increased ef-
ficiency and conservation in its use. Coal will continue to play a significant role in power genera-
tion and as such carbon dioxide management from it will become increasingly important. A study,
which examines all interrelated technical, economic, environmental and political challenges, must
be undertaken the soonest possible. The final report, addressed to the Hellenic Government, but also
to the industry and the academic leaders, will help to meet this urgent scientific challenge. Addi-
tionally, an aggressive R&D effort in the relatively near term will yield significant dividends down
the road, and should be undertaken immediately. A significant charge on carbon emissions is needed
to increase the economic attractiveness of new technologies that avoid carbon emissions and specif-
ically to lead to large-scale CCS in the coming decades. A large-scale demonstration project of the
technical, economic and environmental performance of an integrated CCS system is needed in
Greece over the next decade with government support. This is important for establishing public con-
fidence for a large-scale sequestration program anticipated in the future.

Cost constitutes the great problem in the implementation of the CCS, followed by the monitoring and
authorization. CCS technology should reduce costs by 2 to 4 times (30-15 €/t CO2) to be econom-
ically viable. Improving and standardizing the relevant technology can address this challenge. Some-
thing similar was also observed in the case of the flue-gas desulphurization plants of the thermal
power stations, in which the cut down of cost was remarkable. 

6. Conclusions

The CO2 emissions from lignite combustion to generate electric energy contribute 38% to the green-
house effect since for each MW/h 1.2-1.3 t of CO2 is emitted. 

The CO2 lignite content varies and depends on the age, the deposition environment and the lignite
type in general. 

The Pliocene lignite deposits display higher CO2 contents compared to the Miocene ones. 

The CO2 content in the Upper Pliocene lignite in Ptolemais Basin, for example in the Proastio de-
posit, is mainly due to the great amount of fossils and the CaCO3 saturation.

The Proastio lignite deposit is noteworthy and can feed two units of 600MW for 43 years.

It was observed that with increasing CO2 the fuel elements of lignite are reduced such as the per-
manent and combustible coal, the Ο2 etc.

The amounts of CO2 emissions during lignite combustion must be determined. 

Re-evaluation of the lignite deposits assessed before 1980 is necessitated since CO2 contents were
not taken into account. As it was proven, several lignite beds with TEX≤ 35% were considered ex-
ploitable, while adding CO2 they became non-exploitable given that ash exceeded 50% and thus the
estimated deposit was reduced to 1/3 causing problems in the exploitation planning, transportation,
combustion, production. 
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CCS is the critical enabling technology because it allows significant reduction in CO2 emissions
while allowing lignite to meet future energy needs. Taking into consideration that lignite will be for
the next few decades the main resource for electric power generation in Greece, it is clear that the
CCS technology should be applied, which to be economically viable has to reduce the cost of cap-
ture 2 to 4 times (30-15 €/t of CO2).
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Abstract 

The FTIR spectra for both Neogene xylite and matrix lignite samples from Achlada NW Greece show
significant differences, which are mainly evident in aliphatic stretching region (3000-2800 cm-1)
where the intensities of the vibrations are reduced in matrix lignite lithotype compared to xylite one.
The intense bands in the region 3402-3416 cm-1 are attributed to -OH stretching of H2O and phenol
groups. The bands at ~3697 cm-1 and ~3623 cm-1 as well as at ~538 cm-1 and 470 cm-1, which are
more evident in the FTIR spectra of matrix lignite, are attributed to higher content of clay minerals
in the samples of this lithotype. The stretching vibration appears at ~1032 cm-1 is intense in all ma-
trix lignite samples and it is broadening in the xylite ones. The FTIR spectra of all samples confirm
the progressive elimination of aliphatic vibrations from xylite lithotype to matrix lignite one and the
appearance of clay minerals in the latter. As a whole the FTIR spectra of both xylite and matrix lig-
nite confirm the significant differences between these two lignite lithotypes.

Key words: FTIR, Neocene, lignite, xylite, Achlada, Greece.

1. Introduction 

At the end of diagenesis the polycondensed organic residue, called lignite in coal swamps, also con-
tains varying amounts of largely unaltered refractory organic material (Killops and Killops, 1993).
Therefore, the organic structure of coal can be regarded as consisting of heterogeneous aromatic
structures, with aromaticity increasing from low rank (lignite, brown coal) to high rank coals (semi-
anthracite, anthracite). The term lignite refers to the maturity stage of coals, while the terms xylite
and matrix refer to lignite lithotype. Fourier Transform Infra Red (FT-IR) method is a widely used
analytical technique for determining the different functional groups of coal structures. Infrared (IR)
spectroscopy has been extensively employed in the characterization of the mineral and organic mat-
ter of coals (Guiliano et al., 1990; Cloke et al., 1997; D’ Alessio et al., 2000; Georgakopoulos et al.,
2003; Kalaitzidis, 2007; e.t.c).

In Greek lignites a limited number of studies have been published up to now, using FTIR method
for coal characterization. Georgakopoulos et al. (2003) resulted in the presence of phenolic and al-
cocholic C-O bonds as well as C-O-C bonds with aliphatic carbons (strong peak at 1032 cm-1) con-
cerning the initial xylite sample BEX from Vevi region. In the same study the FT-IR spectra of lignite
and humic clay samples, from Apofysis-Amynteo lignite deposits NW Greece, revealed the great

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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abundance of C=O and C-O-R structures (1800-1000 cm-1 region) as well as clay and silicate min-
erals in the 3600-3800 cm-1and 400-600 cm-1 region, respectively.

No study has been published concerning the investigation by FTIR method of the organic beds of
Achlada lignite deposits, Florina sub-basin, NW Greece.

The present study is part of a research of both xylite and matrix lignite aimed at their structural char-
acterization by Fourier transform infrared spectroscopy (FTIR) and focuses on their significant dif-
ferences. X-ray diffraction (XRD), thermo-gravimetric (TG/DTG) and differential thermal analysis
(DTA) were also employed for this purpose.

2. Geological setting

The studied samples obtained from the lignite-bearing sequence of Neocene Achlada lignite de-
posits, which are located at the east margins of Florina sub-basin, NW Grecce.

The Neocene-Quaternary sediments that fill the basin, overlay unconformably both Palaeozoic meta-
morphic rocks and Mesozoic crystalline limestones and consist of conglomerates, sands, marls,
sandy marls, clays, lignite beds, lateral fans and alluvial deposits (Pavlides and Mountrakis, 1987).

3. Methods

Lithological features of each of the studied samples were macroscopically described and the lignite
lithotype determined according to guidelines established by the International Committee for Coal and
Organic Petrology (I.C.C.P., 1993), as well as by Taylor et al. (1998). Samples with less than 10%
by volume woody tissues were logged as matrix lignite, whereas those of immiscibly woody tissues
were classed as xylite.
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Fig. 1: Geological map of the Florina Basin with the location and generalized lithological column (a) of the stud-
ied area (after Pavlides & Mountrakis 1987) and (b) of Achlada lignite deposits, NW Greece.



Several xylite and matrix lignite samples were examined using the FTIR method of analysis. The IR
measurements were carried out using a Fourier Transform Infra Red (FT-IR) spectrophotometer
(Perkin Elmer GX-1). The FT-IR spectra, in the wavenumber range from 4000 cm–1 to 400 cm–1, were
obtained using the KBr pellet technique. The pellets were prepared by pressing a mixture of the
sample and of dried KBr (sample:KBr, approximately 1:200), at 8 tons/cm2. Bands were identified
by comparison to published studies (Wang and Griffith, 1985; Lide, 1991; Sobkowiak and Painter,
1992; Van Krevelen, 1993; Mastalerz and Bustin, 1995, 1996; Ibarra et al., 1996; Cloke et al., 1997;
Koch et al., 1998; Das, 2001; e.c.t). Bands assignments used in this paper are listed in table 1.

Peak areas representing the hydroxyl group region (3100-3700 cm-1), aliphatic stretching region
(2931-2855 cm-1), aromatic carbon (peaks at 1618 and 1606 cm-1), aliphatic bending region (1509-
1371 cm-1), cellulose and lignin region (1300-1000 cm-1) and the aromatic out-of-plane region (900-
700 cm-1) were measured. Additionally, intense vibrations at 3698 cm-1, 3620 cm-1, 531 cm-1 and
469 cm-1 are attributed to clay and silicate minerals.

The same xylite and matrix lignite samples were also examined by means of X-ray diffraction (XRD)
analysis, as well as thermo-gravimetric (TG/DTG) and differential thermal (DTA) analysis. X-ray
power diffraction patterns were obtained using a Bruker D-8 Focus diffractometer, with Ni-filtered
CuKα1 radiation (λ=1.5405 Å), operating at 40 kV, 30mA, while TG/DTG/DTA were obtained si-
multaneously using a thermal analyzer (Mettler, Toledo 851) at a heating rate of 10οC/min, at air at-
mosphere and temperature range 25οC-1200οC.

4. Results and Discussion

4.1 FTIR study of xylite and matrix lignite samples

Representative FT-IR spectra of xylite and matrix lignite samples are shown in figure 2. The spec-
tra differ significantly in the peaks due to mineral matter, as well as to phenolic (C-O) and aliphatic
carbon (C-H) groups.

Both representative spectra show typical infrared characteristics of the organic matter of low-rank
coals, including aliphatic C-H stretching bands at 2924 cm-1and 2856 cm-1, C=C or C=O aromatic
ring stretching vibrations at ~1610 cm-1 and at ~1506 cm-1, as well as aliphatic C-H stretching bands,
at 1455 cm-1, 1370 cm-1and 822 cm-1.

Due to the fact that the present functional groups are different for xylite and matrix lignite samples
it is more convenient to describe them separately.

Studying the FTIR spectra of the representative xylite sample (Fig. 2a), from the Achlada lignite de-
posits in NW Greece, the following conclusions resulted:

• The broad band at 3392 cm-1 is attributed to -OH stretching vibrations of hydrogen-bonded
hydroxyl groups of absorbed water of clay minerals as well as to -OH of phenol groups.

• The strong peak at ~2931 cm-1 is due to asymmetric aliphatic C-H stretching vibrations of
methylene (-CH2).

• The band at ~1606 cm-1 is attributed either to C=O or C=C aromatic ring stretching vibrations.
• The band at ~1505 cm-1 is due to C=O stretching vibrations.
• The band at ~1454 cm-1 is attributed to symmetric aliphatic C-H vibration of methylene (CH2)

and methoxyl (OCH3).
• The peak at ~1370 cm-1 is due to symmetric aliphatic C-H bending vibration of methyl groups

(OCH3).
• The band at ~1265 cm-1 are attributed to C-O stretching vibrations.
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• The peak at ~1033 cm-1 is due to C-O-H bonds in cellulose as well as to C-O stretching vi-
brations of aliphatic ethers (R-O-Ŕ) and alcohols (R-OH).

• The band at ~821 cm-1 is due to out-of-plane-aryl ring with isolated C-H groups.

In the FT-IR spectra of the matrix lignite samples bands corresponding to the most abundant min-
erals were detected confirming the occurrence of clay minerals (e.g. kaolinite bands at ~3698 cm-1,
3620 cm-1, 1030 cm-1, 915 cm-1, 531 cm-1, and 469 cm-1). The small peaks at ~3698 cm-1and 3620
cm-1 can be assigned to the crystal water which exists in clay minerals of the matrix lignite samples
(Geng et al., 2009).

Studying the FTIR spectra of the representative matrix lignite sample (Fig. 2b), from the Achlada
lignite deposits in NW Greece, the following conclusions resulted:

• The small peak at ~3698 cm-1 arises from the in-phase symmetric stretching vibration of the
OH groups, either “outer” or “inner” surface OH of the octahedral sheets, which form week
hydrogen bonds with the oxygen of the next tetrahedral layer (Balan et al., 2001). The peak
at ~3620 cm-1 is due to the stretching vibrations of the “inner OH groups” lying between the
tetrahedral and octahedral sheets (Madejova, 2002; Geng et al., 2009).

• The broad band at ~3406 cm-1 is attributed to -OH stretching vibration of absorbed water ei-
ther of clay minerals or of the organic matter of the matrix lignite sample.

• The bands at ~2925 cm-1and ~2855 cm-1 are attributed to asymmetric and symmetric aliphatic
–CH2 stretching vibrations respectively.

• The strong band at ~1618 cm-1 is attributed either to C=O or C=C aromatic ring stretching vi-
brations, as well as to OH bending vibrations of adsorbed water.
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Fig. 2: FTIR spectra of representative xylite (a) and matrix lignite (b) samples.
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• The ~1030 cm-1 and 1013 cm-1 bands arise from the Si-O-Si and Si-O-AlVI vibrations, re-
spectively.

• The ~914 cm-1 band arises from the bending vibrations of “inner” OH groups of Al-OH-Al
of kaolinite structure.

• The band at ~680 cm-1 could be related to aromatic out-of-plane C-H vibrations, rather than
to mineral matter (Georgakopoulos, 2003).

• The band at ~531 cm-1 originates from Si-O-AlVI vibrations (Al in octahedral co-ordination),
while the band at ~469 cm-1 is attributed to the Si-O-Si bending vibrations (Van Jaarsveld et
al., 2002; Madejova, 2003).

The main FTIR absorption bands of both xylite and matrix lignite samples are summarized in table 1.

The comparative FT-IR spectroscopy of xylite and matrix lignite lithotypes showed that:
• An intense and broad hydroxyl band of the xylite sample with a maximum at ~3392 cm-1,

was displaced relatively to the matrix lignite band which appears at ~3406 cm-1. The latter
peak is accompanied by two other small peaks around 3698 cm-1and 3620 cm-1 due to min-
eral matter, which is more abundant in the matrix lignite.

• The predominant FTIR feature for xylite samples (Fig. 2b), in contrast to matrix lignite ones,
is the high intensity of aliphatic C-H stretching vibration at ~2931 cm-1, which appears at
slightly lower wavenumbers (2925 and 2856 cm-1), in matrix lignite samples.

Significant differences of the containing functional groups are also present in the 1700-1100 cm-1 re-
gion. More specifically:

• The stretching vibrations at ~1506cm-1 due to C=O structures tend to decrease in matrix lig-
nite. As far as, the bands at this region (~1506 cm-1) practically disappear at the stage of bi-

Table 1. Characteristic FTIR bands of functional groups of low rank coals.

Wavenumber
(cm-1) Assignment

3400 O-H stretching vibrations of hydrogen-bonded hydroxyl groups in
polymeric association

2930 Asymmetric aliphatic C-H stretch vibrations–methylene (CH2)

2850 Symmetric aliphatic C-H stretch vibrations–methylene (CH2)

1610 Aromatic ring (C=C in plane) stretching symmetric

1510 C=O stretching vibrations

1458 Asymmetric aliphatic C-H deformation of methylene and methoxyl

1430-1420 aromatic C=C stretching vibrations

1370 Symmetric aliphatic C-H bending of methyl groups CH3

1266 C-O stretch vibration (in lignin-gualacyl ring with C-O stretch)

1224 C-O stretch vibration (in lignin-gualacyl ring and C-O stretch)

1031 C-O-H deformation in cellulose

822 Aromatic out-of-plane-rings with 2 neighboring C-H groups

~534 Si-O-AlVI vibrations (Al in octahedral co-ordination) of clay minerals

~468 Si-O-Si bending vibrations of clay minerals



tuminous coal (Ibarra et al., 1996), the progressive elimination of stretching vibrations in this
region probably indicates increasing coalification from xylite to matrix lignite lithotype.

• The vibrations due to the aliphatic C-H and C-O groups at ~1455 cm-1, 1370 cm-1, 1265 cm-

1 and 1224 cm-1, as well as the out of plane vibration due to the C-H bonds at 823 cm-1 also
decrease in matrix lignite (Ibarra et al., 1996).

• Strong vibrations corresponding to the occurrence of clay minerals (e.g. kaolinite bands at ~3698
cm-1, 3620 cm-1, 1031 cm-1, 915 cm-1, 531 cm-1, and 469 cm-1) were detected in the FT-IR spec-
tra of the matrix lignite samples, while for the xylite ones a limited number of these vibrations
are present, which are also quite weak.

• The prominent band at ~680 cm-1 in matrix lignite sample, could be related to aromatic out-
of-plane C-H deformations, rather than to mineral matter (Georgakopoulos, 2003).

4.2 X-ray diffraction (XRD) analysis of xylite and matrix lignite samples

The X-ray diffraction (XRD) analysis revealed that the minerals present in matrix lignite are mainly,
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Fig. 3: X-ray diffraction diagrams of representative matrix lignite (A) and xylite (B) samples, before (a) and
after (b) heating up to 550oC.



kaolinite and gypsum (Fig. 3aA), while anhydrite is present in both heated samples (Fig. 3bA,B). Il-
lite (+muscovite) is identified by the sharp diffraction peaks at d001=~10 Å and d003=~3.34 Å, while
kaolinite by its typical peaks at d001=~7.1 Å and d002=~3.5 Å. In the same figure gypsum is identi-
fied by its characteristic peak at d020=~7.56 Å. Minerals in minor contribution such as quartz at
d101=3.34 Å and d100=4.26 Å and calcite at d104=~3.03 Å have been detected, too. It is important to
be mentioned that the formation of anhydrite, in the heated samples at d020=~3.49 Å and d210=~2.85
Å indicates the presence of gypsum in raw materials.

From the X-ray diagrams (Fig. 3a) it becomes clear that clay minerals are present in the matrix litho-
type, while in the xylite one these are absent. This observation confirms the FTIR results, in which
the typical bands of clay minerals are absent from xylite spectrum. This may be attributed to the na-
ture of xylite samples that prevent the water movement through the xylite mass.

In addition, the samples were heated up to 550oC for 2 hours, in a static oven (Fig. 3b). Samples were
then cooled at room temperature and examined by X-ray power diffraction (XRD). A decrease in the
intensity of the characteristic diffraction pattern at d=~7.57 Å, due to the collapse of gypsum, as
well as the presence of typical peaks at d=~3.50 Å and d=~2.85 Å (Fig. 3b), indicates clearly the
presence of anhydrite for both xylite and matrix lignite lithotypes.

4.3 TG/DTG and DTA study of xylite and matrix lignite samples

The thermal study results of the Achlada low rank coal samples examined after heating up to 1200oC,
at a rate of 10oC/min, are shown in Fig. 4a,b. The TG curves of the examined samples showed a con-
tinuous weight loss during heating up to ~650oC and 900oC, for xylite and matrix lignite samples,
respectively. More specifically:

• The steep slope of the xylite TG curve, in the temperature range from 200oC to 500oC, due to the
rapid weight loss is attributed to the high devolatilization rate of organic matter.

• In the same temperature range, a big and sharp devolatilization peak observed at the DTG curve
indicates the high devolatilization rate of xylite lithotype comparing to matrix one. This sharp
peak at ~380οC (Fig. 4a) can be attributed to cellulose content of xylite sample (Charland et al.,
2003). Taking into consideration that this peak height can provide a relative measure of the re-
activity, the xylite seemed to be more reactive, as far as its decomposition rates were higher
than those corresponding to the matrix lignite (Vamvuka et al., 2004). On the other hand, the bulk
of the burning process for matrix lignite occurred mainly between 450oC and 600oC.

• An endothermic peak at ~380οC (DTA curve) is associated with the decomposition of cellu-
lose, while the decomposition of lignin is characterized by an exothermic one, in the tem-
perature range from 200οC to 400οC (Fig. 4a).

• Xylite samples present higher weight loss up to 1000οC (67.35% wt), comparing to matrix lig-
nite ones (37.66% wt). The water that is evolved during pyrolysis arises from OH of con-
stituent water as well as from the condensation of phenols (MacPhee et al., 2004), as it is
shown in the following equation:

The thermogravimetric curves of the Achlada low rank coal samples examined show that:

• The first peak of DTG curve at 100οC, which is associated with sample drying phase (Fig. 4b).
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• In the temperature range from 200οC to 560οC, the weight loss is less than in xylite sample
and this is indicated by the slight slope of the TG curve.

• The TG curve of the matrix lignite samples showed a continuous weight loss during heating
up to ~900oC, originated from the lignin content, that is quite difficult to decompose, as well
as from the presence of inorganic material.

• The exothermic peak in the temperature range from 200oC to 400oC of DTA curve is charac-
teristic of lignin and can be attributed to the destruction of aliphatic grouping, CH groups, car-
bohydrate components and to some extent of oxygeneous (alcoholic, phenolic) and amino
groups (Kucerik et al., 2004).

• The endothermic peak at ~500οC is attributed to the dehydroxylation of the kaolinite, (due to
the loss of OH groups, surrounding the AlVI atoms) and the progressive transformation from
the octahedral co-ordinated Al, in kaolinite, to a tetrahedral co-ordinated form, in metakaoli-
nite, through the breaking of OH bonds (Van Jaarsveld et al., 2002). A part of the weight loss
in this temperature range comes from the decomposition of siderite according to the reaction
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Fig. 4: TG/DTG/DTA diagrams of representative xylite (a) and matrix lignite (b) samples.
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FeCO3 → FeO+CO2. Chlorite and illite (+muscovite) give endothermic peaks at higher tem-
peratures.

5. Conclusions

Studying the xylite and matrix lignite lithotypes from the organic beds of Achlada lignite deposits,
Florina sub-basin, NW Greece, by FT-IR spectroscopy, in combination with X-ray diffraction and
thermoanalytical methods (TG/DTG and DTA), the following conclusions were taken:

• The FTIR spectra of all samples confirm the progressive elimination of aliphatic vibrations
from xylite lithotype to matrix lignite one and the appearance of clay minerals in the latter.

• The aliphatic stretching regions at 3000-2800 cm-1 and 1700-1100 cm-1, where the vibrations
of C-H and C-O groups at ~1458 cm-1, 1370 cm-1, 1267 cm-1 and 1224 cm-1 are present, re-
duced in matrix lignite.

• The vibrations corresponding to the occurrence of clay minerals (~3697 cm-1, 3620 cm-1, 1034
cm-1, 915 cm-1, 531 cm-1, 469 cm-1 and 435 cm-1), are more evident in matrix lignite samples
and very weak in xylite ones.

• According to X-ray analysis the minerals present in the matrix lignite are mainly illite (+mus-
covite), kaolinite, and gypsum, while in the xylite samples these minerals are absent. The for-
mation of anhydrite in the heated samples indicates the presence of gypsum in both raw
materials.

• The TG/DTG/DTA curves of xylite lithotype present higher weight loss comparing to matrix
lignite lithotype, as well as a sharp DTG peak at ~380 °C, accompanied with an endothermic
peak of DTA curve, that is characteristic of cellulose decomposition. In contrast, the lignin de-
composition is characterized by an exothermic peak in the temperature range from 200oC to
400oC.
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WASTEWATER AS WELL AS N AND P FROM A SIMULATED CITY

WASTEWATER LIQUID ON ACTIVATED GREEK LIGNITES
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Abstract 

Organic petrology and detailed physicochemical properties has been undertaken on twenty six Greek low
rank coals (peat, peaty lignites, lignites of both matrix and xylite-rich lithotypes, and sub-bituminous
coals in order to evaluate the increase of their adsorptive surface area by pyrolysis.

The results show that surface area of activated coal samples increased substantially and in some
more than the commercial one. The increase in surface area was higher the higher the carbon con-
tent and the lower the ash content. 

The adsorption capacity of phenols and the decrease of COD (Chemical Oxygen Demand) in olive
oil mil wastewater disposals were measured in selected samples as well as the decrease of COD and
the adsorption of nitrogen and phosphorus from a solution which simulates city waste disposals were
measured in 14 selected Greek lignites and 1 commercially available activated lignite sample (HOK). 

The maximum recorded adsorption of phenol was 30.6 mg/g of activated lignite while the commer-
cial one (HOK) adsorbed 16 mg/g of activated lignite. The COD reduction was 1262 mg of COD/g
of activated lignite while in the commercial one the reduction was 439 mg of COD/g of activated lig-
nite. The maximum adsorption of N and P from the simulated city waste liquid was 6.41 mg/g of ac-
tivated lignite and 2.52 mg/g of activated lignite, respectively. while the commercial one (HOK)
adsorbed 2.84 mg/g and 2.42 mg/g, respectively. Finally, the COD reduction was 50.28 mg/g of ac-
tivated lignite and 34.92 mg/g for the commercially one (HOK).

The results show that Greek activated lignites can be used successfully for cleaning industrial and
city wastes. These findings open the door for the economic exploitation of small to medium size lig-
nite deposits in Greece, which are widespread in Greece.

Key words: Activated lignite, adsorption, olive oil mill wastes, city waste liquids.

1. Introduction

Research on activated lignite started some thirty five years ago (Fraser, 1972) while its application
for environmental purposes started fifteen years later (Klose and Heschel, 1987) and continuous to
date (Navarro et al., 2006). Activated lignite is used in the treatment of waste water (Engelhard and
Lenz, 1997; Olson and Stepan, 2000; Stepan et al., 2001) and industrial wastes (Khan et al., 1981;
Allen et al., 1997; Dabrowski et al., 2005; Galanakis et al., 2006). 

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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Optimization of manufacturing conditions for the production of activated lignites is discussed by
Karacan et al., (2006) while its commercialization for various environmental purposes have been un-
dertaken by a large number of industries.

In the present study an effort was undertaken to clean olive oil mill wastewaters (OOMW), which
are slightly acidic and associated with high biochemical oxygen demand (BOD) and chemical oxy-
gen demand (COD). The phytotoxic effect of OOMW is partially attributed to organic fraction (phe-
nolics and related substances) which is present in notable concentrations and inhibits the growth of
certain microorganisms (Paredes et.al., 1986). The phenolic content (phenols, flavonoids or polyphe-
nols) along with long chain fatty acids produce methanogenic toxicity and therefore the option of
discharging OOMW to land should be carefully considered (Hamdi, 1992; D’ Annibale et al., 2004;
Mekki et al., 2007) the adsorption of phenols. This problem is very serious in the Mediterranean area
which accounts for almost 95% of the world oil production (Al Malah et al., 2000). The estimated
OOMW volumes generated from olive oil processing is presented in Table 1.

In the present research work 28 composite lignite samples from 12 coal basins in Greece have been
activated in order to measure their surface area. Experiments were conducted on 14 selected raw and
activated lignite samples plus one commercially activated lignite sample which was used as a ref-
erence point. The aim of the research study was to relate the adsorption of phenols and COD from
olive oil mill wastewater, since Greece produces a large amount of OOMW, Table 1, and furthermore
to investigate the adsorption of nitrogen and phosphorus from a simulated city waste water by acti-
vated Greek lignite samples. 

2. Materials and Methods 

Twenty-eight composite samples of peat, peaty lignites and lignites, of both matrix and xylite-rich
lithotypes according to ICCP (1993, Figure 1 and Table 2), have been analyzed using a wide vari-
ety of coal characterization methods.

For proximate, ultimate and calorific values, the samples were ground to <100 mesh (150 μm) and
analyzed following the procedures outlined by ASTM (1978, 1989a, 1989b). Sulphur was deter-
mined by LECO apparatus as outlined by Foscolos and Barefoot (1970).

For petrographic composition, the coals were crushed to a maximum particle size of 850 μm (20 mesh),
mounted in epoxy resin and then ground and polished. Maceral analysis based on 500 points was per-
formed using a LEICA DMRX microscope coupled to a Swift automatic point counter attached to a me-
chanical stage. The terminology and descriptions for macerals used in this paper is that recommended by
the International Committee for Coal Petrology (ICCP, 1963; 1971; 1993, 2001; Sýkorova et al., 2004). 

Table 1. Estimated OOMW volumes generated from olive oil processing (Niaounakis and
Halvadakis, 2006).

Country OOMW, m3/y Olive cake, m3/y

Spain 2.8x106 1.6x106

Italy 2.4x106 1.6x106

Greece 1.4x106 0.8x106

Tunisia 0.55x106 0.3x106



Adsorption studies were carried out on 28 composite samples from various coal basins. All samples
were crushed to an appropriate size particle (-2.0,+1.00 mm) and then physically activated by pyrol-
ysis. Subsequently, a given quantity of lignite is dried at 110° C and placed into the reactor under ni-
trogen flow (150 ml/min) for 30 min, in order to remove the air. Afterwards, the samples were
pyrolized in two steps at 400°Cfor 2 hours and 700°C for another 2 hours under N2 and CO2 gases re-
spectively, following procedure outlined in Zhang et al. 2005. Surface area measurements of non-ac-
tivated and activated lignites were calculated using the BET (Brunauer, Emmet and Teller) method
with N2 as absorbent gas and a NOVA (Quantachrome) surface analyzer. All samples were degassed
under vacuum for 12 hours at 300°C in order to determine their BET specific surface area (SBET).

For the study of the adsorption of olive mill wastewater 14 raw and activated lignites were used
along with commercially activated lignite (AC) in 24h-adsorption experiments to test their sorption
capacity. Experiments were performed at room temperature using a model glass fixed column in a
continuous recycling operation. Adsorptive materials were washed out with 2L distilled water be-
fore the experiment process. Olive oil wastewater was placed into a 10L tank. It was provided at the
bottom of the column by a Percom N-M peristaltic pump (fixed at 20 rpm) and recycled into the tank
with a flow rate of 0.5 ml/s. For the phenol measurements 15 ml of wastewater samples were taken
at 0, 0.5, 1,2, 4,8, and 24h intervals, while COD was measured at 0,4, 12 and 24 h. The sorption ca-
pacity (q) was defined as: q= (Co

w –C1
w)/ Co

a, whereas Co
w ,C1

w are the concentrations of the ad-
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Fig. 1: Location of studied samples.
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sorbate in the wastewater (mg/L) at zero and interval time, while Co
a, is the mass per volume ratio

of adsorbent versus wastewater (g/L). Total phenol content was determined colorimetrically using
the Folin-Ciocalteau reagent (Atanassova et al., 2005; Folin and Ciocalteau, 1927).

The adsorption of N and P from a city wastewater disposal was carried out using the following
simulated liquid, Aivazidis, 2000. 20g. of peptone along with 20g of sugar, 4.76 ml of glacial acetic
acid, 5.62g of KH2PO4 and 6.48g of urea (NH2)2CO3 were transferred to one liter of distilled water.

Table 2. Location of samples and lithotypes.

Code
Name

Origin Lithotypes

ΤΗ1 Thessaly Peat with clay particles

ΤΗ2 Thessaly Peat with clay particles

TH3 Thessaly Matrix brown coal, clay - rich, friable

TH4 Thessaly Matrix brown coal, with plant remnants

TH5 Thessaly Matrix brown coal, with plant remnants

TH6 Thessaly Xylite brown coal

TH7 Thessaly Xylite brown coal

ΤΗ8 Thessaly Matrix brown coal, xylitic, with plant remains

MT1 Macedonia Mixed peat, clay - rich, black colour 

MT2 Macedonia Mixed peat, clay - rich, black colour 

ΜΤ3 Macedonia Mixed peat, clay - rich, black colour 

MT4 Thrace Matrix brown coal, stratified, clay - rich, friable

ΜΤ5 Thrace
Matrix brown coal, stratified, clay - rich, cluster bands containing xylitic
fragments

ΜΤ6 Thrace
Matrix brown coal, stratified, clay - rich, cluster bands containing xylitic
fragments

MT7 Thrace
Matrix brown coal, stratified, clay - rich, cluster bands containing xylitic
fragments

MT8 Thrace Matrix brown coal, stratified, cohesive at places, presence of micas

PP1 Peloponnese Matrix brown coal, stratified, xylitic at places 

PP2 Peloponnese Matrix brown coal, xylitic

PM1 Peloponnese Matrix brown coal, stratified, clay-rich

Ι1 Epirus Matrix brown coal

Ι2 Epirus Matrix brown coal, clay rich

ΚP1 Crete Subbituminous, lustreous appearance

ΚP2 Crete Subbituminous, mat / lustreous appearance

ΚP3 Crete Brown matrix coal, layered at places, mat / glossy

ΚP4 Crete Organic matter bearing clay, layered, cohesive in some places

ΚP5 Crete Mixture of ΚP1 and ΚP2 at a ratio 1:2



30 ml of this solution were transferred to 3 liters of distilled water. This final solution was used for
measuring COD decrease as well as N and P adsorption by activated lignite samples. Nitrogen and
phosphorus measurements were carried out usinga Hanna C214 Multiparameter Bench Photome-
ter for Wastewater Treatment Application along with the special reagents. For the adsorption of N
and P measurements were carried out at 0.5, 3, 6 and 12 hours intervals while for COD measure-
ments the intervals were 3, 6, and 12 hours respectively.

3. Results and Discussion

3.1 Proximate and UltimateAnalysis and Calorific Values 

Table 3 shows the data obtained from the proximate and ultimate analysis together with the calorific
values. Proximate analysis indicates that the samples of peat and peaty lignites: I1 and I2 (Epirus),
PM1, PP1 and PP2 (Peloponnesus), TH1, TH2 and TH3 (Thessaly), as well as the samples MT1,
MT2 and MT3 (Macedonia, N. Greece) to have high volatile content ranging from 66 to 76.8 %,
while its fixed carbon content to vary from 23.2 to 35.6 %. High values are recorded for oxygen and
nitrogen, which fluctuate from 25.6 to 34.6 % and from 2.1 to 3.7 %, respectively. These results are
indicative of their low maturity. Also the samples I1 and I2 are characterized from their high sulfur
content, 6.6 to 6.5 %, which attributed to the presence of pyrite (Papanicolaou, 2001).

For the samples with higher maturity TH4, TH5, TH6, TH7, TH8 (Thessaly), MT4, MT5, MT6,
MT7, MT8 (Thrace), as well as for the xylite rich samples AA and BB (Macedonia, N. Greece) their
volatile matter content ranges from 49.8 to 61.9 %, while their fixed carbon content fluctuates be-
tween 38.1 to 50.2 %. Oxygen content ranges from 23.4 to 30.3 %, while nitrogen concentration
varies from 0.5 to 1.7 %, which indicates different maturation. The latter is also ascertained from the
higher calorific values (Table 2). Noteworthy is the presence of high sulfur content, 14.9 to 18.8 %
on the samples MT4, MT5 and MT6 (Macedonia) and 5.5 and 7.1 % from the samples MT7 and
MT8 (Thrace). These values are attributed to the presence of pyrite, which is also indicative of their
depositional environment (Papanicolaou, 2001).

Sub-bituminous coals, KP1, KP2, KP3 and KP5 (Crete), are also characterized by their high sulfur
values, which range from 6.9 to 19 % due to the presence of pyrite, as well as their high calorific
values, up to 26.5 MJ/kg. Sample KP4 is a carbonaceous clay sample intercalating the coal seams.

Finally, the samples PM1, PP1 and PP2 (Peloponnesus), are characterized by high volatile content,
>62 %, relatively high sulfur content >5.5 % and relatively low calorific values that range from 20.6
MJ/kg to 20.8 MJ/kg.

3.2 Maceral Composition

Maceral composition of the studied samples is presented in Table 4. In general huminite is the pre-
dominant maceral group, whereas liptinite and inertinite occur with very low values. Peat and peaty
lignite samples differ in more than one maceral sub-group. Peat from Thessaly (TH1, TH2, TH3),
have low concentrations of telohuminite ranging from 15.3 to 17.6 vol.%, while their detrohuminite
fluctuates from 69.2 to 72 vol.% (Fig. 2). Noteworthy is the fact that within the detrohuminitic com-
ponents the ratio of attrinite to densinite is quite high On the other hand peat and peaty lignite sam-
ples from Macedonia (MT1, MT, MT3), though they have similar telohuminitic concentrations, as
the previously mentioned samples from Thessaly, their ratio of attrinite to densinite is much lower.
Peaty lignite samples from Epirus (I1, I2), are characterized by higher telohuminitic content than the
peat and peaty lignite samples from Thessaly and Macedonia. Moreover, these samples have less de-
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Table 3. Results of proximate and ultimate analysis and calorific values of lignite samples
(except ash values are on dry and free ash basis).

Location Ash Vol. Mat. CFixed C H O N S Cal. Val.

wt.-% MJ/kg

Thessaly

TH-1 47.6 66.0 34.0 55.7 5.6 33.8 2.7 2.2 21.6

TH-2 58.8 66.3 33.7 55.1 5.7 34.6 2.7 1.8 18.82

TH-3 37.4 66.9 33.1 59.7 5.0 30.5 3.1 1.6 22.7

TH-4 24.4 55.4 44.6 65.4 4.7 24.0 1.4 4.5 25.1

TH-5 39.6 61.2 38.8 63.5 5.5 28.0 1.7 1.3 24.5

TH-6 45.4 58.8 41.2 60.8 5.6 30.3 1.5 1.8 23.6

TH-7 17.3 56.9 43.1 65.8 5.0 25.1 1.5 2.6 25.5

TH-8 38.1 57.3 42.7 64.4 5.7 25.0 1.4 3.0 25.4

Greek Macedonia & Thrace

AA 8.7 59.2 40.9 67.9 5.9 23,4 0,5 2,2 27.6

BB 13.2 57.6 42.4 64.6 4,1 26,2 1,1 3,9 23.6

MT-1 52.5 64.4 35.6 58.3 5.5 29.0 2.1 5.1 21.8

MT-2 41.5 67.9 32.1 61.6 5.4 25.7 2.3 5.1 23.6

MT-3 40.2 67.5 32.5 62.4 4.8 27.6 2.5 3.1 23.2

MT-4 52.8 53.2 46.5 52.6 5.2 26.4 0.9 14.9 20.1

MT-5 43.0 49.8 50.2 51.3 4.8 24.4 0.8 18.8 19.4

MT-6 48.0 52.3 47.7 53.6 5.0 25.6 1.0 14.9 20.3

MT-7 51.0 54.5 45.5 62.0 5.8 25.7 1.1 5.5 24.1

MT-8 64.6 61.9 38.1 56.5 6.4 29.3 0.7 7.1 17.6

Crete

KP-1 30.2 51.5 48.5 66.6 4.9 20.4 1.0 7.1 26.5

KP-2 52.8 54.2 45.8 60.3 4.8 22.1 0.9 11.9 23.7

KP-3 72.0 61.7 38.3 52.1 4.6 26.3 1.2 15.8 17.5

KP-4 83.2 81.1 18.9 41.6 5.4 32.7 1.2 19.0 11.7

KP-5 30.1 52.3 47.7 66.6 5.0 20.9 0.9 6.9 26.6

Epirus

I-1 48.5 74.9 25.1 58,5 3.5 29.3 3,5 6,6 19.9

I-2 51.5 76.8 23.2 57.5 3.7 30.1 3,7 6,5 19.7

Peloponnese

PM-1 39.5 66.4 33.6 58.1 4.0 30.8 1,6 5,6 20.6

PP-1 43.4 64.7 35.3 57.2 4.3 31.0 1,5 6,0 20.8

PP-2 36.1 62.0 38.0 59.6 4.2 28.6 1,5 6,1 20.8
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trohuminitic and gelohuminitic content while their inertinitic concentration is higher than their equiv-
alent samples from Thessaly and Macedonia.

Lignite samples from Thessaly TH4, TH5, TH6 and TH8 are characterized by relatively high telo-
huminitic content ranging from 30.8 to 38.6 vol.%, while detrohuminitic components are higher
fluctuating from 49.8 to 59.8 vol.%.
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Fig. 2: Ternary plot of huminite maceral subgroup contents.

Fig. 3: Sorption capacity q (mg adsorbate / g adsorbent) of phenols and COD for the 14 raw lignite samples at
the end of the 24h experiments.
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Lignite samples from western Peloponnesus PM1, PP1, and PP2 have much lower telohuminitic
components than the ones from Thessaly ranging from 16 to 25 vol.-%, while their detrohuminitic
components are relatively similar varying from 51.0 to 60.2 vol.-%. Moreover, the samples from
western Peloponnese are also characterized from higher liptinite and inertinite macerals. Samples
TH7 and TH8 from Thessaly and MT4, MT5, MT6, MT7 and MT8 from Thrace, as well as all the
samples from Crete have high telohuminitic components mainly as eu-ulminite. The difference
amongst these samples lies upon the range of detrohuminite concentration. The concentration in
samples from Thessaly, TH7 and TH8 varies from 40.8 to 49.8 vol. %, while those from Thrace
MT7 and MT8, fluctuate from 20.7 to 35.3 vol.% and those from Crete have wider ranges, which
varies from 19.5 to 45.9 vol.% (Table 3). 

Finally, the two samples AA and BB, from western Macedonia are characterized by their high telo-
huminitic components and liptinite macerals and their low detrohuminitic components and the ab-
sence of inetrinite macerals.

3.3 Surface area measurements

Surface area measurements on non-activated and activated lignite have been measured following the
BET method. The results are presented in Table 5 and indicate that in all samples the activation process
has increased their surface area substantially, e.g. KP1 from Crete, TH3, TH4 and TH7 from Thessaly.

Table 5. Surface area (BET) in m2/g of bulk and activated lignites.

Location Bulk sample Activated sample Location Bulk sample Activated sample

Thessaly Crete

TH1 3.1 158.5 KP1 3.1 241.2

TH2 14.0 112.1 KP2 5.2 144.3

TH3 3.1 226.5 KP3 8.6 82.5

TH4 4.3 247.4 KP4 10.8 50.1

TH5 7.6 189.7 KP5 5.7 125.1

TH6 11.5 145.6 Epirus

TH7 3.6 271.3 I1 3.6 186.4

TH8 5.0 202.2 I2 4.3 164.1

Eastern Greek Macedonia & Thrace Western Greek Macedonia

MT1 3.0 140.9 AA 299.2

MT2 4.2 168.2 BB 412.4

MT3 3.7 233.9 Western Peloponnese

MT4 6.8 155.1 PM1 8.7 227.6

MT5 16.8 161.3 PP1 5.1 207.6

MT6 6.9 194.1 PP2 3.4 184.8

MT7 8.7 118.3

MT8 23.8 88.6



3.4 Adsorption studies

The adsorption capacity q ( mg adsorbate/g adsorbent) of phenols from the olive mill waste water
was estimated according to the reduction of total phenols and COD at the end of 24 hours experi-
ment for 14 raw and activated lignite samples as well as for one commercially available one (AC). 

From the raw lignites, samples TH2, TH8, TH3, I1 and MT3 have q values over 10 mg of phenol /g
lignite which are relatively good while the q value of the commercially available activated lignite
(AC) is 15 mg of phenol/ g lignite (Figure 4). As far as the COD reduction only two samples MT6
and MT7 have values, 67 mg COD/g lignite and 97 mg/g lignite which are lower than the AC sam-
ple 439 mg COD/g lignite. From the activated lignite, samples PP 2, MT6, MT3 and TH4 have q val-
ues of over 26 mg/g act. lignite while the commercial AC yield a value of 16 mg/g act. lignite (Figure
5). As far as COD values are concerned, samples TH7, PPI and KP1 have better values, 1262 mg/g
act. lignite, 1143 mg/g act. lignite and 1048 mg/g act. lignite respectively, than AC sample which has
271 mg/g act. lignite.

Data concerning the decrease of COD, nitrogen and phosphorus from the simulated city wastewater
disposal following the adsorption from raw and activated lignite samples are shown in Figures 5, 6
and 7, respectively.

The decrease of COD demand in raw lignite samples at a half hour interval, Fig.5, indicates that sam-
ples KP1, MT6, MT8, I1 and TH4 with q values 7.5 mg/g, 7.3 mg/g, 7.2 mg/g, 7.0 mg/g and 6.7
mg/g, respectively yield higher values than the commercially activated sample, AC, whose value was
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Fig. 4: Sorption capacity q (mg adsorbate / g adsorbent) of phenols and COD for the 15 activated lignite sam-
ples at the end of the 24h experiments.



3.6 mg/g. The decrease, in q value, of COD in activated lignite samples at the time interval of 3
hours, Fig. 5, was in the following order: 

MT2> TH4> PP2> MT8> MT6> KP1>PM1>TH7>AC 

while at 12 hour interval the order was:

MT2>PP2>TH4>MT8>AC>MT6>TH5>TH5>KP1>MT3

The decrease in q value for nitrogen adsorption at the end of 12 hours, Fig. 6, was in the following
order:

MT2>I1>PM1>TH4=PP1>PP2>TH7>MT8>MT6>AC

The decrease in q value for phosphorus adsorption at the end of 12 hours, Fig. 7, was in the follow-
ing order:

I1>AC>TH4>PP2>MT8> PM1>TH5

From the above experimental data it is more than obvious that a large number of Greek activated lig-
nite samples can be used successfully to clean industrial and city wastewaters since they behave bet-
ter than the commercially available one AC (HOK) produced by Rheinbraun Brennstoff Gmbh (RBB).

Table 1 shows that every year 1.4x106 m3 of OOMW is produced in Greece. Since I m3 of OOMW
contains 1.8 g/l of phenols it is calculated that the amount of phenols contained in the 1.4x106 m3

amounts to 2520 tons. Given that sample PP1 adsorbs 30 mg of phenols/g of activated lignite then to
clean the annual effluent of OOMW requires 84000 tons of this type of lignite per year. Assuming that
we have a small mineable lignite deposit of 5000000 tons then upon activation the amount left is
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Fig. 5: Decrease in COD demand in mg/g from a simulated wastewater liquid in both raw lignite samples after
half an hour interval and activated lignite samples after 3 hours and 12 hours interval.
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Fig. 6: Nitrogen adsorption in mg/g on activated lignite samples from a simulated wastewater liquid after 12
hours contact.

Fig. 7: Phosphorus adsorption, in mg/g on activated lignite samples from a simulated wastewater liquid after
12 hours contact.



roughly 2500000 tons since more than 50% of its weight is lost during the activation process. This
implies that such a deposit can satisfy the cleaning process of OOMW in Greece for 30 years.

The 84000 tons of contaminated by phenols activated lignite can be used for the production of valu-
able by-products (Roig et. al., 2006: Oreopoulou and Russ, 2007). Activated lignite which is satu-
rated with phenols can not be applied in soils as fertilizers because it inhibits the growth of certain
bacteria (Paredes et al., 1986).

4. Conclusions

Surface area measurements have been conducted on 28 activated Greek brown coal samples. The re-
sults show that some lignite samples such as AA and BB (from northern Macedonia) and TH7 and
TH4 from Thessaly, central Greece) have high surface area equal or better than that of the com-
mercial activated carbon sorbents.

Surface area of activated lignite samples is inversely proportional to ash and proportional to carbon
content of lignite samples.

The use of activated lignite samples as adsorptive materials for cleaning olive mill wastewater con-
taminants and consequently for environmental purpose was successful. Maximum recorded ad-
sorption of phenol was recorded on sample PP1 with a value of 30.6 mg/g of activated lignite while
the commercial one (AC) adsorbed 14 mg/g of activated lignite. The maximum COD reduction was
recorded on sample TH7 with a value of 1262 mg /g of activated lignite while in the commercial one
the reduction was 439 mg /g of activated lignite. 

Based upon the results obtained form the study of a simulated wastewater disposal liquid, a sub-
stantial number of Greek activated lignite samples reduce COD as well as nitrogen and phosphorus
content more efficiently than the commercially available activated lignite HOK which produced by
Rheinbraun Brennstoff Gmbh (RBB).
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Fig. 8: Relationship between surface area of physically activated lignite samples (m2/g) and their carbon con-
tent on dry samples.
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Abstract 

This study investigates possible redox transformations of uranium under transient redox conditions.
Specific focus lies on the fate of U as reductive dissolution of iron oxyhydroxides by S(-II) is initi-
ated. In batch experiments sulfide was incrementally added to a lepidocrocite suspension contain-
ing adsorbed U(VI). The partitioning of uranium was monitored during the progressing
transformation of lepidocrocite into FeS. Synchrotron-based X-ray absorption spectroscopy was
used to resolve the oxidation state of uranium. Upon addition of sulfide intermediate release of U
from the solid to the solution was observed. The mobilization of U was followed by immobilization
in later stages. XAS reveals that this immobilization coincides with reduction of U(VI) to U(IV).
Consequently, reduction of U(VI) and precipitation of U(IV) solids, due to a shift from oxic to sul-
fate reducing conditions is possible. However, kinetic effects might lead to an intermediate mobi-
lization of U that should be considered for the risk assessment of nuclear waste repositories and the
remediation of sites, contaminated with radionuclides.

Key words: uranium mobilization, reductive dissolution, iron mineral transformation, redox tran-
sitions, iron sulfides, X-ray absorption spectroscopy. 

1. Introduction 

In recent years the fate of uranium in natural environments has received great attention due to the
high potential of uranium migration beyond the designated waste disposal sites. Uranium contami-
nation poses great health risks to an affected community both as a heavy metal and with the expo-
sure to radiation as it decays. Uranium transport is mainly associated with its higher oxidation state
of U(VI), considered as the uranium species with the highest solubility. In recent years, the approach
of uranium immobilization as a possible in situ remediation pathway has driven numerous studies
to investigate abiotic and microbial processes that induce reduction of U(VI) to U(IV), leading to ura-
nium precipitation and thus removal from aquatic systems. Subsurface environments specifically, are
characterized by ongoing changes in redox conditions that may influence not only the mobility of
uranium species but also induce changes in iron mineralogy with which uranium is closely associ-
ated. The interrelationship between redox transformations of uranium and iron are very relevant in
many natural environments and a subject of major importance for the remediation of sites contam-
inated with radionuclides and the risk assessment of nuclear waste repositories. 

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 



Among soil minerals, iron oxides/oxyhydroxides are considered as primary sorbents for uranium due
to their high reactive surface areas. Uranium sorption has been studied on goethite (e.g. Duff, 1996;
Gabriel et al., 1998; Hsi and Langmuir, 1985; Giammar and Herring, 2001), on hematite (e.g. Bar-
gar et al., 2000; Ho and Miller, 1986; Liger et al., 1999), on ferrihydrite (e.g. Waite et al., 1994;
Morrison et al., 1995), on magnetite (Sagert et al., 1989) and green rust (O’Loughlin et al., 2003).
In the above studies, inner-sphere complexation of uranium species with the iron mineral surfaces
has been widely supported, indicating the strong sorption behavior among uranium and iron oxides.
However, iron oxides can significantly influence uranium transport not only by providing reactive
surfaces for uranium adsorption but they can also catalyze the reduction of U(VI) by Fe (II) (Liger
et al., 1999; Lloyd et al., 2002). Mixed valence iron oxides have been proposed to be able to reduce
U(VI), which has been attributed to the presence of sorbed Fe2+ (e.g. Charlet et al., 1998; Fredrick-
son et al., 2000; O’Loughlin et al., 2003).

Open questions still remain regarding the fate of uranium once iron oxides undergo mineral trans-
formation with changes in the redox regime. It is known that in oxic environments uranium ad-
sorption typically competes with carbonate complexation in solution, while under anoxic conditions
reduction of U(VI) to U(IV) occurs, forming insoluble minerals (De Pablo et al., 1999; Ragnarsdottir
and Charlet, 2000). Consequently, once uranium occurs in the environment as adsorbed onto iron ox-
ides, changes in the redox regime, from oxic to anoxic, may not necessarily lead to the mobilization
of uranium. However, kinetic effects might lead to the release of solid bound uranium which is not
predicted by equilibrium thermodynamics. One of the most critical aftermaths of iron oxide disso-
lution would be the release of important -previously sorbed- pollutants such as uranium.

Overall results from previous studies lead to the hypothesis that U(VI) adsorbed to iron oxides might
be mobilized when the reductive dissolution of Fe(III) is faster than the reduction of U(VI) and Fe
outcompetes U as an oxidant for S(II). Here, we experimentally investigate the possibility of U mo-
bilization upon reductive dissolution of iron oxides with adsorbed U(VI) by S(II), and evaluate
whether U(VI) can be reduced. Efforts begin with an ideal abiotic system, imposed to anoxic con-
ditions, where sulfide was incrementally added to a lepidocrocite suspension with preadsorbed
U(VI). Lepidocrocite (γ-FeOOH) was chosen for these experiments as a highly reactive iron oxide
mineral which is also found in environments of altering redox conditions (Canfield, 1989). Our main
purpose is to characterize the redox state and binding environment of uranium that is associated
with lepidocrocite during the reaction with sulfide. Additionally the level of competition between
uranium and iron reduction by sulfide will be addressed and as well as further role it could play in
uranium transport within natural environments.

2. Background Information

During diagenesis it has been shown that bacteria play a key role in the dissolution of iron oxides
by using Fe(III) as an electron acceptor and resulting in the production of Fe(II) (e.g. Lovely et
al.,1991), which can be expressed by the following reaction:

FeOOH + e- + 3H+ → Fe2+ + 5H2O

However, bacteria are also known to rapidly produce H2S in organic-rich soil, which also acts as
an Fe(III) reductant (Jorgensen, 1977; Canfield, 1989; Krom et al., 2002). The kinetics of reductive
dissolution of iron oxides by S(-II) are well established and show a dependency on the degree of re-
activity of the available iron minerals in the soil (Poulton et al., 2004; Poulton 2003; Yao and Millero,
1996; Peiffer et al., 1992; Dos Santos Afonso and Stumm, 1992). Either by using geochemical mod-
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els or through experiments, the above mentioned studies have emphasized the significance of pH,
dissolved sulfide and Fe(II) concentrations in solution and the controlling factor of mineral surface
area on the rates of iron oxide dissolution. 

In contrast to iron oxides, very little is known about the kinetics of U reduction by S(-II). As previously
mentioned the abiotic reduction of U(VI) has been connected to the presence of Fe(II), however urani-
nite (UO2) which has a very low solubility (Ksp = 10-60.6; Langmuir 1978) is mostly known to form ei-
ther by iron reducing bacteria (Lovley et al., 1991) of by sulfate reducing bacteria (Lovley et al., 1993;
Payne at al., 2004). Nevertheless, data from several field studies from areas such as the Biscay Bay, the
Cariaco Trench, the Black Sea and the Framvaren Fjord, where anoxic conditions, and thus, sulfide con-
centrations were extreme, gave no evidence for U(VI) reduction (Chaillou et al., 2002; Anderson et al.,
1989). The reduction of U(VI) to U(IV) by a strong reductant such as H2S should be possible, based on
thermodynamics, and can possibly be expressed by the following reaction stoichiometry:

UO2
2+ + HS- ↔ UO2 + S0 + H+

However, most studies that achieved uranium reduction by sulphide did so only by manipulating
physical or chemical parameters in laboratory experiments, e.g. by using strong sorbents that would
catalyze reduction, by increasing uranium or sulfide concentrations in solution (Kochenov et al.,
1977; Mohagheghi et al., 1984). Thus, evidence indicates that homogeneous reduction of U(VI) by
S(-II) is kinetically hindered.

3. Methods

In a pH stat reactor U(VI) acetate was added to a lepidocrocite suspension. Synthetic lepidocrocite
was produced according to the Schwertmann and Cornell (2000). Measured surface area of pro-
duced lepidocrocite was 78 m2/g (N2-BET analysis). No mineral phases other than lepidocrocite
were identified by powder X-ray diffraction (XRD). 

After adsorption equilibrium variable amounts of S(-II) (in the form of sodium sulfide solution)
were added and the partitioning of uranium, changes in iron redox state, and iron oxide mineralogy
were monitored. The pH during the reduction experiments was 8, the ionic strength was adjusted to
0.1 M by adding NaCl solution. Concentrations of dissolved elements were obtained with the use
of ICP-MS or standard photometric methods after filtrating aliquots of the suspension. Depending
on the macroscopic observations, fractions of the suspension were collected. The solids were re-
covered by centrifugation and freeze dried for X-ray adsorption spectroscopy (XAS). 

For XAS solid samples were prepared as pellets and air tight sealed to avoid oxidation of reduced iron
or uranium by oxygen during transportation. Collection of spectra took place at the FAME BM30M
beamline, at the ESRF in Grenoble, France. XAFS spectra were recorded in the fluorescence mode
at the U LIII-edge (~17.17 keV) in a cryostat at about 30K. For energy calibration a Y foil (k-edge)
was used. Titanium reduced uranium was used as a U(IV) standard and a known U(VI)-iron oxide
sample for U(VI). Both X-ray absorption near-edge structure (XANES) and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy were utilized to gain insight on the oxidation state and local
environment of uranium bound to the mineral surface throughout the reduction process.

All experiments and XAFS sample collection and preparation took place in an O2-free glovebox
which instead contained a gas mixture of N2 (95%) and H2 (5%). The glovebox was additionally
equipped with a Pd catalyst and an O2 monitor, in order to maintain and control oxygen levels below
1 ppm. All glassware used (DURAN® ISO laboratory bottles) were previously checked for possi-
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ble uranium uptake; in repeated blank absorption experiments no uranium was lost from solution.
All chemicals used were of reagent grade and no further purification was performed.

In order to illustrate the role of kinetics on the mobility of uranium during reductive dissolution of
iron oxides geochemical modelling was used. The rate of lepidocrocite dissolution was estimated
based on the rate law and kinetic constants reported in past studies (Peiffer et al., 1991). Due to
shrinking of the particles and consumption of S(II) the rate of lepidocrocite dissolution decreases
with progressing reaction. For simplicity it was assumed that all produced Fe(II) precipitates as FeS.
The process of complete reduction of lepidocrocite after addition of sulfide is shown in Fig. 1.

Additionally, possible pathways for the fate of U(VI) sorbed on the iron oxide mineral surface were
modeled (Figure 2). The dissolution of lepidocrocite results in the release of U(VI) back into solution.
U(VI) adsorption onto lepidocrocite was calculated with a simple Kd model. The Kd value was derived
from adsorption isotherms which were performed prior to the dissolution experiments (data not shown).
Adsorption onto FeS was not taken into account. For illustrating the possibly only temporal nature of
U mobilization in such system re-immobilization by reduction of U(VI) was included in the calcula-
tions. In this case, relative rapid homogenous reduction of dissolved U(VI) by S(II) was assumed.
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Fig. 1: Model of lepidocrocite reductive dissolution caused by sulfides.

Fig. 2: Evolution of U(VI) concentration and speciation over time. The reduction of U(VI) leading to the de-
crease of U(VI) concentration, once U(VI) is released into solution, is fictive -indicated with question mark-
and included in the model for illustrative purpose.



4. Results and Discussion

Mineral transformation from lepidocrocite to iron sulfide occurred by the very first sulfide injection
in the lepidocrocite-uranium system, an effect that was visible by the color change of the suspension
from orange to black. All added S(II) was consumed within the first two hours after the initial sul-
fide injection, as shown in Figure 3. During this period of time, electron transfer is assumed to be
taking place from the Fe(III) solid phase (lepidocrocite) to the sulfides that are interacting with the
substrate surface. In all experiments, a second sulfide injection took place two hours after the first
one, maintaining the same total concentrations of sulfide added. Consumption of S(II) occurred after
the second injection as well, with the exception of experiments for which S(II) remained in excess
in solution at the concentration level of ~ 3 mM (shown in Fig.3).

The progressive formation of amorphous FeS is assumed to dominate after the second sulfide addi-
tion, which would follow the reductive dissolution pathway described in detail by Afonso & Stumm,
(1992). Due to the fact that in these series of experiments sulfides have been added incrementally, the
effects of this reduction for the system lepidocrocite-U can be observed as they follow every new
sulfide addition. Reaction of lepidocrocite and S(-II) was a relatively fast process and completed
within less than one hour, which agrees with the findings of Peiffer et al.(1991) and Poulton (2004).
The consumption of S(-II) was predominantly coupled to the production of Fe(II). A notable increase
in Fe(II) concentrations in both solution and solid were observed (data not shown). In all experiments
Fe(II) produced is in analogy to the amount of sulfides added. In experiments where S(-II) was added
in excess (e.g. Fig.3), almost all Fe(II) is produced by the very first sulfide addition.

Prior to sulfide addition to the system, the concentration of dissolved uranium (U(aq)) was below
detection limits indicating the strong adsorption onto lepidocrocite (Fig. 3). Instant mobilization of
U(VI) was observed with every sulfide addition. Preliminary results suggested that the instanta-
neous mobilization and elevated concentrations of uranium in solution after sulfide addition might
be due to 1) a loss of sorption sites during iron mineral transformation 2) competition between ura-
nium and Fe(II) for reactive surface sites, 3) possible formation of uranium complexes with sulfides
in solution (e.g. polysulfides). 

After the instantaneous increase in U(aq) concentration, induced by S (-II) addition, U(VI) concen-
tration in solution decreased, however, approached a level significantly higher than before S(-II)
addition. The decrease in U(aq) in the first hour after S(-II) addition was correlated with the S(-II)
concentration. This suggests that the instantaneous mobilization of uranium might be due to forma-
tion of complexes with sulfide in solution. The elevated uranium concentrations remaining in solu-
tion after all S(-II) has been consumed after the first injection can be explained by a loss of sorption
sites due to iron reduction or the competition with Fe(II) for reactive surface sites; U(VI) shows a
lower affinity for Fe-SH than for Fe-OH groups. The release of uranium observed in all experiments
reaches ~5% of the total uranium added to the suspensions. Aqueous speciation of released U is be-
lieved to be UO2

2+.

The decrease in U(aq) concentration after one hour of reaction time with sulfide was not accompa-
nied with a decrease in S(-II) concentration. This re-immobilization might be caused by reduction
of uranium. XANES spectra, shown in Figure 4, showed successive transformation of U(VI) into
U(IV) with time. Reduction of U(VI) is in the time scale of days. We have data that supports the hy-
pothesis that the uranium reductant is most likely not S(-II)aq but FeS. Hence, formation of FeS
might be required for sustainable immobilization of U. Evidence for sorption and reduction of U(VI)
by the crystalline sulfides galena and pyrite has been given by Wersin et al. (1994).
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Linear combination of spectra indicated an approximate 15% presence of U(IV) in the solid sample
reacted for two hours with S(-II) and an increase of 45% for the solid of 48 hours of reaction. A sim-
ilar trend of progressive U(VI) reduction was observed for sample series of all other experiments.
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Fig. 3: Top graph shows the kinetics of S(II) consumption. The graph below shows the phase distribution of
uranium in response to sulfide addition. Red arrows indicate the timings of S(II) additions. 

Fig. 4: XANES spectra showing reduction of
uranium as a function of time (hours). Samples
taken from the same suspension as a function of
time, starting from the initial conditions (prior
to sulfide additions) and following with sam-
plings of 2, 4, 24 and 48 hours. XANES spectra
are compared to standards of U(IV) (Titanium
reduced uranium, with blue) and U(VI) (ad-
sorbed to hematite, with red).



Uranium reduction is reflected in EXAFS fitting results by the decrease of axial oxygens. Coordi-
nation numbers were used to derive and compare percentages of U(VI) still remaining within the
solid fraction of the collected time-series experiments. Figure 5 illustrates two of the experiments
performed, indicated as “C” and “D”. To these suspensions 8 mM and 5 mM of S(-II) were added
respectfully. Results show a dramatic decrease of U(VI) in suspension with the higher amount of sul-
fide. The formation of uraninite made its appearance much later within the duration of the experi-
ments (data not shown). EXAFS spectra indicate U-U interactions, which are more prominent in
suspensions reacted with higher amounts of S(-II) and with a greater presence of FeS. This gives us
some indication that FeS is the dominant reductant for U(VI) in these systems and interactions be-
tween U(VI) with FeS might be of significant importance for controlling the mobility in environ-
ments with ongoing microbial sulfate reduction.
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Abstract

Heterogeneity in metal concentrations is a typical characteristic of contaminated sampling targets,
with consequences in the estimation of measurement uncertainty and the spatial delineation of con-
tamination. Heterogeneity of contamination is site specific and is linked to the type and origin of the
contaminants. In this paper we present a case study on a completed firing range, at Skopeftirio Park
in Kesariani, Athens, Greece. The study focused on two heavy metals in the soil with contrasting prop-
erties. Lead, an element with high concentrations due to the previous land use of the park and Cr, an
element with concentrations close to the natural background at this site. Forty nine top soils samples
(0-10cm) were collected from an area of 0.7 km2 by using a 40m x 40m grid. Duplicate samples were
collected from 8 randomly selected sampling sites, 5 m away from the original sampling location and
were analyzed in duplicate for the estimation of measurement uncertainly. Elemental concentrations
were measured by AAS after an aqua- regia acid attack. Robust analysis of variance applied on du-
plicate measurements separated the total variability of the results into three components, representing
the analytical, sampling and geochemical variances for the two elements in soil. It was shown that the
combined sampling and analytical variance for the Pb has a high proportion in the total (53.5%) re-
flecting the extreme small-scale spatial variation of Pb contamination. For Cr, the proportion is lower
(17%) indicating a more homogeneous distribution of elemental concentrations.

Key words: geochemical sampling, measurement uncertainty, heterogeneity, ANOVA, contaminated
soil, heavy metals. 

1. Introduction 

Sampling is an integral part of the measurement process in geochemistry. However, only recently ap-
propriate attention has been given to this process in terms of the errors and uncertainty that it gener-
ates. Uncertainty of measurement, according to metrological terminology is defined as a parameter,
associated with the result of a measurement that characterizes the dispersion of the values that could
reasonably be attributed to the measurand (ISO, 1993). The idea of devising methods for the estima-
tion of sampling uncertainty analogous to the methods already in use for the estimation of analytical
uncertainty has been suggested (Ramsey, 1994; Thompson and Ramsey, 1995). The analogy is limited
by three important differences from analytical practice (Ramsey and Thompson, 2007) namely: (i) the
heterogeneity of sampling targets plays a role during assessment of sampling uncertainty, while this
(ideally) does not play a role during assessment of analytical uncertainty, (ii) practical difficulties ob-
struct the estimation of sampling bias, (iii) analytical variations can be observed directly, but sampling
variation cannot be observed directly because there will always be interfering analytical variations.

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 



However, through recent research, methodology has been developed for estimating uncertainty from
sampling empirically by using techniques based on randomized replicated experiments. In such tech-
niques, the utilization of analysis of variance, often abbreviated as ANOVA, has a central role. In the
instance of contaminated land investigations, where the objective of the measurement is defined in
terms of contaminant concentration in the sampling target and not simply in the laboratory sample,
the act of taking a sample introduces uncertainty in the reported result. Possible sources of error and
uncertainty during sampling operations may include cross-contamination and imperfect stabilization
of samples resulting in bias or additional variability, but the most significant source of uncertainty
is heterogeneity of the sampling target and its effects, such as random variability and selection bias.
Furthermore, studies of environmental systems have shown that effects caused by heterogeneity
often outweigh between-sampling operator and between-sampling protocol differences in concen-
tration results (Ramsey and Argyraki, 1997) and uncertainty on the measurements is greatly affected
by the heterogeneity of contamination, which in turn is linked to the type and origin of the contam-
inants. It has been shown that the higher the heterogeneity of contamination the higher the levels of
the estimated measurement uncertainty (Taylor et al., 2005). Work on contaminated land with dif-
ferent characteristics also confirmed that heterogeneity is site specific.

In this paper we present a case study on a completed firing range, at the Skopeftirio Park in Kesar-
iani, Athens, Greece. The study focused on two heavy metals in soil with contrasting properties.
Lead, an element with high concentrations in surface soil due to the previous land use of the park
as shooting range and chromium, an element with concentrations close to the natural background
which is controlled by local geology. The objective of this work is to present an application of analy-
sis of variance (ANOVA) technique to sampling uncertainty estimation and to discuss the hetero-
geneity in heavy metal concentrations in soil with reference to sampling quality as well as fitness
for purpose of the used sampling protocol.

2. Site description

The study area is situated in the Skopeftirio Park of the Municipality of Kesariani, about 3km east
of Athens centre. The Skopeftirio Park has a total area of 0.7 km2 of almost flat topography. The veg-
etation within the park includes coniferous trees and grass areas. Park amenities include playgrounds
and a gun-shooting club which is fenced and isolated from the rest of the park area. The park has a
long history mostly related to the 2nd World War when it was used as an execution place by the Nazis.
The area has been also used for military purposes over the years. Recently it has been declared as a
historical monument of modern Greece by the Ministry of Culture. After the 50’s, different parts of
the park have been used as shooting ranges for recreational purposes. Some of these areas have been
remediated while others are left in their original state. The previous use of the later is evidenced by
small spherical lead shots lying on the ground. Lead shots remaining on the surface soil are eroded
over time, releasing Pb into the soil (Petrakaki, 2009). 

Geologically, the area belongs to the Athens Unit which lithologically comprises solid, white, plat-
form carbonates as well as some pelagic clastic sediments including bodies of basic and ultrabasic
rocks and volcano-sedimentary tuffs (Papanikolaou et al., 2004). These basic and ultrabasic rocks
are naturally enriched in Cr and contribute to the geochemical fingerprint in the park soil with re-
spect to the concentrations of this metal.
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3. Methods

3.1. General 

When investigating a single sampling target of contaminated land, by applying duplication on sam-
pling and analysis, ANOVA can be applied to the measurement of a parameter on the duplicated
samples for estimating the random component of uncertainty (Ramsey and Ellison, 2007). Although
a higher level of replication can be used, duplication is the most effective form of replication in sam-
pling studies. Research has shown that a minimum of eight duplicates is required to provide suffi-
ciently reliable estimates of uncertainty (Lyn et al., 2007). The experimental design of this method
is the balanced two-stage nested design (Fig. 1).

Based on this, two independent estimates of the population variance can be made, the between sam-
ple variance estimate, s2

sampling and the within sample (between analysis) variance estimate, s2
analyt-

ical. The sum of these represents the measurement variance, s2
meas:

s2
meas = s2

sampling + s2
analytical

and the standard uncertainty (u) can be estimated as:

u = smeas = √( s2
sampling + s2

analytical) 

Subsequently, the estimate of the total variance in the sampling target is given by:

s2
total = s2

geochemical + s2
sampling + s2

analytical

where:

s2
geochemical = the variance estimate between sampling locations

It should be noted here that because classical ANOVA is a parametric statistical method, it relies on
the assumptions of normality of the distribution of the studied parameter and homoscedasticity of
the variances. The obtained variance estimates become less reliable when these assumptions do not
hold. The first assumption is not met in many instances, particularly in the case of environmental con-
taminants where analyte concentrations often display log-normal distributions. Furthermore, in order
for homoscedasticity to hold, ANOVA assumes no change of the variance within the concentration
range. Thus, the estimation of uncertainty by this method is only applicable close to the mean value
of the sample’s concentration but does not apply in instances of wide range of concentration where
a change in measurement precision with concentration is expected. To overcome the problems with
non-normally distributed data the use of robust statistics has been suggested (AMC, 1989; Ramsey,
1998). Robust ANOVA treats outlying values by down-weighting them rather than rejecting them.
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Fig. 1: Schematic balanced design of sampling and analytical duplicates.



3.2. Sampling and chemical analysis

Forty nine top soil samples (0-10cm) were collected from the study area based on a 40m x 40m reg-
ular grid. The exact sampling points were located using a GPS (Fig. 2). A hand auger was used to
collect a three-fold composite sample over a 1m2 area at each sampling point. The sampling preci-
sion was estimated by taking sampling duplicates at 5m distance away from the initial sampling
point in random direction, in order to reproduce variability accurately so that a realistic estimate of
the sampling repeatability variance could be made. A total number of 8 sampling duplicates were also
collected.

Test portions of all soil samples weighing 0.250 g each were prepared for chemical analysis by AAS
in order to measure the concentrations of Pb and Cr. Analytical duplicates were prepared for each
sampling duplicate, for the estimation of sampling and analytical precision. Reagent blanks and
three certified soil reference materials were analysed at random positions between the sample test
portions for the estimation of analytical bias.

4. Results and discussion

The statistical interpretation of analytical measurements focused on the study of two elements with
contrasting properties at this site; Pb and Cr. These elements were selected so that comparisons of
the results of the applied sampling methodology could be made. The statistical interpretation of the
data was made after applying the quality control procedures discussed below. The frequency distri-
bution for the mean Pb concentration at each sampling point show a positive skew and approaches
a log-normal distribution. The concentration of Pb is generally high with an arithmetic mean of
~300μg g-1 and a maximum of ~2400μg g-1 in the soil. The distribution of Cr is less skewed with a
mean of ~140μg g-1. The descriptive statistics for Pb and Cr concentrations in the sampled area are
summarised in Table 1.
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Fig. 2: Map of Skopeftirio Park at Kesariani in Athens, showing the sampling points [open circles] of surface soil.
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Table 1. Descriptive statistics for Pb and Cr in μg g-1 based on the 49 collected samples.

Statistic Pb Cr
Mean 309 137

Median 114 136
Standard deviation 491 22

Minimum 30 96
Maximum 2394 198

Sampling and analytical quality control was applied to estimate only the random measurement er-
rors of Pb and Cr. For this purpose a nested design of sample and analytical duplicates was used. Ro-
bust analysis of variance was applied to the concentrations measured for the sampling and analytical
duplicates (Table 2) so as to estimate separately the geochemical, sampling and analytical variances
(s2

geochem, s2
samp, s

2
anal ) respectively. The technique was implemented using the computer program

ROBAN. EXE, adapted from a published program (AMC, 1989) and available from the (UK) Royal
Society of Chemistry web site.

The total variance is:
s2

total = s2
geochem + s2

samp + s2
anal 

where:
s2

total = the total variance
s2

geochem = the geochemical variance
s2

samp = the sampling variance
s2

anal = the analytical variance

Table 2. Measured concentrations of Pb and Cr (μg g-1) in sampling (S1, S2) and analytical (A1, A2)
duplicates.

Cr
Sample S1A1 S1A2 S2A1 S2A2

C6 112 117 128 133
E12 125 132 150 142
G11 134 135 144 143
H19 169 178 166 156
I3 110 114 119 108

K11 128 129 121 125
K15 167 171 162 149
M8 105 109 119 118

Pb
C6 564 557 168 198
E12 42 66 78 108
G11 378 347 90 120
H19 1336 1313 1887 2008
I3 78 78 42 54

K11 120 60 84 102
K15 72 78 48 48
M8 48 54 60 54

10 (5)



The proportions of the variances in the total variance were then calculated and displayed as pie
charts (Fig. 3). The pie chart for the Cr variance in soil using the duplicate data shows that the ana-
lytical precision is acceptable as it contributes 4% to the overall variance and less than 20% to the
measurement variance (Ramsey, 1993). Similarly the combined sampling and analytical precision
was also acceptable contributing less than 20% to the overall variance.

For the Pb data, the analytical variance (0.9% over total variance) is well within the 4% limit but the
high sampling variance of 52.6% of total, makes the measurement precision to be over the 20% ac-
ceptable for spatial interpretation of the concentration estimates. However, the mean concentration
results can be interpreted within their stated uncertainties. The apparently high proportion of sam-
pling error, in this case, is due primarily to the relatively low geochemical variance of Pb (46.5% of
total variance).

The measurement uncertainty (uR) caused by random variations (under reproducibility conditions)
can be estimated from the combination of the sampling and analytical variance described above giv-
ing the measurement variance (smeas) as: 

uR = smeas= √(s2
samp + s2

anal)

To express the extended random uncertainty (UR) with a coverage factor k = 2 (for 95% confidence)
this gives:

UR = k uR = 2smeas

As uncertainty relative to the mean concentration x becomes:

Ur% = 200 smeas/ x

Where x is the estimated mean concentration of the analyte in the site. At this site the relative random
uncertainty estimated from the 8 duplicate samples is 15 % and 169% for Cr and Pb respectively. The
interpretation of this, assumes that it does not change as a function of concentration. The great dif-
ference between the uncertainties estimated for Cr and Pb is attributed to the differences in concen-
trations between the duplicate samples for each element. Specifically, the within location (sampling)
variance for Pb in greater than the between location (geochemical) variance, while the opposite is ob-
served for Cr. This in turn is related to the origin of Cr and Pb in the park soil and the subsequent de-
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Fig. 3: Relative importance of measurement errors from sampling and analysis and geochemical variability, in
the park of Skopeftirio, both expressed as proportions of total variance. Robust ANOVA estimates were used.



gree of heterogeneity in heavy metal concentrations in the soil for the same spatial scale. 

Lead which is dispersed in soil after the erosion of lead-shots is present within the park area only in
few hot-spots, the dimensions of which may be smaller than the 5m distance separating the sampling
duplicates. This extreme small-scale spatial variation is characteristic for Pb contamination in the site,
contributing to the great magnitude of measurement uncertainty. For Cr, the relative measurement
uncertainty is lower indicating a more homogeneous distribution of elemental concentrations. This
is explained by the geological origin of this element which is dispersed in soil following the pedo-
logical processes influencing the release of the metal and its mobilization from the underlying basic
rocks into the soil. Thus, the variability of the element in soil is captured by the 40 m distance sep-
arating the sampling locations. It should be noted that the analytical variance is insignificant com-
pared to that of sampling for both Pb and Cr, indicating that chemical analysis is not a major source
of error during the measuring process.

The estimates of random uncertainty for the sampling protocol used in the survey allow the assess-
ment of its ‘fitness-for-purpose’ for this sampling target. ‘Fitness-for –purpose’ is defined as the
property of data, produced by a measurement process that enables a user of the data to make tech-
nically correct decisions for a stated purpose (Thompson and Fearn, 1990). For Cr, since the pro-
portion of measurement uncertainty contributes less than the empirical limit of 20% to the total
variance, logistical factors, related mostly to the ease of applying the sampling protocol, have the
main role in the selection of the most appropriate sampling scheme for the objective of estimating
the mean metal concentration in the soil. For the particular field the optimal sampling scheme for
this objective appears to be the regular grid because it is fast and simple to set up and should there-
fore be least prone to location errors. The grid size of 40m is also judged appropriate for delineat-
ing the Cr concentrations across the site. On the contrary for Pb, the used sampling protocol is judged
as not fit-for-purpose because the magnitude of sampling variance exceeds that of geochemical vari-
ance. As a consequence it does not allow the realistic spatial interpretation of the Pb data across the
site. In this instance a different sampling protocol has to be applied in order to delineate the ele-
ment’s concentration within the sampled area. Triangular grids are usually performing better when
the aim is to delineate contamination hot-spots within an area.

5. Conclusions

This survey demonstrated that it is possible to estimate uncertainty in field sampling by using
ANOVA following a nested design of sampling and analytical duplicates on an area of contami-
nated land. The heterogeneity of the elemental concentration within the sampling target affects the
magnitude of precision and makes the sampling variance the dominant factor in the estimation of
measurement uncertainty. 

The performance of the sampling protocol has been evaluated and compared with criteria based on
fitness-for-purpose considerations. The 40m x 40m grid used in this trial proved to be fit-for-
purpose for Cr but suspect for Pb, using a fitness-for-purpose criterion of 20%. The main factor af-
fecting the suitability of the sampling protocol is the degree of heterogeneity of the sampling target.
A large degree of variation on the estimated mean was observed for Pb, showing the significant role
of soil variability on the outcome of analytical measurements on site investigations. Estimates of the
uncertainty associated with the sampling protocol could be made. In the instance of Pb, the large sam-
pling precision dominates the total uncertainty. The main reason is the great variability in Pb con-
centration at the sample target related to its origin from the lead shots. This is contrasted to the more
homogeneously distributed Cr concentration in soil related to the local geology.
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Abstract 

The Greek region is characterized by intense geodynamic activity with widespread volcanic, geot-
hermal and seismic activity. Its complex geology is reflected in the large variety of chemical and iso-
topic composition of its gas manifestations. 

Basing on their chemical composition the gases can be subdivided in three groups, respectively CO2,
CH4 or N2-dominated. On oxygen-free basis these three gases make up more than 97% of the total
composition. The only exceptions are fumarolic gases of Nisyros that contain substantial amounts of
H2S (up to more than 20%) and one sample of Milos that contains 15% of H2. CO2-dominated gases
with clear mantle contribution in their He isotopic composition (R/Ra corrected for air contamina-
tion ranging from 0.5 to 5.7) are found along the subduction-related south Aegean active volcanic arc
and on the Greek mainland close to recent (upper Miocene to Pleistocene) volcanic centers. These
areas are generally characterized by active or recent extensive tectonic activity and high geothermal
gradients. On the contrary, gases sampled in the more external nappes of the Hellenide orogen have
generally a CH4- or N2-rich compositions and helium isotope composition with a dominant crustal
contribution (R/Ra corr < 0.2).

The chemical and isotopic characteristics of the emitted gas display therefore a clear relationship
with the different geodynamic sectors of the region. Gas geochemistry of the area contributes to a
better definition of the crust-mantle setting of the Hellenic region.

Key words: natural gas manifestations, gas chemistry, He- and C- isotope composition.

1. Introduction 

The Hellenic territory has a very complex geodynamic setting deriving from a long and complicated
geological history. Many of the geologic features of Greece are still argument of strong debate and
Zeilinga de Boer (1989) defined its geodynamic situation as “The Greek enigma”. The Hellenic ter-
ritory is also the site of intense seismic activity (Burton et al., 2004) and enhanced geothermal gra-
dient (Fytikas and Kolios, 1979). This together with the presence of an active volcanic arc favours
the existence of many cold and thermal gas manifestations.

Until now only scarce data on chemical and isotopic composition of these gas manifestations have
been published. Furthermore these data are either limited to single volcanic/geothermal systems

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 



(Marini and Fiebig, 2005; D’Alessandro et al., 2008) or if considering geographically wider areas
they refer only to their chemical (Minissale et al., 1989; 1997) or to their noble gas isotopic (Shimizu
et al., 2005) composition. In the present study both the chemical and the isotopic composition (C,
He) of 52 samples collected along the whole Hellenic territory has been analysed in an attempt to
reveal possible relationships with the geodynamic situation. 

2. Study area and methods

2.1 Geological setting 

The Aegean region is a concentrate of the main geodynamic processes that shaped the Mediter-
ranean region: oceanic and continental subduction, mountain building, high-pressure and low-tem-
perature metamorphism, backarc extension, post-orogenic collapse, metamorphic core complexes,
gneiss domes are the ingredients of a complex evolution that started at the end of the Cretaceous with
the closure of the Tethyan ocean along the Vardar suture zone (Jolivet and Brun, 2008). 

The Greek and west Anatolian region was affected by a Tertiary and Quaternary volcanism with an
orogenic signature. The oldest products are of upper Eocene-Oligocene age and are exposed in lim-
ited volumes in the northern part of Greece. The volcanic activity reached a climax in the Lower
Miocene and was exhausted by the Middle Miocene (Yilmaz et al., 2001). 

The Paleogene Hellenide orogeny of Greece and its eastward continuation into western Turkey re-
sulted from collision of the Apulian microcontinental fragment in the Eocene to Oligocene with the
Pelagonian, Rhodope, and Serbo-Macedonian fragments, which had previously accreted to the south-
ern margin of Eurasia in the Cretaceous. Subsequent extension in the Aegean was rapid, likely due
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Fig. 1: Geographic distribution of the sampled gas manifestations.



to subduction rollback over residual oceanic crust of the African plate, whereas Anatolia had been
bounded by African continental crust south of Cyprus since the Early Miocene. This regional ex-
tension and the thermal effects of asthenospheric upwelling, related to changes in the geometry of
subducting slabs, have been interpreted as causing magma genesis principally within the lithos-
pheric mantle (Pe-Piper and Piper, 2002).

At the south Aegean Volcanic Arc the volcanic activity started during the Upper Pliocene (Fytikas
et al., 1986) and is still active today mainly in the form of solfatara activity. The calc-alkaline vol-
canic activity of Southern Aegean region developed in various volcanic centers from Sousaki to
Nisyros through Methana-Poros, Milos and Santorini. The volcanic products are dominated by lava
domes and lava flows with associated minor pyroclastic breccias and felsic ignibritic covers
(Mitropoulos et al., 1987). The final activity of this orogenic cycle is characterized by the presence
of K-rich shoshonites and latites with ultrapotassic character.

2.2 Sampling and analytical methods 

A total of 52 samples were collected along the whole Hellenic territory (Fig. 1). Free gas samples
were taken from natural gas manifestations like fumarolic discharges, soil gases, mofettes, gas bub-
bling in cold or thermal waters and also from wells drilled either for groundwater or carbon dioxide
abstraction or for geothermal exploration. Water for dissolved gas analyses were collected in glass
vials sealed underwater. 

Fumarolic gas discharges and soil gases were collected at a depth of 50 cm through steel or nylon
tubes connected to a syringe while bubbling gases were collected through inverted funnels. Samples
were then stored into glass flasks equipped with vacuum stopcocks. 

Gas concentrations were measured at INGV in Palermo using the GC Perkin Elmer Clarus 500
equipped with Carboxen 1000 columns, HWD and FID detectors with methanizer. The gas samples
were injected through an automated injection valve with a 1000 μL loop. Calibration was made with
certified gas mixtures. Analytical precision (1σ) was always better than ±5%. The detection limits
were about 1 ppm vol. for CH4, 2 ppm vol. for H2, 6 ppm vol. for He, 20 ppm vol. for CO2, 200 ppm
vol. for O2 and 500 ppm vol. for N2. He concentrations less than 6 ppm were determined during He
isotopic analysis with a detection limit of about 0.1 ppm. Dissolved gases in water samples were ex-
tracted using the head-space equilibration method according to Capasso and Inguaggiato (1998). 

Analyses of carbon isotopes of CO2 were carried out by using a Finnigan Delta plus mass spec-
trometer. Values of carbon isotope of CO2 are expressed in δ‰ vs. V-PBD, accuracy being 0.1 δ‰.
The method proposed by Capasso et al. (2005) was used for determination of the δ13C of total dis-
solved inorganic carbon (TDIC). The theoretical equilibrium composition of a free CO2 gas phase
was calculated considering the fraction of all dissolved carbon species (H2CO3, HCO3

- and CO3
2-)

and the relative fractionation factors.

The He-isotope ratio in the gas samples was analysed directly from the sample bottles after purifi-
cation in the high-vacuum inlet line of the mass spectrometer. The isotope composition of dissolved
He was analysed by headspace equilibration, following the method proposed by Inguaggiato and
Rizzo (2004). He isotopes were measured with a modified double-collector mass spectrometer (VG
5400-TFT). 3He/4He ratios, determined against an air standard, are referred here to the atmospheric
ratio (Ra = 1.386 × 10–6) as R/Ra. Measured values were corrected for the atmospheric contamina-
tion of the sample on the basis of its 4He/20Ne ratio (Sano and Wakita, 1985) determined with a
quadrupole mass spectrometer (QMS, VG Quartz).
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3. Results and discussion

3.1 Chemical composition of the gases 

The results of the chemical analyses are listed in Table 1. They are reported as dry gases excluding
water vapour, which is significant only in the fumarolic gas samples of Nisyros. The gas samples dis-
play a very large variability in chemical composition. Helium ranges from 0.4 up to 2940 ppm and
shows a fair positive correlation with N2. Only 21 samples have detectable H2 (> 2 ppm) concentra-
tions ranging from 5 up to 149000 ppm. Oxygen concentrations range from below the detection limit
(< 200 ppm – 11 samples) up to 193000 ppm. The concentrations of N2, CH4 and CO2 range from 600
to 978000, from less than 1 to 915000 and from 27 to 993000 ppm respectively. The last three species
represent always the main gas component and all the samples can be subdivided in N2

-, CH4
- and CO2

-

dominated gases. On oxygen-free basis these three gases represent generally more than 97% of the
total composition. The only exceptions are fumarolic gases of Nisyros that contain substantial amounts

XLIII, No 5 – 2330

Fig. 2: a) O2-N2-CO2 triangular plot and b) He-N2-Ar triangular plot. Symbols as in Fig. 1 refer to the geo-
graphical distribution of the sampling sites.

Fig. 3: a) CH4-N2-CO2 triangular plot. b) enlargement of the CO2 vertex. Symbols as in Fig. 1 refer to the ge-
ographical distribution of the sampling sites.
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of H2S (up to more than 20%) and one sample of Milos that contains 15% of H2.

The O2-N2-CO2 triangular plot (Fig. 2a) reveals that only few samples plot close to the point repre-
senting atmospheric air excluding important contaminations for most samples. Furthermore most
samples display N2/O2 ratios much higher than the atmospheric one indicating that the atmospheric
component deriving from meteoric recharge has probably been modified by redox reactions in the
subsoil. Great contributions of N2 deriving from slab-sediments can be ruled out by the N2/Ar ra-
tios, which are generally close to the atmospheric, or the air-saturated water ratios (Fig. 2b). Fur-
thermore most of the samples show a strong contribution of helium deriving either from a crustal or
a mantle source.

The CH4-N2-CO2 triangular plot (Fig. 3a) shows that only 6 samples display a CH4-dominated com-
position comprising all 3 samples collected in the Peloponnese, two samples of central Greece and
one of northern Greece. N2- and CO2-dominated gases display on the same plot a mixing line (Fig.
3a). To the latter group, the most abundant (32 samples), belong all the samples collected along the
active south Aegean volcanic arc (Fig. 3b) except one sample of Milos (Fyriplaka) contaminated with
atmospheric air (Fig. 2a). Most of the N2-dominated gases were collected in northern Greece (Fig. 3a).

3.2 Isotopic composition of the gases 

The results of the isotopic analyses are listed in table 1. He isotopic values, expressed as 3He/4He ratio
normalised to the atmospheric one (Ra = 1.386 × 10–6), range from 0.03 to 5.78 R/Ra. Measured val-
ues corrected for the atmospheric contamination of the sample on the basis of its 4He/20Ne ratio
(Sano and Wakita, 1985) display a similar range (R/Ra corr 0.03 – 5.86). Such a wide range is in-
dicative of different sources for the helium in the studied gases. 

In Figure 4 the measured R/Ra values are plotted against the 4He/20Ne ratio together with the char-
acteristic composition of three possible sources, the atmosphere (A), a MORB-like mantle (M) and
the crust (C). The plot excludes strong atmospheric contaminations because only few samples dis-
play low 4He/20Ne ratios close to the characteristic end-member of atmospheric air. Samples col-

Fig. 4: R/Ra vs. He/Ne plot of the natural gas manifestations of Greece. A, M and C represent three possible
end-members: atmospheric air, MORB-like mantle and crust. The mixing lines between A and M and between
A and C are also plotted.
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lected along the volcanic arc display the highest mantle contribution with all but the samples col-
lected at Sousaki having values above 1 R/Ra. A few samples, among which are all those collected
in the Peloponnese, display a prevailing crustal imprint (R/Ra < 0.2). Most of the samples display
intermediate helium isotopic composition (R/Ra between 0.2 and 1) evidencing contributions of both
deep sources (mantle and crust).

The carbon isotopic composition of CO2 in the free gas samples ranges from –19.6 to +0.5 δ13C ‰
(vs. V-PDB). For the dissolved gas samples the theoretical isotopic composition of gaseous CO2 in
equilibrium with the liquid phase has been calculated from the following measured parameters, tem-
perature, δ13C of the total dissolved inorganic carbon, dissolved CO2 concentration and alkalinity,
considering all fractionation factors between gas and all dissolved carbon species (Zhang et al.,
1995). The obtained values range from –24.3 to –1.4 δ13C ‰. All CO2-dominated gases display a
narrower range spanning from –6.4 to +0.5 δ13C ‰ and in this group the samples collected along
the volcanic arc have still narrower range (-2.0 - +0.5 δ13C ‰). 

Considering the δ13C(CO2) values and the CO2/
3He ratios (Fig. 5), samples collected along the vol-

canic arc plot on the mixing line between the mantle and the limestones end-members. This pattern
further excludes important contributions from organic sediments to the fluids deriving from the de-
scending slab. A small contribution from organic sediments can be detected in the CO2-dominated
gases of mainland Greece deriving probably from crustal sources. On the contrary CH4- and N2-
dominated gases display sometimes a strong organic contribution and low CO2/

3He ratios probably
due to CO2-depleting processes (carbonate precipitation, CO2 reduction, etc.).

3.3 Geographical distribution 

Measured R/Ra values of the Greek gas manifestations display an increasing trend going from north
to south and from west to east (Fig. 6). A similar trend has been previously also evidenced by Shimizu
et al. (2005) for the south Aegean volcanic arc. Based on the 87Sr/86Sr ratios of the least evolved
rocks, they attributed this pattern to increasing crustal contamination of ascending magma.

Fig. 5: CO2/
3He vs. δ13C(CO2) plot of the natural gas manifestations of Greece. The endmember compositions

for sediments (S), MORB-like mantle (M) and limestones (L) are δ13C(CO2) = –30‰, –5‰ and 0‰; and
CO2/

3He = 1´1013, 2´109 and 1´1013, respectively (Sano and Marty, 1995).
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Fig. 6: Variation of measured R/Ra values of the Greek gas manifestations vs. latitude (left) and longitude
(right) of the sampling site.

Fig. 7: Relationships between He isotopic compositions measured in the natural gases and the recent volcanic
manifestations of the Hellenic territory.

Crustal contamination along the volcanic arc could be due to several processes. For example, Pe-
Piper and Piper (2005) subdivided the arc in an older part comprising Methana and Milos and a
more recent part comprising Santorini and Nisyros. Volcanism is considered to be slowly decreas-
ing in the western sector, and the ascent of new magma from the mantle, being currently much lower
than in the eastern part, supports a lower 3He flux. A further significant difference between the east-
ern and western parts of the arc is in the type of volcanism. Santorini and Nisyros (in the east) are
both characterized by central stratovolcanoes with large calderas and frequent eruptive activity dur-
ing historical time (Pe-Piper and Piper, 2002). This volcanic environment facilitates the easy and
rapid ascent of mantle fluids, and a corresponding lower probability of crustal contamination. In
contrast, Methana and Milos (in the west) exhibit numerous monogenic centres accompanied by
lower eruptive rates (Fytikas et al., 1986), which is compatible with a higher crustal contamination
in the emitted fluids.
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Gases with a clear crustal imprint in their He isotopic composition (R/Ra < 0.2) are found almost ex-
clusively in the western part of Greece. In this area where the more external nappes of the Hellenide
orogen crop out, the thickness of the crust reaches the highest values of the Hellenic region (> 40 km). 

Gases with intermediate He isotopic composition (R/Ra 0.2 - 1) have been collected across the most
internal terrains of the Hellenide orogen. In this area crustal thinning, due to extensive tectonics,
favoured the recent (< 10 Ma) volcanic activity and either direct or magma-mediated mantle fluids as-
cent. This area is also the site of enhanced geothermal gradient (Fytikas and Kolios, 1979). Notewor-
thy almost all sites where gas samples with intermediate He isotopic composition (Fig. 7) have been
collected fall close to recent volcanic centers and/or within the zones of highest geothermal gradient.

4. Conclusions

The 52 gas manifestations sampled along the whole Hellenic territory can be subdivided, on the
basis of their chemical composition, in CH4- N2- and CO2-dominated. The former two groups, al-
most all collected in the western part of the country, display also very low R/Ra values (< 0.2) high-
lighting their crustal origin. This region is characterised by a high crustal thickness (up to > 40 km)
and absence of recent (< 10 Ma) volcanic manifestations. On the contrary samples collected in the
eastern part of Greece, where instead the crust is thinner (20 – 30 km) and recent volcanic manifes-
tations are widespread, the gases have generally CO2-dominated composition and intermediate R/Ra
values (0.2 – 1) evidencing a significant contribution from a mantle source. Finally, a strong man-
tle contribution was found in the samples collected along the south Aegean active volcanic arc,
which all display a CO2-dominated composition and high R/Ra values (1 – 5.8). CO2 carbon isotopic
composition and the CO2/

3He ratio of the latter gases evidence a mixing between a mantle and a lime-
stone source excluding any contribution from sedimentary material. This is also confirmed by the
measured N2/Ar ratios, which are all close either to the atmospheric or to the air-saturated water
ratio. A small contribution from sedimentary material, probably of crustal origin, can be highlighted
in the CO2-dominated gases of continental Greece. 
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Abstract

Urban soil is generally contaminated to a variable degree depending on its proximity to contamina-
tion sources. Traffic is one of the main sources of urban contamination; lead (Pb) from the use of
leaded petrol, zinc (Zn) and cadmium (Cd) from tyre wear, antimony (Sb) from break pads, and the
platinum group elements (PGEs) from the wear of catalytic converters, are some typical elements
that often reach high concentrations in the urban environment. Lead was also a key ingredient in
white paint, and in towns with a high proportion of white wooden houses very high concentrations
were found in soil. Crematoria can or have emitted mercury (Hg). Coal and heavy oil fired munici-
pal power and heating stations emit sulphur (S), silver (Ag), vanadium (V), bromine (Br) and barium
(Ba). The use of impregnated wood may have resulted in high concentrations of arsenic (As), espe-
cially in kindergartens (nursery schools) and playgrounds. Building materials (plaster and paint)
may also contain high concentrations of organic contaminants, especially polychlorinated biphenyls
(PCBs), which again end up in urban soil. Coal and wood burning, the use of diesel fuel, and the pro-
duction of coke, all lead to the emission of polycyclic aromatic hydrocarbons (PAHs). There exist
countless other sources of local contamination in towns, and there is thus every reason to be concerned
about the quality of the urban environment, and the suitability of soil for sensitive land uses, such as
schools, playgrounds, parks and vegetable gardens. Contaminated urban soil may contaminate indoor
dust and, therefore, to an increased human exposure to toxic chemicals. Consequently, the distribu-
tion of toxic contaminants in urban soil needs to be documented and known by city administration to
avoid costly mistakes in land use planning, and further spreading of highly contaminated materials.

The EuroGeoSurveys ‘Geochemistry’ Expert Group during the compilation of a proposal to the Di-
rectors for a European wide urban geochemistry project, using a harmonised sampling and analyt-
ical methodology, it discovered that many urban geochemical studies have been performed in Europe
by National Geological Surveys, which are not known to the wider geoscientific community. Since,
the results of these studies are directly related to our quality of life, the EuroGeoSurveys ‘Geo-

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 



chemistry’ Expert Group decided to publish at least one case study from each country in a book,
which will be available in the second half of 2010. A concise description of some of these studies will
be given in this paper.

Key words: urban geochemistry, toxic chemical elements, contamination, soil, dust, Europe.

1. Introduction

The town is a heterogeneous complex structure that has been developed by humans as a necessity
for protection, collaboration, trade, etc., and is growing, changing, but also decaying, and its build-
up is never completed. Since, urban areas in Europe are growing, the quality of their environment
is becoming an important issue in the 21st century, following the serious degradation with the release
of many toxic chemical elements and compounds by industrial processes, beginning from the in-
dustrial revolution, with a peak after the Second World War, as well as the modern style of living. 

Industries were, and still are, variously located within the urban structure of many European towns.
Since, the 1970s an attempt is, however, being made in many countries to develop industrial estates
outside the urban structure. But, within the urban environment remain brownfield sites, and the enor-
mous effort of their redevelopment in order to reduce the pressure on greenfield sites. However, this
does not solve the contamination problem that has been developed over tens or hundreds of years
in many urban centres, which may apparently be exacerbated in the not too distant future. At the be-
ginning of the 20th century about 15% of the world’s population was living in towns, and recent pro-
jections indicate that by the year 2030 the urban population will be two times as large as the rural.
This increase will consume an important natural resource, soil; part of it will be completely lost
through sealing, and the other will most likely loose its multi-functionality, because of contamina-
tion and compaction.

In comparison to atmosphere and water bodies, many contaminants are not diluted in soil, but are
accumulated over time. In many cases, soil functions as a sink, with both inorganic and organic sub-
stances being adsorbed on soil colloids (e.g., humic matter, clay minerals, iron and manganese hy-
droxides). Often, toxic substances are converted in soil to other, more stable, insoluble forms. Besides
soil composition, the types of substances that accumulate in soil are governed by pH, redox condi-
tions, and micro-organisms. A characteristic of urban areas is the wide distribution of fly ash and con-
struction materials with neutral to basic pH values. Such conditions increase the immobilisation of
many substances in urban soil. If soil conditions change, however, these substances can be remo-
bilised and may enter ground or surface water.

Due to heterogeneity and continuous change of urban areas, it is important to understand, therefore,
the distribution of chemical elements in the various environmental compartments (soil, atmosphere,
road dust, house dust, water), and the methods for distinguishing human induced geochemical anom-
alies, i.e., areas with chemical element concentrations above the natural geochemical baseline vari-
ation. The variable character of the natural geochemical baseline of chemical elements is an
important concept that should be understood by decision-makers and planners; in simple terms, it
means that elevated element concentrations, may be geochemically anomalous in one environment,
whilst they can be part of the natural baseline concentrations in another; this continental scale nat-
ural geochemical baseline variation is well portrayed in the EuroGeoSurveys’ “Geochemical Atlas
of Europe” (http://www.gtk/publ/foregsatlas/). Therefore, geochemical maps of urban areas are
needed to display the geographical distribution of chemical elements and compounds, in order to
allow reliable recognition of contaminated areas.
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Since, many health related problems are linked to the state of the urban environment, the European
citizens are entitled to know the quality of not only the land their houses are built on, but also that of
schools, parks, playgrounds, recreation areas, and workplaces. Estate agents would like to know the
quality of the land they are marketing, and insurance brokers the potential risks on their customers.

2. Geochemical state of urban land

Concentrations of many potentially harmful elements (PHEs) are enhanced in the urban environment
as a result of atmospheric and terrestrial contamination and the nature of urban ground, which is
often disturbed and in-filled and frequently bears little relation to the residual soil, bedrock and su-
perficial cover of the surrounding rural hinterland. Even in completely undisturbed urban areas, such
as parks, many PHEs signatures are elevated in comparison to the rural natural geochemical base-
line concentrations, due to atmospheric contamination, littering, urban surface run-off and other fac-
tors. Hence, it is necessary to establish the overall urban geochemical signature, so that areas of
concern within a town can be highlighted, and detailed site investigation and contamination studies
can be assessed in terms of the urban geochemical profile in addition to the rural baseline chemical
element variation. It should be noted that systematic urban surveys do not replace the need for site-
specific contaminated land investigations, but such data provide the citywide framework and con-
text to more detailed assessments.

Urban soil is generally contaminated to a variable degree depending on its proximity to contamina-
tion sources. Traffic is one of the main sources of urban contamination; lead (Pb) from the use of
leaded petrol, zinc (Zn) and cadmium (Cd) from tyre wear, antimony (Sb) from break pads, and the
platinum group elements (PGEs) from the wear of catalytic converters, are some typical elements
that often reach high concentrations in the urban environment. Lead was also a key ingredient in
white paint, and in towns with a high proportion of white wooden houses very high concentrations
were found in soil. Crematoria can or have emitted mercury (Hg). Coal and heavy oil fired munic-
ipal power and heating stations emit sulphur (S), silver (Ag), vanadium (V), bromine (Br) and bar-
ium (Ba). The use of impregnated wood may have resulted in high concentrations of arsenic (As),
especially in kindergartens (nursery schools) and playgrounds. Building materials (plaster and paint)
may also contain high concentrations of organic contaminants, especially polychlorinated biphenyls
(PCBs), which again end up in urban soil. Coal and wood burning, the use of diesel fuel, and the pro-
duction of coke, all lead to the emission of polycyclic aromatic hydrocarbons (PAHs). There exist
countless other sources of local contamination in towns, and there is thus every reason to be con-
cerned about the quality of the urban environment, and the suitability of soil for sensitive land uses,
such as schools, playgrounds, parks and vegetable gardens. Contaminated urban soil may contami-
nate indoor dust and, therefore, to an increased human exposure to toxic chemicals. Consequently,
the distribution of toxic contaminants in urban soil needs to be documented and known by city ad-
ministration to avoid costly mistakes in land use planning, and further spreading of highly contam-
inated materials.

Next to soil, other natural materials could be sampled, as road dust, house dust, and attic dust. The
chemical composition of each of these materials reveals a specific aspect of the urban environment.
Road dust characterises mainly the current active sources of contamination. House dust is the material
that children especially come mostly in contact with, and is characteristic of the narrow local home con-
tamination. Attic dust, although not of direct concern to the quality of the home environment, it pre-
serves a long record of past contaminating sources. Surface and ground water is an additional medium
of concern that is closely associated with the quality of life of the population in some urban areas.
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Of concern in the home environment are the levels of natural radon, which are based on geological
factors, relation to mines and mine tailings, as well as the concentration of radium and radon in
water supplies. Radon gas can penetrate houses from many sources and in different ways. In gen-
eral, high levels of radon are associated with granite, igneous rocks, shale, slate, dirty quartz sedi-
mentary rocks, phosphate deposits and some beach sands, which may contain high levels of radon
progenitors, i.e., uranium, or thorium. The most important contributor to indoor radon is the soil
from which radon can be drawn through large and small subsurface gaps in the house foundations.
A map of radon distribution should be produced to help planners and builders to site houses, or hous-
ing estates, on ground with low radon emission, and/or to reduce natural radon penetration in the
home environment.

3. National Geological Surveys and urban issues

Soil contamination is becoming a key issue, and urban planning needs soil that is fit for human use,
and is a matter that should be tackled efficiently. At European level, an initiative called “Soil and
Land Alliance of European Cities and Towns” has been founded with the aim to make an active con-
tribution to sustainable use of soil in communities [http://www.soil-alliance. org/e_manifesto.htm].
Production of a high quality compatible database on the geochemistry of urban soil is time con-
suming and costly, and especially if information down to the property level is required, since such
systematic studies demand the use of the same sampling, sample preparation and analytical method-
ology, as well as data presentation. Existing urban soil geochemical databases from various sources
have problems of data comparability, because different approaches to sampling, sample preparation
and chemical analysis have been used.

Each European urban area has its own unique development, which is a result of many variables
linked to historical, social, economic, cultural, geographical and climatic issues. Differences in liv-
ing habits, land use practices, and use of building materials, may have resulted in different ways
contaminants are stored in the various types of natural soil. Such a European wide comparison of the
geochemistry of urban areas, using exactly the same methodology in all the investigation steps, will
document the local peculiarities, and possible mistakes that have been made in one region do not
need to be “transferred” to another. It is, therefore, strongly believed that there is a lot to be learned
by such a well-coordinated European comparison of the geochemical state of the urban environ-
ment, and city administrators and planners will have at their disposal a high quality database for ef-
ficient urban planning.

Such systematic work in urban areas can only be carried out by national Geological Surveys, because
they have the scientific expertise for such studies, and the infrastructure to maintain the required Ge-
ographical Information System databases to be accessed by each citizen. Something that has already
been demonstrated by the production of the Geochemical Atlas of Europe (Salminen et al., 2005; De
Vos, Tarvainen et al., 2006), and the pending Geochemical Atlas of Agricultural and Grazing land
soil, which has started in 2008 (EGS Geochemistry, 2008; Reimann et al., 2009).

4. Methods

4.1 General 

Since, it is important to have comparable results across Europe, a field sampling manual for urban
geochemical investigations in Europe is under compilation by the EuroGeoSurveys Geochemistry
Expert Group, and should be released in 2010. Some of the principles have, however, been agreed,
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and are described herein. The average sampling density should be 4 soil samples/km2. In order to
cover the urban area uniformly, it is proposed to collect soil samples from the central nodes of a 500
x 500 m grid. The sampling density can, however, be varied in sections of the town where contam-
ination is suspected to the central nodes of a 250 x 250 m grid (16 samples/km2), and in the sur-
rounding rural area to the central nodes of a 1000 x 1000 m grid (1 sample/km2).

There was a lively discussion with respect to the thickness of soil to be sampled, and whether sin-
gle or composite samples should be collected. The different proposals were 0-2 cm, 0-5 cm, 0-10 cm
and 0-20 cm. It was finally decided to collect surface soil samples down to a depth of 10 cm, after
removal of surface litter, since this will give the best impression of anthropogenic impact. There is
still disagreement, however, between single or composite soil samples. Collection of composite soil
samples from four to five sub-sites up to a distance of 10 m around the central node is considered
that it will give greater reproducibility and representativeness. This could be argued as suitable for
natural situations, but in areas where humans have intervened for tens or hundreds of years, as is the
case of urban environments, the variation could be enormous even at very short distances, since the
principles governing the distribution of elements in the natural environment are no longer applica-
ble. Hence, a composite soil sample may end-up diluting a significant point pollution target. Single
spot soil samples have the advantage of representing precisely the site from which they have been
collected. Reproducibility may not be good, but this is expected, because there are no rules about the
spatial distribution of human induced contamination.

Soil samples should be collected from parks, playgrounds, sport fields and schoolyards, because
these are the areas used by children and teenagers alike. Extensively used sites are preferred as, for
example, in a grass covered park the most suitable site shall be where the grass has been worned
through continuous use. 

All field teams shall be provided with the same sampling equipment, purchased from the same source.
At each sample site, GPS coordinates and field observations shall be recorded, and digital photo-
graphs taken; the recommendation is to take four general landscape photographs of the surrounding
environment (North-East-South-West), and a site photograph showing details of soil texture.

Soil samples to be air dried and sieved to <2 mm (the standard fraction used in soil sciences) and pul-
verised to <0.063 mm prior to laboratory analysis. It is suggested to firstly analyse the samples by an
aqua regia digestion. Total element concentrations (XRF or multi-acid-extraction) should be meas-
ured as well. A weak extraction would provide valuable information about availability, needed for the
toxicological evaluation of the results. Because most weak extractions are quite element specific, it
will not be easy to decide which one to use. Probably the Canadian “water extractable” standard, de-
veloped for the North-American geochemical mapping programme, is the best choice. All chemical
analyses for a particular suite of parameters must be carried out in one laboratory only. All samples
need to be randomised, and quality control samples (standards and duplicates) included at regular in-
tervals (one in ten). Finally, all samples shall be submitted to the laboratory as one single batch.

Additional standard information needed for soil samples includes: pH, organic matter (e.g., LOI as
a proxy), and grain size analysis.

5. Results

Urban geochemical results are presented concisely from Berlin (Germany), Lavrion (Hellas), Madrid
(Spain) and Prague (Czech Republic). There are many other case studies from Naples (Italy), Ljubl-
jana (Slovenia), Trondheim, Bergen and Oslo (Norway), Stassfurt (Germany), and many others that
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will be published in a book entitled “Mapping the chemical environment of urban areas” (Johnson
et al., 2010). 

5.1 Berlin, Germany

About 4000 topsoil samples (0-20 cm) were taken in industrial and suburban areas of Berlin at a vari-
able density between 20 and 40 samples/km2 in densely populated and industrial parts of the city, and
at a lower density (1-2 samples/km2) in the suburbs (Birke & Rauch, 1997, 2000; Birke et al., 2000).
The soil samples were air dried, sieved through a 2 mm nylon screen, and milled with an appropri-
ate mill (planetary ball mill with agate grinding jars) to a grain size of <63 μm. The <2 mm fraction
was analysed for 11 major elements (Si, Al, Fe, Mg, Ca, Na, K, P, S, total C, TOC) and 41 trace ele-
ments (Ag, As, B, Ba, Be, Bi, Br, Cd, Ce, Co, Cr, Cs, Cu, F, Ga, Ge, Hg, I, In, La, Mn, Mo, Nb, Ni,
Pb, Rb, Sb, Se, Sn, Sr, Ta, Te, Th, Ti, Tl, U, V, W, Y, Zn, Zr). Electrical conductivity and pH were also
determined. Hydrocarbons, aromatics, volatile halogenated compounds and polychlorinated diben-
zodioxins and dibenzofurans (PCDD/PCDF) were analysed only in topsoil from the central part of
Berlin. For the urban Berlin area the estimated median value is 0.98 ng ITE/kg for PCDD/F’s.

The spatial distribution of Al, K, Si, Na, Rb, Zr, Nb, Co, Sc, and Ti is mainly of geogenic origin, i.e.,
related to the chemical composition of parent material.

Industrial areas tend to be characterised by contamination of top- and sub-soil with respect to Cu,
Cd, Zn, Hg, Pb and Sn. Industrial and commercial areas often display considerably elevated values
for Mo, Ni, As, Ag, Cr, Sb, Sr, TOC, Fe, Mn, Mg, P and, especially, Pb and Hg.

Wooded areas show no great enrichment, except for Cd and Zn. In the area around Berlin, strong and
extensive anomalies occur near iron and steel industries and construction materials industries, as
well as in the vicinity of sewage treatment plants. There is local heavy-metal pollution (Hg, Cd, Zn)
from the sewage treatment plants north and south of Berlin.

Urban geochemical studies in Berlin, and other German cities, have shown that toxic elements (e.g.,
Cd, Cu, Cr, Hg, Ni, Pb, Zn and As) are enriched in soil by 1.8 to 8.9 times the natural geogenic con-
centrations (Table 1).

Especially in the polluted soil of old industrial sites, peak values of 2050 times the geogenic back-
ground were measured for Cu, 1780 times for Hg, and 1638 times for Cd. This means that, taking a
soil of 1.2 g/cm3 density and the median concentration values from Berlin as an example of a large

Table 1. Topsoil element concentrations in Berlin (in mg/kg; n=3,746) 

Element Arithmetic
mean

Highest mode Element Arithmetic
mean

Highest mode

As 4.4 2.4 F 280 200

B 17.6 13.0 Hg 0.29 0.04

Be 1.14 1.0 Ni 8.1 2.7

Cd 0.65 0.08 Pb 85.8 21.7

Co 1.9 <1.0 Sb 2.92 2.1

Cr 28.7 12.2 Sn 7.6 1.6

Cu 53.1 6.0 Zn 166 19.3



city, the topsoil (0-20 cm depth) contains about 834 tonnes (t) As, 74 t Cd, 5,366 t Cr, 6,660 t Cu,
40.6 t Hg, 1,646 t Ni, 16,377 t Pb and 27,580 t Zn.

5.2 Lavrion, Hellas

Lavrion is a town 55 km to the south-east of Athens. Historically is a unique place, together with its
surroundings, in the classical history of Hellas, since the mining of argentiferous galena provided the
financial means for the Golden Age of Pericles during the 5th Century B.C. Almost two-and-a-half
thousand years later (1865-1989 A.D.) was again a centre for mining and ore-smelting activities. Such
a unique place in World history deserved a unique integrated environmental impact study, leading to
recommendations for the necessary remediation measures that must be taken in order to make the area
safe for habitation (Demetriades et al., 1997; Demetriades, 1999a, b, c, d, e, 2010; N.T.U.A., 1999).

The following sample types were collected from an area of 7 km2, covering the urban and suburban
parts of Lavrion: (i) parent rocks (n=140), (ii) metallurgical processing residues (n=62), (iii) over-
burden including residual soil from 0-5 cm (n=224), (iv) house-dust (n=127), (v) metallurgical pro-
cessing wastes and residual soil for particle-size analysis (n=21), (vi) ground water (n=15), (vii)
metallurgical processing wastes for particle characterisation (n=31), and (viii) overburden from drill-
hole core and vertical profiles (n=165). In addition, biomedical samples (n=235) collected during the
last cross-sectional epidemiological study in March 1988, and soil samples for an agronomy study
(n=583) were also utilised.

To begin with, the geochemistry of parent rocks, which depicts the natural levels of elements at the
archetype state was studied (Table 2). Subsequently, human intervention followed with the ex-
ploitation of the mineral resources of the greater Lavrion area and the Lavreotiki peninsula, which
had severe effects on the chemistry of soil. The enormous amount and expanse of metallurgical
wastes in the Lavrion urban area contributed, together with other factors (aerial, fluvial, etc.), in the
contamination of soil by Pb, Zn, As, Sb, Cd, Cu, Hg, etc. The geochemical investigation of the soil
cover revealed the intensity and extent of contamination (Table 2). House dust is also severely con-
taminated (Table 2). Use of a sequential extraction method has given information about the geo-
chemical behaviour, leachability, mobility and potential bioaccessibility of chemical elements in
soil and house dust. These parameters were significant in the assessment of the effects of environ-
mental contamination on the health of the local population.

Exposure to local environmental pressures is indicated by high Pb concentrations in child blood
(5.98-60.49 μg/100 mL, mean 19.43 μg/100 mL, n=235), and deciduous teeth (0.97-153.26 μg/g,
mean 9.88 μg/g, n=82), as well as by high As levels in 24 hour urine As (0.53-77.23 μg/24h, mean
8.59 μg/24h, n=261) (Stavrakis et al., 1994), and total As in urine (9.7-1279 μg/L, mean 163.1 μg/L,
n=65) (Demetriades et al., 2008). The child blood-Pb levels, together with the geological, geo-
chemical, metallurgical processing wastes and land use variables, were used in the risk assessment
and subsequent environmental management scheme for the Lavrion urban area.

The percentage proportion of the Lavrion urban-suburban area with potentially hazardous element
concentrations to human health is: (a) 100% for As, Pb, Cd and Zn, (b) 90 to 99% for Ag, V and Sb,
(c) 45 to 68.8% for Cu and Mo, and (d) 13.8 to 33% for Ba, Ni and Cr. It is concluded, therefore,
that the multi-element contamination of the Lavrion overburden/soil and house dust is extremely
high, and presents an unacceptable risk on the quality of life of the local population, and is also po-
tentially hazardous to plants and animals. Hence, it is highly urgent to rehabilitate the whole area by
suitable remediation techniques.
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5.3 Madrid, Spain

The Madrid investigation was a multi-media urban geochemical study that covered an area of 400
km2, i.e., (1) 1730 top soil samples (0-20 cm) were collected at a density of 4 samples/km2 from pub-
lic gardens, buildings sites, etc.; the <180 μm fraction was analysed for major and trace elements by
ICP-AES following (a) partial extraction by hot HNO3+HCl acid (leach for 6 hours at 100oC), (b) a
hot tetra-acid digestion (nitric, perchloric, fluorhydric, chloridric), and also (c) total contents by
INAA (48 elements), (2) 248 soil samples at a density of 0.6 samples/km2 were taken for the deter-
mination of organic compounds, such as volatile halogens, extractable halogen organic compounds
(EOX), PAHs, and PCBs, (3) 302 pavement and sidewalk dust at a density of 0.75 samples/km2

were collected by sweeping a surface of 15-20 m2, and the <180 μm fraction was analysed for major
and trace elements, and (4) 25 leaf samples were collected from plants and after ashing at 550°C total
element concentrations were determined for 48 elements by ICP-AES and INAA.

The levels of most organic compounds were always below the detection limits of analytical meth-
ods, except EOX that showed some local contamination of small extension and intensity. 

Overall the soil geochemical and dust patterns were of lithogenic origin, except locally where they

Table 2. Statistical parameters of inorganic elements in samples of surface soil, house dust, parent rocks
and metallurgical processing wastes, Lavrion, Hellas (values in mg/kg).

Element Overburden samples, including residual soil
(n=224)

House dust
(n=127)

Parent rocks
(n=140)

Metallurgical
processing

wastes (n=62)

Min. Max. Mean Median Median Median Median

Ag** 1.4 204.6 17.8 12.1 4.81 0.5 18.9

As 50 24,000 2,194 1,290 750 15.6 2492

Ba 64 4,555 663.2 479 473 210 243

Be** 0.2 2.7 1.1 1 0.5 0.5 0.5

Cd 4 925 68 38 16.3 0.5 20.6

Co 3 106 17.7 16 8.1 20.5 23.8

Cr 2 1,083 264.2 183 114 20 73.2

Cu 43 4,445 357 186 179 25 630.5

Mo** 1.7 108.9 6.9 4.9 4.1 0.5 3.6

Ni 40 591 141.4 127 84 54.5 38.5

Pb 810 151,579 11,578 7,305 3,091 22 20,750

Sb$** <6.8 567 121 121 - 2.5 189

V 26 325 86.1 75 42.5 9 46.3

Zn 591 76,310 10,872 6,668 3,044 57 39,800

$Overburden:  Sb (n=90); **Rock: Ag , Mo (n=155);   Be, Sb (n=48).



are disturbed by human factors due to the allochthonous nature of transported materials. The most
significant anthropogenic signatures in soil with respect to total element contents were (a) Cu, Pb,
Zn, P, Ni, Sb, Ag, (±Cd, Co, Cr) patterns that are ascribed to industrial and airport activities and fer-
tilisation with sewage sludge, (b) Br, Organic Matter, Cr, (±Sb, Co, Pb, P, Mo) have a strong rela-
tionship with traffic and burning of liquid and solid fuels, and (c) Au has its own pattern, as it does
not show any correlation with other elements. Geochemical patterns from partial extraction analy-
ses are similar to those from total extraction, although the levels are lower; for some contaminants,
however, patterns are more distinct, as is the case of W, which delineates more clearly pollution
from the airport and some metal industries. An interesting observation was the distortion of natural
geochemical patterns from the waste demolition dumps in the suburban area of Madrid, and the lo-
calised contamination by metallic elements.

Settled dust had contamination signatures from traffic, and fuel combustion, but also it delineated
some new anomalies of industrial origin at the south-eastern, eastern and northern parts of Madrid.

The conclusion of this study was that Madrid has a similar contamination problem as other large in-
dustrial cities, and that the collected information would be useful for the establishment of a moni-
toring network for the detailed study of local polluted areas.

5.4 Prague, Czech Republic

The soil geochemical survey of Prague covered an area of 550 km2 at a density of 1 sample/km2

(Duris, 1999; Zimova et al., 2001). The whole study area was divided into 1 km2 grid cells, which
were subsequently subdivided into 4 quadrants for sampling purposes. From each 1 km2 cell a com-
posite sample was made by taking a surface soil sub-sample (0-20 cm) from each quadrant. The soil
samples were air dried (≈20oC), sieved through a 180 μm nylon screen, and ground to <75 μm for
analysis. In addition, pavement dust was collected at selected road junctions in 1996 and 1999.

Concentrations of some inorganic and organic pollutants in soil are tabulated in Table 3. The Prague
results show that Pb has elevated concentrations over the whole urban area, and the highest levels
are in the city centre together with Cu and Hg. Similar patterns are observed with respect to PAHs
and PCBs.

Changes of Pt, Pd and Pb concentrations in pavement dust at selected road junctions from 1996 to
1999 are shown in Table 4. It is indeed interesting to observe the drop in Pb, since the introduction
of unleaded petrol, but also the rise of Pt and Pd from the use of catalytic converters.

Table 5 shows the concentrations of selected elements in child body tissues. Since, the Prague en-
vironment has elevated levels of contaminants in soil, the urban geochemical survey results are
being evaluated from the public health risk point of view.

6. Conclusions

These urban geochemical studies have provided a comprehensive geochemical data base that permits
differentiation between the natural geochemical background and local anthropogenic contamination.

It is also quite apparent from these studies that toxic element concentrations in topsoil vary consid-
erably in an urban environment. Elevated values primarily reflect land use and the type and volume
of industrial production.

The above studies have also shown that different sampling, sample preparation and analytical meth-
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Table 3. Statistical parameters of inorganic and organic pollutants in surface soil (0-20 cm), Prague
(values in mg/kg, unless otherwise stated).

Element Minimum Maximum Arithmetic
mean

Geometric
mean

Median

Sb 0.1 8.6 1.3 1.6 0.9
As 7 102 18 16 16
Be <0.8 3 1.5 1.4 1.4
Sn <7 60 8 6.6 4
Cr 48 187 83 82 82
Cd <0.4 9.1 0.5 0.5 0.4
Cu <7 152 45 39 37
Ni <7 103 32 29 31
Pb 13 420 74 62 58
Hg <0.03 2.45 0.33 0.25 0.23
Tl <0.05 0.89 0.15 0.13 0.14
V 14 89 37 36 35
Zn 41 912 201 173 167

PAHs (μg/kg) 211 95176 8379 3699 3319
PCBs (μg/kg) 3 7527 118 43 39

Table 4. Changes of Pt, Pd and Pb from 1996 to 1999 in pavement dust at selected road junctions in Prague.

Road junction
Pt (μg/kg) Pd (μg/kg) Pb (mg/kg)

1996 1999 1996 1999 1996 1999

Argentinská, Plynární 103 222 6 91 410 376

Spojovací Κonĕvova 77 317 7 191 360 312

Žitná, Mezibranská 171 502 32 164 690 427

V Botanice, Zborovská 72 44 15 18 344 132

Barr. most (Smíchov) 41 983 5 329 785 335

Vítĕzné námĕstí 25 61 5 17 414 271

Pod mag. U Bulhara 89 362 13 119 335 348

Table 5. Concentrations of Cd, Cu, Hg, Pb and Zn in child body tissues (in μg/L).  It is noted that the
WHO upper admissible limit for Pb in child blood is 100 μg/L.

Body tissue Statistics Cd Cu Hg Pb Zn

Blood

Median 0.15 1058 0.57 33 5202

Minimum 0.015 511 0.04 8 2500

Maximum 3.6 2074 7.8 247 8900

Urine

Median 0.235 10.1 0.25 3.73 547

Minimum 0.035 0.799 0.01 0.16 54

Maximum 5.91 460 87.5 36.2 2952



ods have been used, making, therefore, very difficult the comparison of results. Since, it is very im-
portant at the European level to have results that are compatible, the EuroGeoSurveys Geochemistry
Expert Group, with the approval of Survey Directors, will be carrying out in 2010-11 an urban geo-
chemical survey in at least ten cities with exactly the same methodology of sampling, sample prepa-
ration, laboratory analysis and map plotting.

In conclusion, the distribution of toxic contaminants in urban soil needs to be documented and re-
sults made known to town authorities for planning purposes in order to avoid costly mistakes in
land use planning, and further spreading of highly contaminated materials.
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Abstract 

An ‘Atlas’ is a collection of maps usually published in a book form. A ‘Geochemical Atlas’ is a
thematic special purpose atlas with maps describing the geographical distribution of chemical
elements and other physico-chemical parameters in different natural sample media, such as
stream sediment, overbank or floodplain sediment, stream water, ground water, soil, plants, etc.
Because our standard of living and health depend closely on the chemistry of near-surface ma-
terials, such atlases that provide data on the state of our environment are important for policy
and decision makers, but also for researchers and citizens alike. The EuroGeoSurveys Geo-
chemistry Expert Group is dedicated to provide harmonised multi-purpose geochemical data
bases, and has already published the Geochemical Atlas of Europe, and is in the process of
preparing the Atlas of Ground water Geochemistry of Europe, and the Atlas of Agricultural and
Grazing Land Soils. An important aspect is that all raw data, quality control information, sta-
tistics, maps and interpretation texts are freely available for downloading through the internet.

Key words: geochemical atlas, stream water, ground water, bottled water, soil, overbank sedi-
ment, floodplain sediment, harmonisation of methods, INSPIRE, REACH, Europe.

1. Introduction

Let us start from the right beginning! What is an Atlas? According to Encyclopaedia Britannica
(2010) an atlas is ‘a collection of maps or charts, usually bound together’. Where does this
name come from? The name is derived from a custom, which was initiated by Gerardus Mer-
cator, the Flemish cartographer (1512-1594), in the 16th century who used the figure of the
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Titan Atlas, holding the globe on his shoulders, as a frontispiece for his books of maps. Who
was the Titan Atlas? According to Hesiod’s Theogony, Atlas was the son of Titan Iapetus and
the Oceanid Clymene (or Asia) and brother of Prometheus (creator of humankind). He was one
of the Titans who took part in their war against Zeus (the chief deity of the Pantheon, the Hel-
lenic Olympian Gods). Upon loosing the war, Zeus for his punishment condemned him to sup-
port the pillars that held heaven and earth apart. The place was probably the highest peak of the
Atlas Mountains in north-west Africa.

The ‘Atlas’ over time has evolved, and in addition to maps and charts, Atlases often contain pic-
tures, tabular data, facts about areas, and indexes of place-names keyed to coordinates of latitude
and longitude or to a locational grid with numbers and letters along the sides of maps. Thematic,
or special purposes, Atlases deal primarily with a single subject, such as agriculture, geology, cli-
mate, history, industry, languages, population, religions, resources, or other characteristics of a
geographical area. One such thematic category is ‘Applied Geochemistry’, a discipline that can
indeed produce many different thematic atlases, containing a multitude of maps showing the ge-
ographical distribution of chemical elements in different sample media, such as stream sedi-
ment, overbank or floodplain sediment, stream water, ground water, soil, plants, etc.

Why are Geochemical Atlases important? The answer is given by Darnley et al. (1995, p.X)
‘Everything in and on the earth - mineral, animal and vegetable - is made from one, or gener-
ally some combination of, the 90 naturally occurring chemical elements. Everything that is
grown, or made, depends upon the availability of the appropriate elements. The existence, qual-
ity and survival of life depend upon the availability of elements in the correct proportions and
combinations. Because natural processes and human activities are continuously modifying the
chemical composition of our environment, it is important to determine the present abundance
and spatial distribution of the elements across the Earth’s surface in a much more systematic
manner than has been attempted hitherto’. Systematic geochemical mapping is, therefore, con-
sidered as the best available method to document changes in the levels of chemical elements
in materials occurring at or below the Earth’s surface.

Where can Geochemical Atlases be used? The systematic geochemical information in the at-
lases can be used for (a) state of the environment reports, (b) mineral exploration, (c) agricul-
ture, (d) forestry, (e) animal husbandry, (f) geomedicine or medical geology, (g) determination
of natural background values for environmental risk assessment, etc. The list of end-users is,
in fact, very long, when it is realised by policy makers and regulators that our living and work-
ing environment, and humans themselves, depend on the chemical composition of near-sur-
face earth materials. What is required is education from the primary school age to university that
our health and quality of life depend, to a large extent, on the chemical composition of our en-
vironment. When we understand how significant the above statement by Darnley et al. (1995)
is, then we will begin to use efficiently the information in Geochemical Atlases.

2. The EuroGeoSurveys Geochemistry Expert Group

The EuroGeoSurveys Geochemistry Expert Group (EGS Geochemistry Group) has been in ex-
istence, under different names and forms of the association of European Geological Surveys,
since 1986, i.e., Working Group on Regional Geochemical Mapping (Western European Geo-
logical Surveys, WEGS), Geochemistry Task Group (Forum of European Geological Surveys,
FOREGS), Geochemistry Working Group and finally Geochemistry Expert Group under Euro-
GeoSurveys, the Association of Geological Surveys of Europe (http://www.eurogeosurveys.org/).
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The EGS Geochemistry Group has always been very active and forward in its proposals to the
European Geological Survey Directors. It has carried out considerable research work on the har-
monisation of sampling, sample preparation, laboratory analysis of samples, quality control of
methods, and has produced many reports and publications, which can be viewed at http://www.
gtk.fi/publ/foregsatlas/ and http://www.globalgeochemicalbaselines.eu/.

Presently, the EGS Geochemistry Group has undertaken to carry out many significant projects,
including (i) the geochemical mapping of agricultural and grazing land soil, (ii) geochemistry
of ground water, (iii) urban geochemical mapping of selected cities, (iv) publication of a book
on the chemistry of urban environments, and many other initiatives. An important aspect of all
these projects is that of harmonisation of methodologies, since this is the only way to produce
comparable results across political boundaries, and to comply with the European Union’s IN-
SPIRE directive (Infrastructure for Spatial Information in the European Community at http://in-
spire.jrc.ec.europa.eu/).

3. Geochemical Atlas of Europe

Since the 1950s Geological Surveys have been documenting the natural geochemical background
variation of chemical elements in a variety of sample materials, mainly for mineral exploration
purposes (Garrett et al., 2008). The generated data at the national scale are often not compara-
ble at the European scale (different sampling strategies, different materials and equipment used
for sampling and sample preparation, different sample preparation protocols, different analyti-
cal protocols, etc.), and are, therefore, not able to provide a harmonised pan-European or Global
geochemical ‘baseline’ (Bölviken et al., 1996). A reference network is, therefore, needed, where
local data can be tied into European and Global scale data. International collaboration assisted
UNESCO to establish in 1988 the IGCP 259 ‘International Geochemical Mapping’ project and
presently the IUGS/IAGC ‘Global Geochemical Baselines’ project, the aims of which are to es-
tablish a harmonised global geochemical reference baseline for over 60 determinands in differ-
ent sample media for environmental and resource applications (Darnley et al., 1995; Darnley,
1997; Demetriades, 1998). The terrestrial surface of the Earth was divided into 5000 grid cells
of 160 x 160 km (area 25,600 km2), and named the Global Reference Network (GRN). Although
the proposed sampling density is low, approximately one sample site per five thousand square
kilometres (1 site/5000 km2), applied geochemists have been using quite effectively such low-
sample density surveys to cover large areas for the last forty years.

The EGS Geochemistry Expert Group, as an input to the global project, carried out the geo-
chemical baseline survey in 26 European countries, according to an agreed field sampling pro-
tocol (Salminen, Tarvainen et al., 1998). Samples of stream water, stream sediment, topsoil,
subsoil, floodplain sediment and humus from approximately 800 drainage basins, identified on
the Global Reference Network within Europe, were collected, using the agreed standardised
field sampling methods (Demetriades et al., 2008; Fedele et al., 2008; Lima et al., 2008).  

Following sample preparation, all samples were sent to Slovakia for homogenisation and split-
ting into subsamples for analysis. All samples were subsequently analysed for the same suite of
determinands at the same laboratory, since this is the only way to produce comparable results.
Chemical analysis of all samples was completed in 2004, and data subsequently collated and
examined for error, and determinand distribution maps plotted by the Geological Survey of Fin-
land. Maps and introductory texts were published in Part 1 (Salminen et al., 2005), and the in-
terpretation, together with specialised papers, included in Part 2 (De Vos, Tarvainen et al., 2006).
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Both parts, including analytical data and photograph archive can be downloaded from  URL
http://www.gtk.fi/publ/foregsatlas/. The two volume atlas contains about 400 thematic maps de-
scribing the geochemistry of surface materials in Europe, and one example is given below.
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Fig. 1: Geochemical distribution of total Ni in the <2 mm fraction of soil >50 cm depth (Salminen et al.,
2005, p.357).



3.1. Distribution of nickel (Ni) in subsoil

High Ni values in subsoil occur in areas with mafic/ultramafic substrate, such as Hellas, Alba-
nia, Liguria (Italy) and Corsica, N. Ireland (Antrim plateau basalt), central Norway and north-
ern Scandinavia with greenstone belts (Fig. 1). There are pronounced differences in subsoil
between northern (low) and southern (high) Europe. The break follows the maximum extent of
glaciation, marking an important geochemical difference between old and strongly weathered
soil (S. Europe), and young, coarse grained and less weathered soil (N. Europe). The large dif-
ferences in Ni levels show that it is impossible to define one background range for the whole
of Europe.

4. European Ground water Geochemistry

While the geochemistry of surface water is documented in the EuroGeoSurveys ‘Geochemical
Atlas of Europe’ (Salminen et al., 2005; De Vos and Tarvainen et al., 2006), the geochemistry
of ground water has not yet been documented in a comparable way at the European scale. Such
data are, however, urgently needed in connection with the EU Water Directive. At present the
European Environmental Agency anticipates to build up a database from each Member State’s
water quality monitoring databases. The EGS Geochemistry Expert Group’s experience, how-
ever, with previous compilations of all geochemical data in Europe, has clearly demonstrated
that this attempt will face serious problems of homogeneity of the collected data, based on var-
ious sampling and analytical methods. Since, the policy of EuroGeoSurveys is to provide data
of high integrity and compatible across political boundaries, the EGS Geochemistry Expert
Group proposed that the Geological Surveys themselves to use their own resources and to start
a Europe-wide mapping of ground water quality following the ‘Geochemical Atlas of Europe’
example (low density sampling, harmonised equipment and sample protocol, all analysis car-
ried out in one laboratory only, etc.). Because ground water is not a ‘simple’ sample medium,
and all Geological Surveys cannot provide the necessary funds, in order to obtain a first and in-
expensive approximation of ground water quality at the European scale, it was decided to sam-
ple bottled water, which could easily be purchased from supermarkets by each national
representative and other colleagues. It was known that the storage and preservation conditions
of bottled water in supermarkets across Europe undoubtedly varied, but it was considered a
worth while effort to test if this water could provide an inexpensive first approximation to
ground water quality. Therefore, available bottled waters in Europe were purchased from No-
vember 2007 to March 2008, and sent to Bundesanstalt für Geowissenshaften und Rohstoffe
(BGR) in Germany for analysis.

All bottled waters were stored in refrigerators, and analysed by different methods for pH, EC,
Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho,
I, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Tb, Te,
Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr, Br–, HCO3

–, Cl–, F–, NH4
+, NO2

–, NO3
–, PO4

3–, SO4
2–and

SiO2. Duplicate bottled water samples were purchased from different supermarkets, and repli-
cate and multiple analyses were performed for quality control purposes, and the estimation of
measurement uncertainty. Since, bottle materials are known to affect the chemical composi-
tion of contained water, both glass and “plastic” bottles (polyethylene terephthalate, PET) of the
same brand were purchased, and leaching tests were carried out. It was found that at a pH of
6.5 leaching of elements from bottle materials is negligible, but it becomes serious at a pH of
3.5, i.e., PET bottles contaminated the contained water with Sb, and clear glass bottles with
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Ce, Pb, Al, Zr, Ti, Hf, Th, La, Pr, Fe, Zn, Nd, Sn, Cr, Tb, Ag, Er, Gd, Bi, Sm, Y, Lu, Yb, Tm,
Nb and Cu, whereas green bottles leach more Cr, Fe and Zr. A detailed account of all procedures
followed, quality control results, and leaching tests will be given in the atlas, which is under
preparation (EGS, 2010). Although the analytical results are in the process of verification an ex-
ample is given below.

4.1 Distribution of sodium (Na) in bottled water

Sodium varies in bottled water from 0.4 to 8160 mg/L, with a median of 15.5 mg/L (n=884).
The map of Na in bottled water shows high local variation (Fig. 2). This is a surprising obser-
vation. Given the high Na concentration in sea water, one may expect higher Na concentra-
tions in coastal areas, rather than far inland. There are two possible explanations, i.e., (i) it
could be related to culture, a tendency towards stronger, more mineralised, ‘tasty’ mineral wa-
ters in Eastern Europe, but it could also be related to (ii) geology and the deep sedimentary
basins that are exploited in those areas for mineral water, giving rise to Na-rich brines. The
Carpathian Mountain Range, as well as the Dinarides, is marked by high Na values. The wells
with the highest Na concentrations (up to 8160 mg/L) occur in Slovakia and Hungary. Wells ab-
stracting water from Hercynian granite in France and Portugal also show somewhat increased
Na concentrations, an indication of long residence time and water-rock interaction.

5. Geochemical Atlas of Agricultural and Grazing Land Soils

The geochemical atlas of agricultural and grazing land soils is under preparation (GEMAS).
This is essentially a follow-up project of the ‘Geochemical Atlas of Europe’, but concentrating
on soil, and the reasons for carrying out this project follow. The administration of REACH (Reg-
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Fig. 2: Geochemical distribution of Na in bottled water (EGS, 2010).
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istration, Evaluation and Authorisation of Chemicals), the new European Chemicals Regulation
adopted in December 2006 (http://ec.europa.eu/environment/chemicals/reach/reach_ intro.htm/),
and the pending EU Soil Protection Directive, require additional knowledge about ‘soil quality’
at the European scale. REACH specifies that industry must prove that it can produce and use its
substances safely. Risks, due to the exposure to a substance during production and use at the
local, regional and European scale, all need to be reliably assessed. In contrast to human-made
organic substances that do not occur naturally in the environment, all industries dealing with
natural resources will face in the near future a number of specific questions: (i) Most of their
‘products’ occur also naturally – the natural background variation needs to be established, in ad-
dition to a methodology to differentiate the industrial impact from the natural geogenic back-
ground; (ii) What is the ‘bioavailability’ of metals and other chemical elements in soil? and (iii)
What is the long-term fate of metals and other chemical elements added to soil?

The GEMAS project will deliver good quality and comparable exposure data of metals in agri-
cultural and grazing land soil; in addition soil properties known to influence the bioavailabil-
ity and toxicity of metals (and other elements) will be determined in soil at the European scale.

The sampling at a density of 1 site/2500 km2 was completed at the beginning of 2009 by col-
lecting 2211 samples of agricultural soil (Ap-horizon, 0-20 cm, regularly ploughed fields), and
2118 samples from land under permanent grass cover (grazing land soil, 0-10 cm), according
to an agreed field protocol (EuroGeoSurveys Geochemistry Working Group, 2008).

All samples were shipped to the laboratory of the Geological Survey of Slovakia for sample
preparation, where they were air dried, sieved to <2 mm using a nylon screen, homogenised and
split to subsamples for analysis. They are analysed for (1) 53 chemical elements following an
aqua regia extraction, (2) pH in CaCl2, TOC, LOI, grain size (on a selection of samples), total
C and total S, (3) total concentrations of 39 elements by X-ray fluorescence, (4) Pb and Sr iso-
topes, (5) prediction of soil properties by mid infrared (MIR) measurements and (6) determina-
tion of Kd values for selected elements on selected samples. The aqua regia results were received
in September 2009 and were subjected to a rigorous quality control procedure before their ac-
ceptance (Reimann et al., 2009). Because of the complexity of the project, and confidentiality
of results, the Geochemical Atlas will be ready by 2013, and an example is given below.

5.1 Distribution of strontium (Sr) in agricultural soil

Natural variation of Sr is large (4 orders of magnitude) and can be reliably mapped as is shown
in Figure 3. Nature, geology and climate are the major driving forces for its distribution patterns,
while anthropogenic anomalies, as input by fertilisers are not recognisable at this scale. It is clearly
indicated that there is not one background value for a sizeable area. Strontium, together with other
elements, shows substantially lower concentrations in North than in South European agricultural
soil. Surprisingly, recent volcanism (Cyprus, Sicily, mainland Italy) and active fault zones and
plate margins are often better indicated by Sr anomalies than some of the major limestone areas,
except those of eastern Spain, southern France, Italy, and Paris Basin in France.

6. Conclusions

European wide geochemical maps are designed to reveal large continental scale geochemical
anomalies or patterns; it is stressed that patterns of local significance cannot be observed in
such low density sampling surveys. Nevertheless, continental scale geochemical surveys pro-
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vide us with invaluable information about the natural and human induced concentrations of
chemical elements in sample media of the near-surface environment, where we live on, grow
our crops, raise our livestock, and from which we extract our drinking water, and other raw
materials, including mineral wealth. Our quality of life and health depend, in fact, on the chem-
ical composition of water (surface or ground water) and soil, whether residual (developed di-
rectly on bedrock) or alluvial (transported by river water and deposited during flood episodes
on floodplains). 

The European wide projects, carried out by the EuroGeoSurveys Geochemistry Expert Group,
have, therefore, demonstrated that low-density geochemical mapping can provide the needed
information about the geochemical background variation in natural soil, stream water, ground
water, stream and overbank or floodplain sediments. Thus, the EuroGeoSurveys ‘Geochemical
Atlases of Europe’ provide European policy-makers, researchers, applied geochemists and cit-
izens alike with sound data about the geochemical state of environmental media that our stan-
dard of living and health are closely related to. They also provide the ‘geochemical baselines’
against which the next generations will quantify changes, whether natural or human-made.

Production of such harmonised strategic baseline geochemical databases and maps is only pos-
sible, because of standardisation of all procedures of sampling, sample preparation, chemical
analysis and data management across political boundaries. Without harmonisation of methods,
it is impossible to produce meaningful continental scale geochemical databases and maps. It is,
therefore, important for scientists working for the production of European wide databases and
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Fig. 3: Geochemical distribution of aqua regia extractable Sr in the <2 mm fraction of agricultural soil (0-
20 cm) (Reimann et al., 2009, Fig. 7, p.28).



maps to understand the concept of harmonisation of methods, and to apply it in their work.
Otherwise, valuable time, effort and financial resources will be wasted in the production of in-
compatible data across political boundaries.

Finally, geochemical maps at a variety of scales are needed for different purposes (Reimann et
al., 2009). However, low density geochemical mapping lays the foundations for regional geo-
chemistry and research in environmental sciences (Smith and Reimann, 2008). The relative
importance of a variety of geochemical processes that govern the geochemistry at the Earth’s
surface can only be distinguished and evaluated from the study of continental or global scale
maps, since many processes will not be recognised at the too detailed local scale.
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Abstract 

The Aegean region represents an active convergent zone, where continental micro-plates exhibit a
complex interaction between the African and the Eurasian plates. The calc-alkaline volcanic activ-
ity of the Southern Aegean region developed in various volcanic centers from Soussaki to Nisyros
through Methana-Poros, Milos and Santorini. Milos Island has been an active volcano till the middle
of Quaternary and is at present characterized by a high enthalpy geothermal system. The volcanism
started 3.5 Ma ago and still continues up today in the form of post-volcanic manifestations. 

Most quiescent volcanoes released large amounts of CO2 and H2S through fumarolic activity and soil
diffuse degassing. Numerous small fumaroles occur in various places, mainly at Kalamos and
Adamas volcanic areas. Also along the southern coast of the island there are volcanic gas
manifestations in the sea. Gases were sampled from fumaroles at Kalamos area as well as from
north east part of Adamas village. Furthermore many soil gases were sampled at 50 cm depth and
analyzed for their chemical composition. Apart from atmospheric gases (N2 and O2), which some-
times contaminate the samples, the main gas phase is CO2. Sometimes also H2S, CH4 and H2 are
present in high amounts while CO and He are always present in trace amounts. The He isotopic
composition highlights a significant mantle component. 

CO2 and H2S concentrations higher than in the normal atmosphere can be stimulating for plant
growth until certain levels and detrimental above them. As for many active geothermal areas of the
world also H2S and CO2 concentrations measured in the area of Milos could be of concern for
human health.

Key words: Volcanic gases, Health hazard, Environmental impact, South Aegean Volcanic Arc, Milos
Island.

1. Introduction

A volcanic gas is a relatively heterogeneous mixture, mainly dominated by steam (up to 99 % v/v),
where a large number of other gas compounds are dispersed: SO2, H2S, HCl, HF, H2, N2, CO, CO2, CH4
and other hydrocarbons, noble gases, COS, etc. with contents that may range from ppbv or ppmv to
few % v/v. The determination of gas species at low to very low concentrations is not only an analyti-
cal challenge, being some compounds in trace amounts to be considered useful indicators of impend-
ing eruptive events (e.g. Chiodini et al., 1993; Giggenbach, 1996; Delmelle & Stix, 2000). The yearly
flux of carbon from sub-aerial volcanoes in volcanic arcs has been estimated at 13.5% (range of 5-25%),
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of the mid-ocean ridge flux of 2.1 x 1010 moles of carbon (Marty and Jambon, 1987).

Mörner and Etiope (2002) have recently evidenced that the contribution of geothermal systems to
lithospheric carbon degassing, although at present poorly constrained, is probably higher than vol-
canic degassing. An accurate quantification of CO2 and CH4 fluxes from low-enthalpy geothermal
systems would therefore add important data for the accurate quantification of their contribution to
the earth’s carbon budget and to the global climate change. Both gas species have in fact important
greenhouse effects and prediction of future climate scenarios rely heavily on a better quantification
of their fluxes between all geochemical spheres.

H2S is a toxic gas producing multiple effects. It is colourless gas with unpleasant odour of bad eggs.
In nature large amounts are produced during processes of biological decomposition. A major part of
the atmospheric hydrogen sulphide is of natural geothermal origin. Air pollution is of anthropoge-
nous type as well. Industry is the main source - coke ovens, cellulose production, artificial fibbers,
natural gas and oil-product refining.

Contact of man with this gas is affected through the respiratory system. Scanty information exists
on possible penetration through the digestive tract. The gas is absorbed by the organism through the
lungs. In the liver and kidneys it is transformed into tiosulphates and sulphates. It is eliminated
through the lungs, urine and fecal matter. Health effects are as follows - low concentrations may ir-
ritate the mucous tissues and cause conjunctivitis, and high concentrations may cause serious dam-
ages of the respiratory organs.

The aim of this paper is present the geochemical characterization of the main fumarole degassing
and the soil gases of Milos Island geothermal field. Possible impact on the surrounding environ-
ment and on human health is also discussed.

2. Geological setting

The Aegean region represents an active convergent zone, where continental micro-plates exhibit a
complex interaction under the influence of the overall N-S convergence between the African and the
Eurasian plates. Apart from the compressional trench zone, the rest of the Aegean region is domi-
nated by an extensional regime as evidenced by predominantly extensional fault plane and the pres-
ence of numerous normal faults (Mckenzie, 1972; Angelier et al., 1977; Dewey and Sengor, 1979).
The volcanic arc lays ca. 150 km above the subduction zone, which forms an amphitheatre-like con-
ical plane, with a maximum depth of 190 km at the central part of the South Aegean Volcanic Arc.
(Spakman et al., 1988; Truffert et al., 1992; Papadopoulos et al., 1986; Papazachos, 1990), (Fig. 1). 

The stratigraphy of Milos Island is composed, from the bottom to the top, by altered crystalline
metamorphic basement, Neogene sediments, old volcanic tuffaceous formations, ignimbrites, old
rhyolitic rocks, old dacitic and andesitic members, pyroclastic rocks, younger tuffs, lahar in differ-
ent places, younger volcanics of acid composition and quaternary formations. Regarding its geo-
logical characteristics, the intensively eroded crystalline metamorphic basement appears in a very
limited area (SE coastline). A not continuous series of Mio–Pliocenic marine sediments is lying
above the crystalline basement; it begins with reddish conglomerates and ends up with well-bedded
limestones, which at places turn to sandstones (Fytikas, 1977). 

From Upper Pliocene Milos was affected by an extensive volcanism, which lasted until late Quaternary
(Fytikas et al., 1986). The composition of Milos volcanic rocks shows a calcalkaline character ranging
from andesites to rhyolites. The youngest Upper Pleistocene volcanic activity is concentrated in corre-
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Fig. 1: Map of Greece showing Milos Island and the South Aegean Volcanic Arc.

Fig. 2: Main geological units of Milos volcanic island (From Fytikas, 1976 modified). 1=Metamorphic basment;
2= Neogene sediments; 3= Basal pyroclastic series (Middle-Upper Pliocene); 4= complexes of domes and lava
flows (Upper Pliocene); 5= Upper Pleistocene volcanics: pyroclastic series (5a), lava domes (5b) and Halepa
and Plaka domes (5c); 6= Fyriplaka and Trachilas Rhyolitic complexes of Upper Pleistocene; 7= freatic activ-
ity products; 8= Quaternary sediments; 9= Radiometric ages from Angelier et al. (1977), Bigazzi and Radi
(1981), Fytikas et al. (1976). 



spondence of the volcanic centres of Fyriplaka in the South and Trachilas in the North. In Trachilas the
explosive activity began with the formation of a tuff ring mainly composed by pyroclastic surges; the surge
deposits gradually pass to block and lapilli and finally to lava flows (Fytikas et al., 1986; Mitropoulos et
al., 1987; Kelepertzis and Kyriakopoulos, 1991; Kyriakopoulos, 1998). 

In the Fyriplaka area at least two tuff rings can be identified: a larger one (about 1500 m in internal
diameter) and an inner and smaller one. The explosive activity leading to the formation of these tuff
rings alternated with effusive episodes producing lava flows which ran to the NW and reached the
sea inside the Gulf of Milos (Fytikas et al., 1986), Fig.2.

A decrease in the water content interacting with the magma is generally observed in the evolution
of the eruptions: they usually start as phreatic and successively evolve into phreatomagmatic and
magmatic activity; lava flows close the eruptive cycles (Fytikas et al., 1986).

3. Sampling and analytical methods 

A total of 26 samples were collected from Kalamos and Adamas areas were intense gas emanation
is occurring. The localities sites of the volcanic areas Kalamos and Fyriplaka in the south part and
Adamas at the central part of the island are reported in Figure 3. Free gas samples were taken from
natural gas manifestations like fumarolic discharges, soil gases, and mofettes and were collected at
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Fig. 3: a,b) Fumaroles at Kalamos degassing area, c) Crater of Fyriplaka volcano, d) Surface secondary min-
erals due to alteration phenomena of H2S emanation, north of Adamas geothermal field. The locations of these
photographs are noted on the map of Fig. 2.



a depth of 50 cm through steel or nylon tubes connected to a syringe while bubbling gases were col-
lected through inverted funnels. Samples were then stored into glass flasks equipped with vacuum
stopcocks. Furthermore 78 samples of soil gases were analysed in the field for CO2 concentration
with a portable IR spectrometer.

Gas concentrations were measured at INGV in Palermo using the GC Perkin Elmer Clarus 500
equipped with Carboxen 1000 columns, HWD and FID detectors with methanizer. The gas samples
were injected through an automated injection valve with a 1000 μL loop. Calibration was made with
certified gas mixtures. Analytical precision (1σ) was always better than ±5%. The detection limits were
about 1 ppm vol. for CO and CH4, 2 ppm vol. for H2, 6 ppm vol. for He, 20 ppm vol. for CO2, 200 ppm
vol. for O2 and 500 ppm vol. for N2. Analyses of carbon isotopes of CO2 were carried out by using a
Finnigan Delta plus mass spectrometer. Values are expressed in δ‰ vs. V-PDB, accuracy ±0.1 δ‰. 

4. Health hazard from volcanic gases

Regarding health hazard related of volcanic gases at least 455 million people worldwide live within
potential exposure range of a volcano that has been active in recent times. The effects of SO2 on peo-
ple and the environment vary widely depending on (1) the amount of gas a volcano emits into the
atmosphere; (2) whether the gas is injected into the troposphere or stratosphere; and (3) the regional
or global wind and weather pattern that disperses the gas.

The volcanic gases that pose the greatest potential hazard to people, animals, agriculture, and prop-
erty are sulfur dioxide, carbon dioxide, and hydrogen fluoride. Locally, sulfur dioxide gas can lead
to acid rain and air pollution downwind from a volcano. 

Because carbon dioxide gas is heavier than air, the gas may flow into in low-lying areas and collect
in the soil. The concentration of carbon dioxide gas in these areas can be lethal to people, animals
and vegetation, Table 1.
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Table 1. Physiologic effects of human exposure to H2S (Beauchamp et al. 1984; WHO 2003).

Exposure ppm Effect/observation

0.01–0.13 Odor threshold

0.3 Distinct odor

2 Bronchial constriction in asthmatic individuals

3.5 Increased eye complaints

5–10
Increased blood lactate concentration, decreased skeletal muscle cit-
rate synthase activity, decreased oxygen uptake

3.5–20 Eye irritation

20 Fatigue, loss of appetite, headache, irritability, poor memory

50 Marked irritant action on conjunctiva and respiratory tract

100–200 Olfactory paralysis

250 Prolonged exposure causes pulmonary edema

500–1,000 Immediate death
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4.1 Hydrogen sulfide (H2S)

Hydrogen sulfide (H2S) is a colorless, flammable gas with a strong offensive odor. It is sometimes
referred to as sewer gas. At low concentrations it can irritate the eyes and acts as a depressant; at high
concentrations it can cause irritation of the upper respiratory tract and, during long exposure, pul-
monary edema. A 30-minute exposure to 50 ppm results in headache, dizziness, excitement, stag-
gering gait, and diarrhea, followed sometimes by bronchitis or bronchopneumonia, while
concentrations above 500 ppm can be lethal within short time (Table 1). Continuous exposure to
high concentration should be avoided. Moreover various studies (Loppi, 1996; Tretiach and Ganis,
1999) highlighted the adverse effects of volcanic/geothermal H2S on nearby growing vegetation. 

4.2 Carbon dioxide (CO2)

Volcanoes release more than 130 million tonnes of CO2 into the atmosphere every year. This color-
less, odorless gas usually does not pose a direct hazard to life because it typically becomes diluted
to low concentrations very quickly whether it is released continuously from the ground or during
episodic eruptions. But in certain circumstances, CO2 may become concentrated at levels lethal to
people and animals. Carbon dioxide gas is heavier than air and the gas can flow into in low-lying
areas; breathing air with more than 30% CO2 can quickly induce unconsciousness and cause death.

5. Results and discussion

5.1 Geochemistry of the gases

Although Milos Island is not currently volcanically active, it is the site of intense old and recent hy-
drothermal processes. At the present time a high geothermal gradient (> 2,5 H.F.U.) occur. The high
heat flow caused intense hydrothermal activity, which is responsible for many phreatic explosions. In
some places the hydrothermal activity is expressed by the occurrence of many hot springs (30-85°C),
fumaroles (98-102°C), hot grounds (100°C at a depth of 30-40cm) and submarine gas emissions, wide-
spread on and around the island. Fyriplaka volcano is the expression of the most recent volcanic ac-
tivity on the island and includes fumaroles, solfataras and hot grounds (Fytikas et al., 1986).

A preliminary survey of volcanic gas analyses shows that, with very few exceptions, the predomi-
nating constituents making up more than 95 % of the volcanic gas discharge are water vapor and

Fig. 4: – (a) He-N2-CO2 and (b) CH4-N2-CO2 triangular plot of the gas samples collected at Milos. Dark gray
squares and the geothermal well composition are from literature data. Dashed line shows the mixing between
atmospheric air and geothermal gases. The arrows indicate CO2 loss.
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Table 2. Chemical composition of gas samples of Milos Island.

sample type date He H2 O2 N2 CO CH4 CO2 H2S δ13C R/Ra He/Ne

ppm ppm ppm ppm ppm ppm ppm ppm ‰
Milos C1
Fyriplaka FG 1-06-2007 5 < 2 194900 789400 3.7 3.6 1200 100 n.d. n.d. n.d.

Milos C2
Fyriplaka FG 1-06-2007 8 492 168500 725600 6.3 171 97200 200 n.d. n.d. n.d.

Milos C3
Fyriplaka FG 1-06-2007 8 1873 145500 581400 11 471 263600 2000 -1.5 n.d. n.d.

Milos C4
Fyriplaka FG 1-06-2007 8 91 187500 771100 3.4 20 10600 100 n.d. n.d. n.d

Milos C5
Fyriplaka FG 1-06-2007 5 29 182000 760900 4 46 40600 200 n.d. n.d. n.d.

Milos Fyriplaka FG 20-06-2007 6 5 193800 777800 1 3.2 1500 n.d. -0.1 n.d. n.d.

Milos Adamas SG 20-06-2007 12 596 101600 416000 3.9 986 482800 n.d. 0.3 n.d. n.d.
Milos

Paleochori 1 BG 21-06-2007 45 8 33300 119400 17 7533 838100 n.d. n.d. n.d. n.d.

Milos
Paleochori 2 BG 21-06-2007 69 < 2 19000 85700 14 10100 874400 n.d. n.d. n.d. n.d.

Milos
Paleochori 3 BG 21-06-2007 49 < 2 12000 62900 10 7929 901000 n.d. -0.3 2.57 12.51

Milos
Paleochori 4 BG 21-06-2007 37 < 2 13800 52700 8 6615 905300 n.d. n.d. 2.52 20.23

Milos Fyriplaka FG 12-10-2007 8 432 142600 627400 6 334 226000 n.d. n.d. n.d. n.d.

Milos Mad 1 BG 12-10-2007 69 < 2 2800 73000 1 4877 896200 n.d. -0.9 3.37 37.76

Milos Mad 2 SG 13-10-2007 7 237 166400 668500 5 109 160000 n.d. 1.6 n.d. n.d.
Milos

Paleochori SG 22-10-2007 15 284 32800 315300 4 1593 650600 n.d. -0.2 n.d. n.d.

Milos M1 SG 21-03-2008 < 5 1304 170000 680100 1.6 206 129600 n.d. n.d. n.d. n.d.

Milos M2 SG 21-03-2008 10 486 152600 635600 1.8 313 201500 n.d. 1.7 n.d. n.d.

Milos M3 SG 21-03-2008 < 5 664 167300 672000 1 99 153300 n.d. n.d. n.d. n.d.

Milos 1 Sinopi BS 5-09-2008 50 < 2 9200 39100 1.5 2636 944100 n.d. n.d. 2.97 12.64
Milos 2 Adamas

DEH BG 12-08-2008 15 13 425 20700 1.5 1405 966100 n.d. -1.3 3.04 6.14

Milos 3
Paleochori BS 12-08-2008 14 29 3800 12500 3.2 7448 957000 n.d. -0.4 n.d. n.d.

Milos 4 Adamas SG 5-09-2008 12 1418 50300 199300 3 1717 750600 n.d. -0.7 n.d. n.d.
Milos 5

Paleochori BS 4-09-2008 26 6660 91600 348900 14 5167 511800 n.d. n.d. n.d. n.d.

Milos 6
Paleochori BS 5-09-2008 80 14910

0 52100 143800 13 11000 657400 n.d. n.d. n.d. n.d.

Milos DEH BG 10-06-2009 28 < 2 4700 33400 1.6 2625 951200 n.d. -0.4 n.d. n.d.
Exploratory

well (*) n.d. 12000 11000 35000 n.d. 100 926000 15000 n.d. n.d. n.d.

Type: FG = fumarolic gas; SG = soil gas; BG = bubbling gas; BS = gas bubbling in sea.water – n.d. = not deter-
mined. (*) data from Minissale et al. (1997)



species containing carbon and sulfur in their various oxidation states such as CO2, CO, SO2, S8 and
H2S together with H2. In the case of Milos gases, water vapour is an important component only of the
fumarolic gases. In the present study only the dry gas composition (i.e. excluding water vapour) has
been determined and the analytical results are shown in table 2. Apart from atmospheric gases (O2 and
N2) deriving from air contamination, the main gas is CO2. The O2, N2 and CO2 contents evidence a
clear mixing trend between two end-member represented by the atmospheric air and a CO2-dominated
geothermal gas. Isotopic composition of the CO2-carbon, displaying values close to 0‰ (range from
–1.5 to 1.6 ‰), indicates that the main CO2 source may be the reaction between the acidic hy-
drothermal solutions with underlying Neogene limestone deposits (Fytikas, 1989) as well as from
thermal decomposition of subducted marine sediments. But a contribution from mantle CO2 cannot
be excluded. Such contribution is strongly suggested by the isotopic composition of the helium whose
values (R/Ra ranging between 2.5 and 3.4) highlights a mantle component of at least 50% for this gas. 

The He-N2-CO2 triangular plot (Fig. 4a) shows two alignments. The first belongs to the mixing trend
between atmospheric air and the geothermal gas. The second pointing towards the He vertex is prob-
ably due to processes responsible of CO2 loss like carbonate precipitation or CO2 dissolution in
water. The last process is mostly evident in those gases which where collected from manifestations
bubbling in sea-water. 

The gas composition of one exploratory well (Table 2) evidences the enrichment in H2S of the ge-
othermal fluids at Milos. But this gas is partially lost in the shallow environment due to dissolution
in condensing water vapour and oxidation processes. Such processes producing H2SO4-rich con-
densates are responsible of the low pH values (2.9) measured in the fumarolic condensate at Aghia
Kyriaki, on the south coast of Milos (Dominico and Papastamataki, 1975). The CH4-N2-CO2 trian-
gular plot (Fig. 4b) further evidences the processes that bring to CO2 loss and the mixing processes
between geothermal and atmospheric gases.

Carbon dioxide in the soils of Milos shows a wide range of concentrations from 0.01 to 99.8 %
(table 3). Concentrations sustained by biologic activity within the soils are generally less than a few
%, while higher concentrations are clearly due to uprising geothermal fluids. Notably the highest con-
centrations were found at Adamas and Kalamos areas close to the sites of the most recent volcanic
activity (Fig. 5).

5.2 Gas hazard and environmental impact

Volcanic/geothermal areas release huge amounts of gases, which apart from having important in-
fluences on the global climate could have a strong impact both on the local environment and on
human health. Gases have both acute and chronic effects. Carbon Dioxide and Sulphur gases are the
main gases responsible for acute mortality due to their asphyxiating and/or toxic properties. The
problem has long been neglected until the “Lake Nyos” catastrophe in 1986, in which about 1700
people were killed by a volcanic CO2 emission, attracted the worldwide attention of the mass media.

Gas hazard is largely underestimated because it acts also during quiescent periods and also in areas
were volcanic activity is nowadays extinct. Furthermore, although the frequency of occurrence is rel-
atively high, the number of victims of each lethal accident is generally low and often the real cause
of death is not properly recognized. As a consequence, the recently published database of volcanic
disasters and incidents of the 20th century (Witham, 2005), which attributed the death of 2000 per-
sons and the injury of nearly 3000 to volcanic gases, is probably largely incomplete. The most dan-
gerous gas species is CO2, responsible of more than 90% of the victims and of the worst episodes
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Table 3. Soil CO2 concentrations at -50 cm depth (in vol %) of Milos geothermal field. 

ID LAT LONG ALTITUDE CO2 ID LAT LONG ALTITUDE CO2

1 36.668 24.493 146 7.93 41 36.677 24.485 68 0.50
2 36.669 24.493 146 6.99 42 36.695 24.545 55 0.05
3 36.668 24.493 133 2.30 43 36.695 24.544 17 0.05
4 36.668 24.493 145 3.77 45 36.694 24.544 17 0.21
5 36.668 24.493 146 12.80 46 36.694 24.538 95 0.22
6 36.667 24.493 138 11.17 47 36.675 24.513 27 7.58
7 36.667 24.492 145 4.90 48 36.675 24.515 30 0.22
8 36.667 24.492 140 7.90 49 36.675 24.513 27 1.30
9 36.667 24.492 140 6.90 50 36.675 24.513 27 20.20
10 36.666 24.492 140 0.09 51 36.731 24.448 10 22.07
11 36.666 24.493 140 6.42 64 36.731 24.448 10 54.60
12 36.666 24.493 148 0.18 65 36.731 24.448 10 77.08
13 36.665 24.493 144 0.09 66 36.731 24.448 10 95.70
14 36.665 24.493 144 0.78 67 36.731 24.448 10 48.70
15 36.665 24.493 144 0.14 68 36.731 24.448 10 99.80
16 36.666 24.494 144 0.22 69 36.731 24.449 10 79.80
17 36.666 24.494 106 0.14 70 36.731 24.449 10 55.70
18 36.667 24.494 106 0.19 71 36.731 24.449 15 2.20
19 36.667 24.494 106 0.54 72 36.731 24.449 8 1.30
20 36.667 24.493 138 1.29 73 36.731 24.450 8 0.99
22 36.667 24.493 138 1.78 74 36.731 24.450 11 0.90
23 36.667 24.493 138 2.70 75 36.731 24.448 6 18.00
24 36.667 24.493 136 0.46 76 36.731 24.448 6 18.00
25 36.666 24.493 144 0.27 77 36.731 24.449 6 2.80
26 36.666 24.492 131 0.06 78 36.730 24.449 5 1.15
27 36.666 24.491 114 7.71 79 36.731 24.448 6 60.00
28 36.665 24.491 133 18.20 80 36.731 24.448 9 20.00
29 36.665 24.491 110 2.10 81 36.732 24.448 9 5.10
30 36.665 24.491 110 1.70 82 36.732 24.447 11 3.00
31 36.666 24.491 114 0.70 83 36.732 24.446 13 0.25
32 36.666 24.491 114 1.22 84 36.732 24.445 30 0.20
33 36.667 24.491 124 1.14 85 36.732 24.448 21 0.10
34 36.669 24.492 128 1.30 86 36.733 24.448 32 0.10
35 36.670 24.492 91 5.07 87 36.734 24.448 44 0.10
36 36.670 24.492 109 2.62 8 36.735 24.447 51 0.10
37 36.670 24.491 109 1.42 89 36.736 24.446 58 0.10
38 36.668 24.491 130 0.50 90 36.737 24.445 69 0.15
39 36.671 24.490 112 0.22 91 36.731 24.450 11 0.10
40 36.674 24.487 77 0.01 92 36.731 24.451 25 0.10



(Lake Nyos and Lake Monoun, Cameroon and Dieng Plateau, Indonesia), but lethal episodes are also
attributed to sulphur gases (SO2 and H2S).

Being heavier than air, CO2 and H2S can accumulate in topographic depressions and enclosures, and
in areas with high fluxes their concentrations can exceed 10% and 100 ppm, respectively, which can
be lethal to both animals and humans. At Milos Island hazardous concentrations of CO2 (more than 90
%) and H2S (up to 2000 ppm) are measured near the main emanation Kalamos and Fyriplaka areas.

People living in anomalous degassing areas are generally aware of the danger posed by gas accu-
mulation, but nevertheless volcanic gases cause many fatalities each year worldwide (Witham, 2005).
Even though the gas hazard at Milos appears restricted to limited areas, it should not be neglected,
especially its effects on the most exposed people: children, workers involved in excavation activi-
ties and tourists who use public baths.

The H2S dispersing in the surrounding atmosphere displays concentrations of some ppm that pro-
duces surely annoying smell and represents also a potential chronic health impact for the nearby
living persons. Furthermore oxidizing reactions in the atmosphere transforms H2S in SO2, locally in-
creasing the acid burden through wet and dry deposition. Such processes are more intense during the
summer season when high temperature and strong incoming solar radiation increases the formation
of strong oxidant species like OH and O3.

Furthermore, where gas emanations are very high, the soils are altered and covered with thin layers
of secondary minerals as alunite, magnesite and sulphur. In these areas, the extreme acidity of the
fumarolic condensates, which is responsible of the high mobility of harmful elements during alter-
ation processes, could negatively impact biota of the surrounding terrestrial and marine environ-

XLIII, No 5 – 2370

Fig. 5: Distribution of the soil gas sampling points of the four sampling areas on a shaded relief map.



ments. Although such impact at Milos has not been studied yet, it is worth noting that vegetation
around the hydrothermal manifestations is very stunted probably due to the bioaccumulation of the
mobilized toxic elements.

6. Conclusions

The main gas manifestations at Milos show a typical hydrothermal composition. Excluding water
vapour, the main gas species is represented by carbon dioxide. Its carbon isotopic composition points
to a main origin from carbonate rocks although a significant mantle contribution cannot be ruled out.
Other typical hydrothermal gases like hydrogen, methane and hydrogen sulphide display sometimes
concentrations up to a few percent.

Soil gases show characteristic mixing trend between atmospheric air and deep geothermal gases. The
latter implies their highest contents close to the fumarolic areas of Adamas and Kalamos. These
areas show very high risk of gas hazard, and gas emissions could have a strong impact on the local
environment.
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Abstract 

A total of 65 surface soils and 8 rock samples from the area surrounding the city of Kavala, North-
ern Greece, was collected and analyzed for their contents in 10 major and 32 trace elements. The
extraction of the elements from the < 200μm soil fraction was based on the digestion of 0.1g of each
sample with 2ml HNO3. The analytical methods used were ICP-OES and ICP-MS and the elements
determined were Al, Ca, Cl, Fe, K, Mg, Na, P, S, Si, Ag, As, B, Ba, Cd, Ce, Co, Cr, Cs, Cu, Ga, Ge,
Hg, La, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sn, Sr, Th, Ti, U, V, W, Y, Zn and Zr. Comparisons between
the concentrations of the surface soil samples and the surrounding rock samples indicate that the
majority of major, as well as, of trace elements are found in the surface soils of Kavala with such
concentrations that are considered as the product of natural processes such as the weathering of par-
ent rocks and pedogenesis. However, there are some major elements (Cl, Na, S) and trace elements
(Ag, As, Pb, V, Zn) that are present in the surface soils of the study area with elevated concentra-
tions that cannot be regarded as the sole product of natural processes, but as the result of both, nat-
ural and anthropogenic activities, especially for the samples that are situated inside the industrial
area of Kavala.

Key words: geochemistry, environment, soil, rock, Kavala, Greece.

1. Introduction 

As it is known, soils and sediments are principal environmental sinks for both major and trace ele-
ments. Their content in soils is derived, either through natural processes such as the weathering of
parent rocks, or through anthropogenic activities such as industry and agriculture. Since Potentially
Toxic Trace Elements (PTTE) are regarded as one of the main sources of pollution in the environ-
ment, the study of their distribution is very important, especially from an environmental point of
view, explicitly because many human activities mobilize and redistribute elements in the environ-
ment, often causing adverse effects. Elevated concentrations of PTTE in soils and sediments may re-

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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sult in an increased uptake of PTTE by crops and vegetables which, in turn, may have a negative ef-
fect on animals and human health (Hesterberg 1998; Fernandez-Turiel et al., 2001; Georgakopou-
los et al., 2001; Kabata-Pendias and Pendias, 2001; Cui et al., 2005).

The objectives of this study were to describe the chemical dataset collected and to investigate the
geochemical identity of the surface soils of the Kavala area, with the intention of identifying the
possible elemental sources in the area, whether natural and/or anthropogenic. In order to reach this
goal, several methods where applied. However, in this paper are presented the results of the com-
parison between the elemental concentrations of the surface soils and the surrounding rocks of the
Kavala area.

2. Study area – Geological setting

The study area is the city of Kavala, its industrial zone and their surroundings (Fig. 1). The climate
of the area shows general Mediterranean characteristics. The mean temperature is 4.0°C in January
and 24.5°C in July, while the prevailing wind is from SE (H.N.M.S. 1978, Petalas et al., 2004). Land
uses in the area may be divided into four categories: agricultural, uncultivated, industrial and resi-
dential (Fig. 1). The main industrial activities are the Phosphoric Fertilizer Industry (P.F.I.) and the
Kavala Oil land facilities. The first industry produces phosphoric fertilizers, pesticides and other
similar products and its main byproduct is phosphogypsum, while in the second industry oil desul-
phurization takes place. Other activities include some small enterprises that exploit and market local
marbles and the Xifias Fishery enterprise which terminated its activities during the undertaking of
the present research. Also, near the Kavala Oil land facilities and the Xifias Fishery, several uncon-
trolled landfill sites exist.

The study area is a part of the Rhodope massif and it consists of metamorphic and plutonic-eruptive
rocks (Fig. 2). The main rock types in the area are: a) gneisses and schists, b) limestones and marbles,
c) granitic and granodioritic rocks and d) sedimentary deposits. The intense plutonism of the Rhodope
is represented by granites, granodiorites, monzonites, quartz monzonites and diorites of Eocene,
Oligocene, and Miocene age (Kilias et al., 1999; Christofides et al., 2001, Pe-Piper and Piper 2002).
Additionally, Pyrite-Blende-Galena (PBG), Au, Cu, Mn, and Fe mineralizations and ore deposits are
widespread in the study area (Filippidis et al., 1996; Vavelidis et al., 1996, 1997) (Fig. 2).

3. Methodology

3.1 Sampling and sample preparation

In total, 65 surface soil samples were collected between November 2002 and January 2003 (Fig. 1).
Surface soil was selected because it is very sensitive to anthropogenic influences. This kind of sam-
ples is well suited for gaining information on the long-term impact of trace metals accumulation
(Ramsey, 1997, Fernandez-Turiel et al., 2001, Kabata-Pendias and Pendias, 2001). Along with the
soil samples, 8 rock samples from the surrounding rocks of the study area were collected. An effort
was made so all the major rock types present in the area were represented (Tables 1 and 2).

All soil samples were dried in an oven at 40°C. After sieving, the < 200μm fraction was used due
to the fact that environmentally available trace elements mainly remain in this fraction (Fernandez-
Turiel et al., 2001, Kabata-Pendias and Pendias, 2001, Papastergios et al., 2009). The rock samples
were crushed and pulverized in an agate mortar and followed the same procedure as the soils did.

The elements analyzed were extracted with analytical grade, concentrated (65%) HNO3. The HNO3
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extraction procedure is a very strong acid digestion that puts in solution almost all elements that
could become “environmentally available” (Walsh et al., 1997, Sastre et al., 2002). Analytical grade
HNO3 has been selected in order to work with extreme analytical conditions, and maintain, at the
same time, the compatibility of the leachate with the input solution in ICP-MS and ICP-OES (direct
determination after dilution). In the present work, a 0.1 g aliquot of each sample was placed into 14
mm diameter polyethylene tubes. Then, 2 ml of HNO3 were added. All samples were placed in a ro-
tary shaker for 24h. After the extraction procedure, the solution was filtered in 100 ml volume flasks.
The volume flasks were made up volume with Milli-Q type deionized water of 18.2 MΩ/cm.
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Fig. 1: Landuse/cover map of the study area and soil sample locations (modified from Papastergios, 2008).

Fig. 2: Simplified geological map of the study area. Locations of rock samples and mineralizations are in-
cluded (modified from Papastergios, 2008).



3.2 Analytical methods 

Ten major (Al, Ca, Cl, Fe, K, Mg, Na, P, S and Si), and 32 trace element (Ag, As, B, Ba, Cd, Ce, Co,
Cr, Cs, Cu, Ga, Ge, Hg, La, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sn, Sr, Th, Ti, U, V, W, Y, Zn and Zr)
concentrations were determined in all samples by Inductively Coupled Plasma – Optical Emission
Spectrometry (ICP-OES) and Inductively Coupled Plasma – Mass Spectrometry (ICP–MS). A Perkin
Elmer Optima 3200RL with a Perkin Elmer Autosampler AS-90+ was used for the ICP-OES analy-
ses, while a Perkin Elmer Sciex Elan 6000 with a Perkin Elmer AS-91 automatic sampler was used
for the ICP-MS analyses. The analyses were performed at the SCT–UB (Scientific Technical Serv-
ices of the University of Barcelona), Barcelona (Spain). Details on ICP-MS analysis can be found
in Fernandez-Turiel et al. (2000). 

In order to check the quality of the results, the same methods were applied to the reference materi-
als CANMET SO-1, SO-2, SO-3, SO-4, as well as to four replicates of a randomly selected sample.
The methodology used, achieved precise analysis for practically all reference materials. Many ele-
ments exhibited Relative Standard Deviations (RSD) lower than 3%, and some around 1% (e.g.,
Ca, Mg, Fe, Al, Pb, Sr). Exceptions were Na, S, Cl, B, Cd, Ge, Hg, Sb and Se, probably due to their
low concentrations (close to the quantification limits) in the reference materials. In regard to the ex-
traction procedure’s repeatability, many elements exhibited RSD values lower than 5%. Similarly,
some of the worst values could be attributed to the low concentrations of these elements. Detailed
results regarding the methodology used are given in Papastergios (2008).

4. Results and discussion

Before comparing the results between the soils and the surrounding rocks, the concentrations of the
surrounding rocks were compared with similar rock types, in order to disclose any unusual concen-
trations. The average concentrations of carbonates, shales and granites, as given by Faure (1992)
were used for these comparisons. The results revealed that, only Ag (in marbles and granites) and
Cd and Co (in marbles) are found with, relatively, elevated concentrations. The rest of the elements,
for all rock types of the study area, are found within normal ranges (Papastergios, 2008).

4.1 Major elements

Table 1 shows the average leached concentrations for the major elements of the surrounding rocks and
the surface soils of the study area. The two most abundant elements for both the surrounding rocks
and surface soils are Ca and Fe, with an average concentration of 124.64 g kg-1 and 27.98 g kg-1 for
Ca and 8.28 g kg-1 and 6.35 g kg-1 for Fe, respectively. This came as no surprise, as marbles are the
dominant rock type and Fe mineralizations are common, in the area (Fig. 2). Concerning the sur-
rounding rocks, Mg and Al are the next two elements with high concentrations, around 2.3 g kg-1 and
they are followed by P, Cl, Na, Si and S, which all have concentrations lower than 1 g kg-1. The order
changes slightly, for the surface soils. After Ca and Fe, the elements with the highest concentrations
are Al, Mg, Na and Cl with average concentrations between 4.5 and 1.0 g kg-1. The rest of the elements
(P, S and Si) have concentrations below 1.0 g kg-1. 

A series of comparisons were generated between the surface soil samples and the surrounding rocks
samples (as a total and separately with each rock type) of the study area (Table 1). The aim of the
comparisons was to identify whether the surrounding rocks of the study area could provide the sur-
face soils of Kavala with their elemental content.

The results indicate that Al, Ca, Fe, K, Mg, P and Si are found in the surface soils of the present study
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as a result of natural processes, such as the weathering of parent rocks and pedogenesis, since their
Enrichment Factors (EF) are lower than 3 (Table 1). On the other hand, Cl, Na and S are found in
the surface soil samples with concentrations that seem to be elevated (EF larger than 3) and that
could not have been provided solely by the erosion of the surrounding rocks. In the case of S, po-
tential sources could be the PBG ore occurrences and the Kavala Oil land facilities, with the second
being, most likely, the case, especially since almost all elevated values are found in its vicinity. The
S deriving from the desulphurization of the oil is stacked in opencast sites inside the Kavala Oil
land facilities and hence, is freely transferred by the wind. Additionally, the samples with, both Cl
and Na elevated values, are found in the same area (Papastergios 2008). In fact, almost all samples
that show elevated values are common. According to Kabata-Pendias and Pendias (2001) elevated
Cl values are connected with the usage of mineralized waters and/or fossil fuels (i.e., oil, carbon, gas
etc). Although, the transfer of sea water aerosols and the deposition of NaCl particles on the surface
soils cannot be excluded.

Table 1. Average leached concentrations for the major elements (in g kg-1) of the surface soils and the
surrounding rocks of the study area, and Enrichment Factors (EF) of the comparisons between
the leached concentrations of the surface soils and the surrounding rocks.

Element Rocks (total) Marbles Gneisses Granites Soils

Al 2.11 0.05 2.65 3.63 4.50

Ca 124.64 365.78 5.35 2.78 27.98

Cl 0.37 0.90 0.21 0.02 1.12

Fe 8.28 0.61 10.35 13.88 6.35

K 1.26 0.01 1.75 2.01 1.38

Mg 2.40 3.71 1.60 1.89 2.83

Na 0.31 0.30 0.10 0.53 1.88

P 0.56 0.53 0.70 0.44 0.72

S 0.15 0.29 0.07 0.09 0.68

Si 0.25 0.16 0.26 0.34 0.26

Enrichment Factors (EF)

Element Soils vs. 
Rocks (total) Soils vs. Marbles Soils vs. Gneisses Soils vs. Granites

Al 2.1 96.9 1.7 1.2

Ca 0.2 0.1 5.2 10.1

Cl 3.0 1.2 5.4 70.2

Fe 0.8 10.4 0.6 0.5

K 1.1 150.7 0.8 0.7

Mg 1.2 0.8 1.8 1.5

Na 6.1 6.2 19.6 3.6

P 1.3 1.3 1.0 1.6

S 4.5 2.3 9.6 7.9

Si 1.0 1.6 1.0 0.8
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4.2 Trace elements

Table 2 shows the average leached concentrations for the trace elements of the surrounding rocks and
the surface soils of the study area. For the calculation of the descriptive statistics, values that were
below the detection limit for each element were substituted by half its detection limit. For the sur-
rounding rocks, only Mn had an average concentration larger than 100 mg kg-1 (269.45 mg kg-1),
while for the surface soils two elements (Mn: 524.2 mg kg-1 and Zn: 147.68 mg kg-1) had concen-
trations above 100 mg kg-1. Elements with concentrations between 100 and 1 mg kg-1 were Sr, Ti,
Ba, Zn, Rb, Cr, Cu, Ni, Ce, Pb, Th, Y, V, B, Li, La, Co, As, W, Cs, U, Mo, Ga and Sn, for the sur-
rounding rocks, while the respective elements for the surface soils were Ba, Ti, Pb, As, Sr, Ce, Cu,
V, Rb, Cr, Ni, La, Y, B, Co, Th, Li, Ga, Zr and Cs. The rest of the elements, either for the surround-
ing rocks (Se, Zr, Cd, Sb, Hg, Ag and Ge) or the surface soils (U, Se, Ag, Cd, Sn, W, Sb, Mo, Hg
and Ge), had concentrations that were below 1 mg kg-1.

The comparisons between the surface soil samples and the surrounding rocks samples indicate that
B, Ba, Cd, Ce, Co, Cr, Cs, Cu, Ga, Ge, Hg, La, Li, Mn, Mo, Ni, Rb, Sb, Se, Sn, Sr, Th, Ti, U, W, Y,
and Zr are found in soils of the Kavala area with concentrations that could have been provided
through natural processes, since they have EF that are lower than 3 (Table 2). On the contrary, Ag,
As, Pb, V and Zn show elevated concentrations which must not be attributed to the weathering of
parent rocks, alone. The PBG ore occurrences of the study area may be regarded as possible con-
tributors. However, with the exception of few samples located in the west part of the study area, the
rest of the samples are situated far away from the PBG ore occurrences and near the industrial area
of Kavala. In fact, the samples that are situated inside the industrial area of Kavala have larger con-
centrations than those situated outside (Fig. 1, Table 3) and, moreover, most of the samples with the
elevated concentrations are found in the direction the prevailing wind blows (Papastergios et al.,
2004, 2007, Papastergios 2008). Furthermore, all of the aforementioned elements have been con-
nected to anthropogenic activities such as the ones taking place in the study area (Kabata-Pendias
and Pendias 2001); therefore, these activities must have contributed to the elevated concentrations
of the former elements in the surface soils of the study area. Additionally, given that the elemental
content of the surrounding rocks has been found to be within normal ranges, the influence of the an-
thropogenic activities on the surface soils of Kavala, especially near its industrial area seems very
likely, particularly, since the majority of the elevated concentrations are found near that area.

The negative influence of the local anthropogenic activities has been suggested for organic pollu-
tants (Grigoriadou et al., 2008a, b) and heavy metals in street dust and roadside soil along the major
national road in Kavala’s region (Christoforidis and Stamatis, 2009), by other researches as well. In
fact, recently developed research, regarding the prefecture of Kavala, has reported that it has a higher
rate of mortality (per 1000) by approximately 20% due to cancer, cardiac and pulmonary diseases
than compared to the National average and that this observation could be linked to local environ-
mental contamination activities (Theophanides et al., 2007).

5. Conclusions

The comparisons between the surface soil samples and the surrounding rocks of the study area in-
dicate that the majority of the major elements (Al, Ca, Fe, K, Mg, P, Si), as well as of the trace ele-
ments (B, Ba, Cd, Ce, Co, Cr, Cs, Cu, Ga, Ge, Hg, La, Li, Mn, Mo, Ni, Rb, Sb, Se, Sn, Sr, Th, Ti,
U, W, Y, Zr) are found in the surface soils of Kavala with such concentrations that are considered as
the product of natural processes such as the weathering of parent rocks and pedogenesis. However,
there are some elements, both major (Cl, Na, S) and trace (Ag, As, Pb, V, Zn) that are present in the
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Table 2. Average concentrations for the trace elements (in mg kg-1) of the surface soils and the
surrounding rocks of the study area, and Enrichment Factors of the comparisons between
the concentrations of the surface soils and the surrounding rocks.

Enrichment Factors (EF)

Element
Rocks
(total)

Marbles Gneisses Granites Soils
Soils vs.
Rocks
(total)

Soils
vs.

Marbles

Soils
vs.

Gneisses

Soils
vs.

Granites

Ag 0.07 0.07 0.07 0.07 0.64 9.3 9.5 9.0 9.4

As 1.85 1.96 1.77 1.81 55.06 29.8 28.0 31.0 30.3

B 5.33 5.50 8.62 1.86 8.02 1.5 1.5 0.9 4.3

Ba 32.82 19.59 39.25 39.62 97.24 3.0 5.0 2.5 2.5

Cd 0.41 1.01 0.15 0.05 0.58 1.4 0.6 3.8 12.7

Ce 8.27 2.62 12.47 9.72 23.78 2.9 9.1 1.9 2.4

Co 4.13 6.44 2.66 3.29 6.83 1.7 1.1 2.6 2.1

Cr 17.78 1.26 20.22 31.85 16.08 0.9 12.8 0.8 0.5

Cs 1.60 0.04 0.62 4.13 1.55 1.0 36.4 2.5 0.4

Cu 15.54 3.47 19.68 23.47 22.33 1.4 6.4 1.1 1.0

Ga 1.43 0.05 2.12 2.13 2.58 1.8 54.3 1.2 1.2

Ge 0.03 0.02 0.03 0.04 0.04 1.2 2.1 1.2 0.9

Hg 0.09 0.24 0.02 0.02 0.07 0.7 0.3 3.3 3.8

La 4.74 4.14 5.18 4.91 11.91 2.5 2.9 2.3 2.4

Li 4.96 0.26 5.15 9.45 5.65 1.1 21.6 1.1 0.6

Mn 269.45 72.02 340.87 395.45 524.20 1.9 7.3 1.5 1.3

Mo 1.44 0.08 1.76 2.49 0.28 0.2 3.5 0.2 0.1

Ni 11.10 18.08 6.35 8.85 14.90 1.3 0.8 2.3 1.7

Pb 8.08 4.16 11.63 8.44 62.36 7.7 15.0 5.4 7.4

Rb 18.04 0.22 22.58 31.32 16.69 0.9 77.2 0.7 0.5

Sb 0.12 0.06 0.15 0.13 0.30 2.6 4.9 1.9 2.3

Se 0.96 1.90 0.58 0.58 0.80 0.8 0.4 1.4 1.4

Sn 1.28 0.28 1.60 1.95 0.43 0.3 1.5 0.3 0.2

Sr 83.26 166.34 9.86 73.60 35.59 0.4 0.2 3.6 0.5

Th 6.10 0.40 10.23 7.68 5.65 0.9 14.1 0.6 0.7

Ti 75.31 1.64 144.85 79.44 74.52 1.0 45.5 0.5 0.9

U 1.52 0.17 0.49 3.90 0.90 0.6 5.4 1.8 0.2

V 5.57 1.09 7.75 7.88 18.42 3.3 17.0 2.4 2.3

W 1.85 5.29 0.18 0.07 0.43 0.2 0.1 2.3 6.5

Y 5.58 7.55 5.20 3.97 10.71 1.9 1.4 2.1 2.7

Zn 24.69 16.03 23.89 34.14 147.68 6.0 9.2 6.2 4.3

Zr 0.74 0.19 0.39 1.63 1.99 2.7 10.4 5.2 1.2



surface soils of the study area with elevated concentrations that cannot be regarded as the sole prod-
uct of natural processes. In these cases, it seems very likely that the anthropogenic activities taking
place in the industrial area of Kavala have contributed, at least partly, to these elevated concentra-
tions, especially for the samples situated inside the industrial zone of Kavala. Additional statistical
treatment of the data presented herein would provide further insight in the relationships between
the elemental content of the surface soils and the natural and anthropogenic processes taking place
in the study area.
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Table 3. Comparison between the soil samples that are inside the Industrial Zone (IZ) and those
found outside (RS).

IZ: samples inside the industrial zone. RS: samples outside the industrial zone (reference samples). Con-
centrations are expressed in mg kg-1 except for those elements marked with asterisk, which are expressed
in g kg-1.

IZ RS IZ RS
element average average element average average

Al* 4.35 4.81 Ge 0.03 0.05
Ca* 31.96 19.65 Hg 0.09 0.03
Cl* 1.57 0.18 La 9.94 16.05
Fe* 6.36 6.32 Li 5.88 5.16
K* 1.45 1.24 Mn 492.03 591.61

Mg* 3.09 2.31 Mo 0.36 0.11
Na* 2.60 0.37 Ni 14.98 14.73
P* 0.82 0.51 Pb 64.60 57.67
S* 0.93 0.15 Rb 15.60 18.99
Si* 0.25 0.28 Sb 0.32 0.26
Ag 0.83 0.22 Se 0.82 0.75
As 66.56 30.96 Sn 0.56 0.15
B 10.70 2.41 Sr 45.67 14.46
Ba 99.63 92.23 Th 5.14 6.73
Cd 0.61 0.52 Ti 85.68 51.13
Ce 19.64 32.44 U 0.85 1.00
Co 6.56 7.39 V 18.25 18.77
Cr 16.35 15.50 W 0.53 0.21
Cs 1.59 1.47 Y 9.65 12.93
Cu 26.81 12.94 Zn 192.73 53.30
Ga 2.72 2.30 Zr 1.98 2.01
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Abstract 

Recent studies have widely used beachrock samples for isotopic and dating techniques; however
the source matrix of the analyzed samples varied. Bulk rock material, skeletal fragments, allochems
and pure cement have been used in different studies. Basic parameters of each technique are cru-
cial for the accuracy and the reliability of the obtained results, affecting each time important agents.
This study includes isotopic analyses (δ13C, δ18O) of marine carbonates (beachrocks) from the coasts
of N. Greece (Thassos island). The sub-sampling was carried out along beachrock cores, following
different procedures and protocols. The obtained results show in general expecting differences in iso-
topic composition of the samples. Experiments that included heating of the samples show an influ-
ence on oxygen isotope. Different separation and selection of sampling material affect majorly the
isotope of carbon (13C). Differences are attributed to the origin of the carbonate component of the
analyzed material. The study indicates that a full-range of comparison experiments should be im-
plemented in order to define in detail the analytical parameters that affect isotopic measurements.
The results of that kind of studies will be used not only in stable isotope analyses but also in a vari-
ety of methods used in palaeoclimatic and palaeoenvironmental research.

Key words: marine cements, beachrock, sampling, stable isotopes.

1. Introduction 

The rapid cementation of beach sediments in the intertidal zone leads to the formation of charac-
teristic synsedimentary lithified structures termed as beachrocks (Rey et al., 2004). Beachrock is a
hard, rocky, coastal formation, lithified in the intertidal zone by carbonate cements. The importance
of beachrocks can be rendered in three main topics: their impacts on coastal evolution (Cooper
1991), their role as sea-level indicators (Hopley, 1986; Caldas et al., 2006) and the information they
contain regarding the coastal processes of cementation and palaeoenvironmental evolution (Long-
man, 1980; Vieira and De Ros, 2006).

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 



There have been numerous mechanisms proposed for beachrock cementation by calcium carbonate
(Scholten, 1972): 

1. Abiotic precipitation from evaporation of sea water (Ginsburg, 1953; Emery et al., 1954;
Stoddart and Cann, 1965; Moore and Billings, 1971; Milliman, 1974; Beier, 1985).

2. Abiotic precipitation from ground water (Russell, 1962, 1963; Deboo, 1962; Russell and
McIntire, 1965).

3. Abiotic precipitation in the salt water-fresh water mixing zone (Schmalz, 1971; Moore,
1973).

4. CO2 degassing from beach ground waters (Hanor, 1978).

Several studies have been carried out using the isotopic signature of carbonate cements in the ma-
rine-phreatic environment. Authors have used in the past stable isotopes (Beier, 1985; Chaves and
Sial, 1998; Friedman, 2004; Holail and Rashed, 1992; Land, 1970; Vieira et al., 2006) based on
whole-rock samples and isolated cement. The case of whole-rock sampling for isotopic analysis car-
ries wide erroneous parameters which may lead to false isotopic fingerprints for the carbonate pre-
cipitates and thus to misleading conclusions on diagenetic environments and palaeoclimatic
interpretations. For reference, Vieira et al. (2006) attempted to determine the origin of Holocene
beachrocks in NE Brazilian coast by measuring the isotopic composition of bulk-rock samples after
defining their cement petrography. The range of isotopic values reached up to 11,4‰ and 3,9‰ for
δ13C and δ18O respectively, indicating “contaminated” samples by allogenic carbonates. Also, Land
(1970) studied the diagenetic features between phreatic and vadose beachrocks from Bermuda, in-
dicating a wide range of δ13C values (2,2 to -6,8‰) and relatively lower differences in δ18Ο. Other
studies used beachrock cement (e.g. Chaves and Sial, 1998; Calvet et al., 2003; Spurgeon et al.,
2003; Friedman, 2004; Guerra et al., 2005) isolated by simple techniques, achieving lower range of
isotopic values however showing wide differences between same environment of precipitation.

This study aims to compare the isotopic composition of specific levels inside a carbonate formation
like beachrock. In particular, samples from the same level were analyzed, differing from each other
on the sampled material. Bulk rock sample, macroscopic and microscopic selection, stirred and dried
material are some of the selected methods of sample extraction for isotopic analysis. The results are
plotted on diagrams and compared, in order to evaluate the reliability and suitability of sampling
methods for isotopic analysis. Samples were taken from the same level of the formation in order to
avoid differences of values originated in different precipitation conditions.

2. Setting of the study area

The studied beachrock used in this work is located in Thassos Island (N. Greece), in Northern Aegean
Sea. The study area is located at the west coast of the island, between Skala Sotira and Skala
Kallirachis villages (Fig. 1). The beach is 375 m long and reaches width of 25 m (Psomiadis et al.,
2009a). Coastal sediments are fine to medium well graded sand with some gravels on the south side
where a stream is discharging.

The prevalent rocks in the area are gneiss and marbles. The basins that end up to the study area in-
clude Holocene sediments, Miocene marbles, marbles and gneiss alternations and Maries gneiss
(Mountrakis, 1985). Two local ephemeral streams end up to the study beach, with a total length of
26,48 km, which cross carbonate rocks and transfer similar sediments to the coast. The area of Thas-
sos is characterized by coastal – marine climatic type, transitional to continental climate (high sum-
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mer temperature, storms), due to the slight distance of the island from the coast of Macedonia at the
north. The average annual temperature is 15,8ºC, the average annual precipitation is 770 mm and the
prevalent wind direction is NW for the western part of the island (study area). The exposed beachrock
is located in the swash zone and dips gently seawards (mean 5º), following the arrangement of the
beach. The main body of the formation has a total length of 305 m and exposure width 2-10 m. The
height of the beachrock at its underwater face reaches up to 70 cm. This face is quite steep and has
been undercut in many places, resulting in cracking, collapsing, even in displacement of blocks of
the formation. Ultra-sonic velocities recorded that deeper layers are less porous than surficial, indi-
cating older age at the bottom (Psomiadis et al., 2009b). At the north end, a jetty separates the study
beach from the prolongation of the coastline at the north.

3. Methods

3.1 General 

Beachrock formation from S.Kallirachis beach (Thassos Island, N. Greece, Fig. 1) was drilled and two
cores were used in the experimental procedure. The cores were 8 and 20cm long each and their di-
ameter was 2.5cm. Whole-rock samples were separated from the cemented sediments. The different
procedures of sample handling included specific parameters that may cause isotopic fractionation
(e.g. temperature). The techniques are separated to mechanical and physico-chemical. The first group
consists of a) whole-rock grinding, b) macroscopic separation by light grinding, vibration and selec-
tion of pale dry grapes, c) microscopic separation by stereo-microscopic selection of carbonate grains,
and d) microscopic selection of quartz grains with carbonate cement coating. The physico-chemical
procedures included a) whole-rock processing by light grinding, dilution in distilled water by stirring,
extraction of CO3

- solution and drying in room temperature (approx. 48h), and b) whole-rock pro-
cessing by light grinding, dilution in distilled water by stirring, extraction of CO3

- solution and dry-
ing in oven at 70ºC for 24h. All samples were grinded to powder after processing and δ13C and δ18O
isotopic ratios were measured (vs. PDB standard) on a Thermo Delta V Plus isotope ratio mass spec-
trometer equipped with a GasBench II device at Stable Isotope Unit, I.M.S., NCSR Demokritos,
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Fig. 1: Simplified map showing the area of study. The studied beachrock is located at the west coast of Thas-
sos Island, between Skala Sotira and Skala Kallirachis villages.
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Fig. 2: Carbon isotopic variation of beachrock samples, processed by 6 different techniques (4 mechanical and
2 physicochemical). M1: whole-rock grinding, M2: macroscopic separation by light grinding, vibration and se-
lection of pale dry grapes, M3: microscopic separation by stereo-microscopic selection of carbonate grains,
M4: microscopic selection of quartz grains with carbonate cement coating, PC1: whole-rock processing by
light grinding, dilution in distilled water by stirring, extraction of CO3- solution and drying in room tempera-
ture (approx. 48h), PC2: whole-rock processing by light grinding, dilution in distilled water by stirring, ex-
traction of CO3- solution and drying in oven at 70oC for 24h.

Fig. 3: Oxygen isotopic variation of beachrock samples, processed by 6 different techniques (4 mechanical
and 2 physicochemical). Legend same as Figure 2. The two cores are correlated relatively to the beachrock
surface, in order to have one reference depth for all samples. The number of samples per technique varies, de-
pending on the physical or chemical tolerance of the material during the laboratory experimental processing.



Athens, after addition of H3PO4 for CO2 production at 72ºC. The standards used for comparison were
NBS 19 and NBS 18 carbonates and an internal Carrara marble standard.

4. Conclusions-Results

Carbon and oxygen isotopic composition of the samples was plotted in diagrams versus their depth
from beachrock surface (Fig. 2 and 3). Isotopic variation of δ13C indicates a general similarity for
most techniques, with a light divergence for M1 and a total alteration for M3. Except from the fact
that these two techniques included the fewer samples, resulting in lower analytical resolution, their
differentiation from the other techniques could be attributed to material composition (especially for
M3) as the microscopic grain selection results in more thorough carbonate material separation for
analysis. Regarding the oxygen isotopic variation, the observed alterations can be dissociated in two
basic causes: either physicochemical implications through processing (temperature, PC1 vs PC2) or
material composition (M1, M2 vs M4). In particular, the physicochemical techniques reach a good
agreement in variation but they show an alteration (δ18O enrichment in PC2), which is attributed to
possible temperature effect on diluted and re-precipitated carbonate crystals during processing (Clay-
ton, 1961). Techniques M1 and M2 gave similar results, whereas M4 follows same isotopic varia-
tion versus depth relatively to M1 and M2 but shows a δ18O enrichment, probably due to different
material composition (totally bulk material for M1 and M2 versus carbonate coating around quartz
grains for M4. M3 is presented irregular to the other techniques in that case too. 

In conclusion, isotopic composition of whole-rock beachrock samples is affected in different inten-
sity by the experimental processing during preparation for analysis. Carbon and oxygen isotopes
show different variation due to their sensitivity to physicochemical agents. The material composi-
tion affects greatly δ13C, while δ18O is influenced mostly by temperature, and secondly by the pu-
rity of the carbonate material. Further research should focus on specific parameters like mineralogy
of cement, affecting the isotopic fingerprint of carbonate cements.
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Abstract 

The purpose of this work was to investigate the soil heavy metal contamination of the area between
Koropi and Vari, in Attica, Greece and to determine their anthropogenic or/and geogenic-lithogenic
origin. Soil samples were taken from two different depths of 23 uncultivated sampling sites. Deter-
mined heavy-metal concentrations ranged widely; mean values in several sites were elevated and
much higher than the soil grand mean worldwide. The higher Co and Ni contamination was found
in the lower soil depth (10-25cm), while for Cd, Zn, and Pb in the upper depth (0-10cm). These re-
sults, in connection with the performed Hierarchical Cluster Analysis and Principal Component
Analysis, indicate that there are two contamination sources. The first, concerning Co-Ni, is a ge-
ogenic-lithogenic source and the second, concerning Zn-Cd and Pb, is considered as an anthro-
pogenic source. Since in the study area there is no evidence of an existing anthropogenic source
(e.g. an industry) and the parent material does not confirm and give reason for the elevated Zn, Cd
and Pb contents, it could be concluded that this contamination was due to ancient metallurgical ac-
tivities in the area.

Key words: soil contamination, heavy metals, anthropogenic factors, geogenic- lithogenic factors,
HCA, PCA, Vari, Attica.

1. Introduction

Heavy metal soil contamination is a serious environmental problem, mainly due to its impact on human
health (Fytianos et al., 2001, Imperato et al., 2003; Selinus et al., 2005; Girard et al., 2005; Shakeri et
al., 2009; Zhuang et al., 2009; Singh et al., 2010). Heavy metals are found in the crust in less than
0.01% (Kabata-Pendias and Pendias, 2001). The existence of heavy metals in soils is attributed to both
anthropogenic and geogenic (particularly lithogenic) factors. The main human activities resulted in
environmental contamination are: mining and smelting, industrial activities, agricultural practices, fos-
sil fuel combustion, waste disposal, transportation etc. and they have been discussed in numerous re-
ports and publications (e.g. Alloway, 1995; Dudka and Adriano, 1997; Kabata-Pendias and Pendias,
2001; Wong et al., 2002; Girard et al., 2005; Selinus et al., 2005; Kribek et al., 2010).

The presence and distribution of heavy metals in soils is influenced mainly by the parent material,
the chemical and physical soil properties, the metal speciation, and the climatic conditions. The min-
eral content of the parent material is one of the most important factors for the amount of trace ele-
ments in soils, irrespective of classification or the amount of weathering (Burt et al., 2003). 

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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Soil contamination can be distinguished according to the intensity, the number, and the distance of
pollution sources. “Diffuse” contamination is the contamination due to 1) a numerous sources,
which are poorly identified, 2) sources that are in long distances (dozens of kilometres and some-
times hundreds), 3) mobile sources (vehicles, airplanes etc.). Contamination of this kind is usually
moderate. “Punctual” contamination is due to an identified source, often close to the contaminated
soil. This kind of contamination could be due to industrial activities or a heavy vehicle circulation
in highways. Referring to a small region, the displacement of a punctual contamination to a diffu-
sive one is given by the following example: the atmospheric emissions by a Pb smelter are a punc-
tual contamination for surrounding soils but they contribute to a diffusive contamination as they
move away. In this case, we have a pollution zone “diffuse of proximity” around the source and in
many kilometres (Robert, 1996 in Girard et al. 2005).

Our previous studies (Lazaris, 2008) showed that in the forest (uncultivated) area of Vari, Attica
(Fig. 1) multiple contaminants co-exist; namely Pb, Cd, Ni, Co, and Zn were determined in the soil
horizons. The purpose of this work is to determine the concentrations of the heavy metals Cd, Zn,
Pb, Co, and Ni in the soil of the study area and to investigate whether the possible elevated con-
centrations found are due to anthropogenic or geogenic sources.

2. Materials and Methods

2.1 Study area and Sampling

The study area belongs to the Attic-Cycladic geotectonic zone of Greece. It is localized by a rec-
tangular with X,Y coordinates of upper left corner [481934, 4191946] and lower right corner
[490984, 4185627]. The lithologic formations of the study area are dolomites, marble, schists, lime-
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Fig. 1: Map showing the locations of the soil sampling sites. a) Ts-J1d, Pirnari dolomites, b) J.mr1, J.sch1:
Lower marble, schists intercalations respectively, c) Κ1.sch, K1.K: schists, recrystallized limestones respec-
tively, d) Κ7.k: limestones, e) O: ofiolites, f) Μs.m, st, c: marls, loams, sandstones, conglometates, g) Pt: Pleis-
tocene deposits, h) Q.cs, sc: Quaternary undivided old and new talus cones and scree (I.G.M.E. KOROPI-VARI
sheet 2004 Geological map, 1:50.000).



stones, ofiolites (mafic rocks), marls, loams, sandstones, and quaternary deposits (Fig. 1). For cen-
turies, the non-forest area was used for agricultural purposes, which through the years has been
transformed to a light industrial one. The last few years though, there is an important urbanisation,
legal and illegal. Soil sampling was conducted during October 2008. Twenty three sample sites were
chosen (Fig.1) in uncultivated areas and soil was collected from two different depths in each sam-
ple site: i) 0-10cm (A depth) and ii) 10-25cm (B depth), making the number of samples forty six.
The samples have been transported to the laboratory the same day and have been air-dried at room
temperature for several days and passed through a 2mm stainless-steel sieve. Sub-samples were
taken for further analysis. 

2.2 Analytical Methods

Soil characteristics were determined following standard procedures. Measurement of soil pH in 1:1
(w/v) soil to deionised water agitated for 1 hour. Organic matter concentration was determined by
the Wakley-Black method which is based on K2Cr2O7-H2SO4 oxidation (Nelson and Sommers,
1982). The determination of total carbonate was performed as equivalent CaCO3 percentage using
a Bernard calcimeter (Allison and Moodie, 1965). Particle size distribution was determined by Hy-
drometer method (Bouyoukos, 1951). Heavy-metal concentrations were determined by extraction
with Na2EDTA (ethylenediamine tetraacetic acid) which extracts the exchangeable, carbonate-bound,
Fe and Mn oxide-bounds, and a significant quantity of organic-bounds (Clayton and Tiller, 1979).
The method involves shaking 10g of soil with 80cm3 of 0.005M EDTA (pH=6.0) in polypropylene
tubes for 15 hours at 20oC. EDTA extraction procedure was chosen because it is widely accepted as
a successful extractant and it is traditionally proposed for calcareous soils (Quevauviller et al. 1996;
Quevauviller et al. 1998). The samples for the extraction procedure (Na2EDTA) were centrifuged for
20min at 3000rpm (≈1500g) to compact most of the soil at the bottom of the tubes. The supernatant
was filtered through a Whatman No 42 filter paper. The filtrates were analyzed for heavy metals
using flame atomic absorption spectrometry (FAAS).

2.3 Statistical Processing

Descriptive statistics and multivariate statistical processing were performed. The data were classi-
fied into two groups according to their sample soil depth. Hierarchical Cluster Analysis (HCA) and
Factor Analysis (FA) and namely the Principal Component Analysis (PCA) were applied with the
use of SPSS 11.0.0 in order to obtain a visual interpretation of data and to detect similarities or dif-
ferences among them. HCA is used to identify relatively homogeneous groups. The dendrograms
were extracted using the Ward method and squared Euclidean distance and there has been a z stan-
dardization of the data. PCA analysis, a central tool in chemometrics, was performed using varimax
rotation in order to make interpretable components. The component number was selected by using
the Kaiser criterion (eigenvalue higher than 1).

3. Results- Discussion

Most soils of the study area are Alfisols and in particular suborder Xeralfs. Their mean organic mat-
ter content is 0.05 (A depth) and 0.04 (B depth), while mean pH value in both depths is 8.0. The soils
are characterised as silty loamy, with clay mean values of 0.13 (A depth) and 0.18 (B depth) and cor-
responding silt values of 0.41 and 0.55 respectively (Table 1).

Heavy metal -EDTA extracted- concentrations ranged widely among sample sites (data not shown);
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determined mean values of the measured heavy metals in several sites were elevated and much higher
than the soil grand mean worldwide (Table 1), as they were reported by Kabada-Pendias and Pendias
(2001). Maximum, minimum, and mean values of the examined elements of the entire study area are
presented in Table 1. Significant differences and elevated standard deviations were observed.

The higher Co and Ni contamination is found in the lower depth (10-25cm) indicating that they are
derived from the parent material, while for Cd, Zn, and Pb in the upper depth (0-10cm) probably due
to anthropogenic sources. 

It is well known that cobalt and nickel are concentrated in soil horizons rich in organic matter and
clays (Van Hullebusch et al., 2006; Lin et al., 2008). They are immobile in alkaline conditions since
their oxides, hydroxides, and carbonate forms are very insoluble, while in acid conditions dissolu-
tion and leaching are more likely to occur (Alloway, 1995). The study area is not an acidic one and
therefore Co and Ni are in a rather immobile form indicating that leaching is difficult to occur. There-
fore, it could be suggested that the higher contents in the B depth originate from the parent mate-
rial; this suggestion is amplified by the presence of relicts of ofiolites, meta-mafic veins, and
carbonate rocks (I.G.M.E. Geological map, issue Koropi, 1:50.000) in the area, which inherit the
highest amounts of Co and Ni in soils in accordance with Alloway (1995) and Kabata-Pendias and
Pendias (2001). 

Zn and Cd are very mobile and bioavailable metals, and their higher contents in A depth suggest their
anthropogenic origin. Specifically for lead, measured values were extremely high and in some sites
were 80 folds higher than the worldwide grand mean, i.e. 1779.12 and 1649.88 mg kg-1 compared
to the grand mean of 25 mg kg-1. This result indicates that in the case of lead the source of contam-
ination is a punctual source. Since in these specific sample sites there is no evidence of an existing
anthropogenic source (e.g. an industry) and the parent material does not confirm and give reason for

Table 1. Descriptive statistics of soil properties and heavy-metal concentrations (mg kg-1)
for A, B depths.

A OMA pHA CaCO3A CLAYA SILTA PbA CdA CoA NiA ZnA

Min. 0.01 7.70 0.10 0.04 0.24 9.65 0.00 0.50 0.00 1.29

Max. 0.08 8.30 0.50 0.23 0.68 1779.12 1.78 15.98 18.58 23.22

Mean 0.05 8.01 0.11 0.13 0.41 169.35 0.60 7.19 6.98 6.21

Std. Dev. 0.02 0.13 0.12 0.06 0.13 381.37 0.47 4.54 4.57 4.88

B OMB pHB CaCO3B CLAYB SILTB PbB CdB CoB NiB ZnB

Min. 0.01 7.7 0.01 0.08 0.34 10.66 0.00 0.14 0.00 0.40

Max. 0.07 8.4 0.38 0.32 0.70 1649.88 1.45 18.44 25.77 13.65

Mean 0.04 8.00 0.09 0.18 0.55 161.36 0.53 8.30 9.43 3.52

Std. Dev. 0.01 0.15 0.93 0.08 0.08 349.31 0.39 5.66 6.36 3.12

Grand mean* 25* 0.175** 7.90* 22* 64*
Geometric mean**
OM=Organic Matter



the elevated Zn, Cd, and Pb contents, it could be concluded that probably in this sites there were an-
cient metallurgical activities. These are in accordance with the findings of Kakavoyianni (2003)
which indicate that in the antiquity, the area has been used as an illegal workshop of metallurgy. An
archaeological excavation in Lambrika area in 2003 revealed the existence of many litharge frag-
ments (a product resulting from smelting of Pb). Archaeologists interpreted it as a small workshop
of Early Helladic I period (3200-2800 BC) (Kakavoyianni, 2003). The existence of Pb could be in-
terpreted only as a relict of smoke (chimney dust) in soil, since smoke liberates a significant portion
of Pb and less Zn and Cd (Mousoulos 1976, Godin et al. 1985). Moreover, since half-lives for these
metals are: 70-510 years for Zn, 13-1100 years for Cd, and 740-5900 years for Pb (Kabata-Pendias
and Pendias, 2001), it could be concluded that their concentrations were much higher in the past.

Further analysis of the measured heavy-metal concentrations was conducted in order to ensure and
reinforce the above mentioned suggestions. Hierarchical Cluster Analysis and Principal Component
Analysis were performed in order to define their lithogenic or anthropogenic origin and to identify
the possible sources of the contamination, although Burt et al. (2003) reported that the separation of
natural from anthropogenic sources of trace elements is difficult in soils 

Hierarchical Cluster analysis

A DEPTH

Dendrogram for the descriptors (Fig.2) shows that two main clusters are extracted: the Co-Ni and
the Cd-Zn and Pb cluster, indicating that these metals originated from two different sources. A sig-
nificant subdivision of the Cd-Zn and Pb cluster into two was observed, showing that Cd-Zn is
highly associated to each other, while Pb stands alone. Co and Ni are moderately associated to each
other. All three clusters are either slightly correlated to each other or not at all.

B DEPTH

The dendrogram for B depth (Fig. 3) is similar to that of A depth indicating the same sources of ori-
gin. The group of Co-Ni is totally isolated from both Cd-Zn and Pb clusters. Again Pb is almost un-
correlated to the group of Cd-Zn; the metals of the latter group are strongly associated to each other.
Nevertheless, Co and Ni are much more correlated to each other in B than in A depth. This is the only
difference between the clusters of the dendrograms for the two depths.

Factor analysis

Four factors are excluded, which account for 87.39% of the total variance in A depth (Table 2) The
first component explains the 36.26% of the total variance and is positively and strongly related to
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Fig. 2: Dendrogram for the descriptors using Ward Method (A depth).
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clay, silt, Cd, and Zn. The second component, which explains the 19.43% of the total variance, shows
high correlation to Ni and a moderate one to Co. The third component with a 16.43% of the total vari-
ance has a high factor loading for organic matter. The fourth component, accounting for the 15.27%
of the total variance, has a very high factor loading for Pb. 

Table 3 represents the four factors that are retained in the analysis and account for the 86.23% of the
total variance in B depth. The first component accounts for the 30.69% of the total variance and is
composed of very high factor loadings for Cd, Zn, and organic matter. The second component, ex-
plaining the 21.40% of the total variance, has a high factor loading for Co and a less high one for
Ni. The third component with the 20.65% of the total variance has a high factor loading for clay. The
fourth component explaining the 13.49% of the total variance has a very high positive factor load-
ing for Pb.

Table 2. Principal Component Analysis (Varimax
Rotation Method with Kaiser Normal-
ization) for A depth.

Component 
1 2 3 4

OMA 0.11 0.10 0.93 -0.07

pHA 0.10 -0.62 -0.52 -0.47

CLAYA 0.81 0.39 -0.22 0.11

SILTA 0.95 0.09 0.06 0.09

PbA 0.20 -0.07 -0.03 0.90

CdA 0.92 0.14 0.06 0.24

CoA 0.39 0.60 -0.21 0.47

NiA 0.16 0.90 0.15 -0.20

ZnA 0.80 -0.12 0.48 0.01

%Variance 36.26 19.43 16.43 15.27

Cumulative % 36.26 55.69 72.12 87.39

Table 3. Principal Component Analysis (Varimax
Rotation Method with Kaiser Normal-
ization) for B depth.

Component 
1 2 3 4

OMB 0.82 -0.09 0.14 0.04

pHB 0.30 -0.88 0.07 0.02

CLAYB 0.39 0.18 0.76 0.31

SILTB 0.24 0.04 -0.92 -0.01

PbB 0.15 0.06 0.10 0.96

CdB 0.92 0.26 0.12 0.11

CoB 0.37 0.79 0.15 0.30

NiB 0.30 0.65 0.56 -0.28

ZnB 0.84 -0.03 -0.20 0.14

% of Variance 30.69 21.40 20.65 13.49

Cumulative % 30.69 52.09 72.74 86.23

Fig. 3: Dendrogram for the descriptors using Ward Method (B depth).



The results of Hierarchical Cluster Analysis are in accordance with the results of Factor Analysis
showing that there are two different contamination sources in the study area: the first source is con-
nected to Cd, Zn, and Pb and is considered as the anthropogenic source, while Co and Ni originate
from the second lithogenic source and are more correlated in depth B than in depth A, showing their
probable lithogenic origin. 

4. Conclusions

Measured EDTA extractable concentrations of Cd, Zn, Pb, Co and Ni ranged widely among sample
sites and substantial differences were observed. The results of HCA and FA analysis of soil proper-
ties and heavy-metal concentrations satisfactorily describe the presence of the five heavy metals in
the soil of the study area. The factors and the clusters excluded are in agreement with each other
showing two sources of pollution. Firstly the lithogenic source, which provides the heavy metals Co
and Ni, with higher concentrations in B depth (lower depth), and secondly the anthropogenic source,
which provides the heavy metals Cd, Zn, and Pb, with higher concentrations in A depth. Determined
lead concentrations were extremely high and in connection with its long lasting half-life in soils
(740-5900y) this metal can threaten the health of animals and humans upon entering in food chain.
Since there are not any minerals containing Pb in the lithologic formations of the area or any in-
dustries that would produce such concentrations, it could be concluded that probably in this sites
there were ancient metallurgical activities. Indeed, this is in agreement with the findings of archae-
ological excavations which indicate that in the antiquity the area has been used as a workshop of met-
allurgy.
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Abstract 

Humic substances naturally occur in Miocene/Pliocene-aged lignite at very high concentrations.
Here biomarkers in the bitumen-free extract of humic acids from Thracian lignite, Bulgaria, are stud-
ied. Applying methods of organic geochemistry a broad range of compounds are isolated and char-
acterised. Species are classified according to abundance, possible source input and diagenetic
transformation. A feature of humic acids derived from Thracian coal is the extremely high content of
16α(H)Phyllocladane, ~60% of aliphatic fraction, or 1.6 wt.% of initial lignite. The high diterpenoids
content, especially with abietane skeleton, proved the conifer contribution to the peat-forming helo-
phytes, i.e. Cupressaceae s. str., Podocarpaceae, Araucariaceae, Taxodiaceae, Phyllocladus, Piceae.
Tightly-trapped, linear long-chain fatty acids (FAs) are the main constituents of the acidic fraction of
humic acids. Their distribution patterns indicate a dominant higher plant origin. The presence of
αOH-FAs and hopanoid acids assumes bacterial activity in the plant material reworked. A hint for
the input of plant biopolymers, i.e. cutin, suberin, is the relative high content of “even” carbon num-
bered ωΟΗFAs and α,ω-alkanedioic FAs. “Even” numbered short-chain ωΟΗFAs could originate
from cutin-derived constituents of the needles of numerous species of gymnospermous families.

Key words: Thrace, lignite, humic acid, biomarker, fatty acid, palaeoenvironment.

1. Introduction 

According to topographic, morphotectonic, lithologic and genetic characteristics Neogene coals in
Bulgaria are divided into four coal-bearing provinces: Dacian, Thracian, Sofia, Strimon-Mesta
(Šiškov, 1997). The Thracian is the largest one hosting the main energy resources of the country.
Palaeobotanical data of the Thracian lignite supports the presence of Taxodiaceae issue remains
(twigs, cones, wood, etc.) along with a floral composition being similar to this of the mires in tem-
perate climates. The results from previous studies (Bechtel et al. 2005) indicated that the larger part
of the Thracian coal deposits is derived from coniferous flora, which is the main source of resinous
organic matter. The results confirmed a low Angiospermae/Coniferales ratio due to the high abun-
dance of coniferous fragments in the lignite. The huge amounts of 16α(H)-Phyllocladane the vari-
ety of tricyclic diterpanes and their polar counterparts proved the gymnosperm contribution at a
molecular level (Stefanova et al., 1995). There were also some chemical indicators for the presence
of angiosperm debris in the source material (Stefanova et al., 2002).

Humic substances naturally occur in Miocene/Pliocene lignites at very high contents (~70%) and
could be considered representative for coal organic matter. The aim of the present study was to as-
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sess biomarker assemblage of humic acid from Thracian coal-bearing province with the aim to en-
rich the information on coal precursors and maturation degree inasmuch humic substances are firmly
involved in coal formation.

2. Geological setting

The Thracian coal-bearing province hosts three deposits, namely these of Maritza-East, Maritza-
West (Early-Middle Miocene) and Elhovo (Pliocene) located in the Thracian depression, which is
filled with sediments of the lower (Palaeogene) and upper (Neogene) coal-bearing molasse. Coal for-
mation started in Late Oligocene and continued through Miocene into Pliocene. It took place in
highly peneplaned coastal areas covered by eutrophic mires. Younger sedimentary sequences of
varying thickness occur from west to east due to compensation from the formation of the Black Sea
and gradual marine regression to this direction. The Maritza-East lignite deposit (maximum thick-
ness 25 m) is a good example of the long-lasting peat accumulation in this region. 

3. Methods

3.1 Bulk characteristics

One sample from Maritza-East lignite, seam “Troyanovo North”, was extracted for humic acids
(HA) preparation. Some rank parameters of Neogene coals in Bulgaria were published in Šiškov
(1997). Briefly, Maritza East lignites were described by the following characteristics, in %: Rr– 0.20;
Wr – 64.4; Cdaf – 65.0, VM daf – 55.8 and calorific value in MJ/kg, Qdaf – 22.31.

Isolation and fractionation of humic acids were described in a previous paper (Stefanova et al.,
1993). To get an extractable portion (bitumen “free”) of humic acids, about 6 g were extracted with
chloroform under 100 atm at 80°C (3 x 20 min) (Dionex equipment). Acids and neutrals were
separated from the bitumen-“free” fraction on a SiO2/KOH column (McCarthy and Duthie, 1962).
Hydrocarbons, ketones and esters were separated from the other neutrals applying liquid
chromatography and using for elution diethyl ether/petroleumether mixtures of increasing polarity
(Grasset and Amblès, 1998; Válkova et al., 2009). Acids were identified as methyl esters. Hydroxyl
FAs were determined as TMS ethers/methyl esters after classical methylation of the acid fraction with
trimethylsilyldiazomethane (Hashimoto et al., 1981).

3.2. GC-MS study

The products were analyzed by capillary GC using a Hewlett-Packard 6890 GC (split injector,
250°C; flame ionization Detector (FID), 300°C) with a fused silica capillary column (SGE BPX
5%, 30 m length, 0.25 mm id., 0.25 μm film thickness) and helium as carrier gas. The GC was
temperature programmed from 60 to 300°C at 5°C min-1 (isothermal for 20 min final time). The GC-
MS analyses were performed on a Trace GC Thermo Finnigan coupled to a Thermo Finnigan
Automass (with the same GC conditions). The MS was operated in the electron impact mode with
a 70eV’s ion source energy and the ion separation was operated in a quadripolar filter. The various
products were identified on the basis of their GC retention times, their mass spectra (comparison with
standards) and literature data. SIM was used for acids visualization: m/z 74 for linear fatty acids; m/z
98 for linear α,ω alkanedioic FAs; m/z 103 for αOH- and ωOH FAs; m/z 191 for hopanoic acids.
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4. Results

For Thracian lignite HAs “free” bitumen amounted 110 mg/g TOC. After fractionation on SiO2/KOH
column the material was separated into neutrals (~ 1/3 of the applied sample), acids (~ 1/3) and po-
lars (~ 1/3). 

4.1 Neutral fraction

The main homologue series GC-MS registered in the neutral fraction are:

• Hydrocarbons with long chains, nC23÷nC33, maximizing at nC29, with strong “even” carbon
numbers domination, CPI 2.8;

• Ketones with long chains, nC23÷nC33, with nC29 in maximal content, CPI 4.0. One iso-ketone
structurally related to phytol was registered as well;

• Diterpenoids were in a high preponderance due to the presence of huge amounts of tetra-
cyclic diterpenoid 16α(H)-Phyllocladane (Str.I);

• Tri-, sesqui-, and sesterpenoids were in subordinating quantities compared to diterpenoids;

• Hopanoids (Hs), i.e. 17β-(H)22,29,30-trisnorhopane (H27) and the range of H29-H31 17β(H),
21β(H)-hopanes.

Table 1 presents a classification scheme, the abundance and possible sources of biomarkers in HA
grouped according to Wang and Simoneit (1990).

4.2 Acidic fraction

The acidic fraction was composed by linear long chain fatty acids (nFAs), their functionalized ana-
logues α- (αΟΗ-FAs), ω-(ωΟΗ-FAs) hydroxy fatty acids and dicarboxylic fatty acids (α,ω-di-
FAs). Their patterns of distributions are illustrated in Figure 1. The following acid series were
mass-spectrometrically identified:

• linear long chain FAs, methyl esters (nC12÷nC34), nC28 maximal, with “even” carbon num-
ber prevalence, 44.9 rel.% of acidic fraction ( Str. III);

Table 1. Classification, abundance and source of biomarkers in neutral fraction (in rel.%).

Classification Abundance Higher plants Bacteria Uncertain

Acyclic alkanes:
i.e.    n-alkanes, ketones

isoprenoids

19.37
19.06
0.31

17.98
0.31

?
trace

1.08
-

Terpenoids:
i.e.    sesquiterpenoids

diterpenoids
sesterterpenoids
triterpenoids

77.88
0.41
68.75
0.40
8.32

0.41
68.75

-
-

-
-

0.40
0.32

-
-
-
-

Total 97.25



• linear long chain α,ω alkanedioic FAs, dimethyl esters (nC16, nC20÷nC30) with a distribution
similar to nFAs, 3.18 rel.% (Str. IV); 

• αOH-FAs as 2-(trimethylsilyl)oxy, methyl esters, nC22÷nC27 (nC23 in trace), 1.2 rel.% (Str. V);

• ωΟΗ-FAs as trimethylsilyloxy, methyl ester derivatives, nC12÷nC28, strongly maximizing at
nC16, 3.32 rel.% (Str. VI);

• dehydroabietic acid, methyl ester, 0.8 rel.% (Str. VII);

• hopanoic acids, methyl esters, i.e. C32αβ, C30ββ and C31ββ, < 1 rel.% (Str. VIII).

Apart from the above mentioned acids some alkylated phenols were detected as well. They proba-
bly were produced during accelerated “free” bitumen extraction under pressure or are end products
of diagenetic transformations of lignin moieties. One diterpenoid ketophenol, totarol 3-one (Str. II),
was highly abundant (5.2 rel.%) in the acidic fraction.

4.3 Data analysis

In some papers dedicated to humic substances organic solvent soluble portion of humic acids was
named hymatomelanic acids. It is still contestable were hymatomelanic acids a separate group of
compounds or could be considered as lipids. Their origin received special attention in the study of
Lehtonen et al. (2001), where the achievements in the field were discussed. 

4.3.1 Neutral fraction

The aliphatic hydrocarbons in the bitumen-free fraction comprise long chain n-alkanes from nC17
to nC35, the major component being the nC29 alkane. They show a clear odd/even carbon number
predominance indicating a dominant plant input (Kolattukudy, 1976).

Terpenoids at different ratios depending on plant communities compose aliphatic fraction (neutrals).
A striking feature of Thracian lignite HA is the extremely high content of 16(H)-Phyllocladane
(~60% of aliphatics or 1.6% of initial coal). 

The identified diterpenoids demonstrated the presence of Gymnospermae in the coal-forming plant
community of Maritza-East lignite. Furthermore, phenolic ketoditerpenoid indicated a specific input
of organic matter from conifers of the Cupressaceae/Taxodiaceae or Podocarpaceae as the most
abundant trees in the coal-forming mire (Stefanova et al., 2002).

Actually, biomarker assemblage of humic acids resembled biomarker compositions of Maritza-East
lignite lithothypes and their polar constituents already described in previous paper (Stefanova et al.,
1995). All data support strong Gymnospermae contribution to the palaeomire.

4.3.2 Acidic fraction

Acids demonstrate some novelty concerning humic acids structure. Our results proved the high abil-
ity of humic acids to retain hydrophobic species. We suppose that functionalised fatty acids are in-
tegrated parts of humic acids inherited from precursors.

Fatty acids are common constituents of humic acids. Their forms of linkage have been studied by
several researchers in a suite of papers devoted to humic acids in soils, peat, lignite, etc. (Amblès,
2001; Grasset et al., 2002; Guignard et al., 2005; Deport et al., 2006; Válkova et al., 2009). Except
“free” fatty acids extraction, authors used thermochemolysis in the presence of different alkylation
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reagents, i.e. TMAH, TEAAc, to distinguish strongly trapped and esterified FAs. It is worth noting
that according to them the major part of FAs occurs as “free” constituents being trapped within the
network. 

Linear long chain FAs are the main constituents of the acidic fraction of humic acids, amounting
about a half of GC amenable compounds. The distribution pattern of “free” nFAs presents a long
mode maximizing at nC28 with strong “even” carbon numbered dominance. Such a distribution in-
dicates a dominant higher plant origin. In the samples under study there were not unsaturated and
branched chain FAs.

One order less of magnitude was the content of α,ω -alkanedioic FAs with “even” carbon numbered
dominance. Sources of long members could be suberin and cutin from higher plants or products of
FAs microbial ω-oxidation. A hint for the input from plant biopolymers is the relative high content
of “even” numbered ωΟΗ–FAs (Fig.1). Actually hydroxyl FAs are the second in abundance. Allard
(2006) published a comparative study on the chemical compositions of humic acids extracted from
soil, agricultural soil and lignite deposits based on the data for bound lipids, carbohydrates and
amino acids compositions. ωΟΗ–FAs were determined only in soil humic acids being completely
absent in lignite HAs. It should be emphasized that humic acids from Maritzsa-East lignite con-
taining a high content of xylite-rich lithotype, are comparable with these of soil organic matter.
“Even” numbered short-chain ωΟΗ–FAs (C12,C14,C16) have been reported as characteristic cutin-
derived constituents of needles of numerous species of gymnospermous families (Oros et al., 1999).
The data coincides well with the conclusions based on the diterpenoids assemblage assuming pre-
dominant gymnospermous contribution. The input of suberin is indicated by the presence of linear
long-chain FAs, α,ω–alkanedioic FAs, ωΟΗ–FAs and long-chain alcohols (not described here as
registered in humin), all suberin building blocks (Kolattukudy, 1980). 

α–OH–FAs are in a lowest content compared to the other linear FAs. According to Cranwell (1982)
they are by-products of the a-oxidation of FAs and are not source specific biomarkers.

The presence of hopanoid acids assumed bacterial activity in the reworking process of the plant ma-
terial. The dominance of ββ hopanoid acids is in agreement with the immaturity of the lignite sample.

5. Conclusions

Biomarker assemblage of humic acids from Maritza-East lignite, Bulgaria, proved a strong gym-
nospermous contribution to the palaeomire. A feature of the Thracian lignite HAs was the extremely
high content of 16α (H)–Phyllocladane (~60 % of aliphatics or 1.6 % of initial coal). The identified
diterpenoids demonstrated the presence of Gymnospermae in the coal-forming plant communities.
Phenolic ketoditerpenoids indicated a specific input of organic matter from conifers of the Cupres-
saceae/Taxodiaceae or Podocarpaceae as the most abundant trees in the coal-forming mire.

Tightly–trapped linear long-chain FAs were the main constituents of the acidic fraction of humic
acids. Their distribution pattern indicated a dominant higher plant origin.

The presence of hopanoid acids assumed bacterial activity in the plant material reworked. A hint for
the input from plant biopolymers, i.e. cutin, suberin, was the relative high contents of “even” car-
bon numbered ωΟΗ–FAs and α,ω–alkanedioic FAs. 

“Even” numbered short-chain ωΟΗ–FAs could originate from cutin-derived constituents of needles
of numerous species of gymnospermous families.

XLIII, No 5 – 2402



6. Acknowledgement

One of us (M.S.) would like to express her gratitude to Prof. A. Amblès and Dr. L. Grasset for the
possibility to perform experiments in the University of Poitiers, France as well as for the fruitful dis-
cussions of the results.

Appendix: Structures cited in the text

XLIII, No 5 – 240315 (5)



XLIII, No 5 – 2404

Fig. 1: Patterns of distributions of fatty acids (X axis numbers correspond to carbons in FAs chains).
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Abstract 

The Pb-Zn-Ag carbonate-replacement deposits in the Lavrion district are genetically related to a 7-
10 Ma-old granodiorite, felsic dikes and sills. These deposits are hosted in the Upper and Lower
marble and schists of the Cyclades Blueschist unit and occur along the major Legraina detachment
fault. Carbonate-replacement orebodies occur as “mantos” and veins, dominated by base metal
sulfides and Ag, Bi, Sn, Sb, As, and Pb sulfosalts. Calculated carbon and oxygen isotope composi-
tions of the hydrothermal fluid range from δ13CCO2 of -13.7 to 0.8 per mil and δ18OH2O of 4.2 to 27.4
per mil, at 400º, 350º, 320º, 300º, 250º and 200ºC. These isotopic compositions reveal water-to-
rock ratios ranging from 4.8 to 52.6%, which reflect intense interaction of the ore fluid with the host
rock in a water-dominated, transitional closed to open hydrothermal system.

The range of δ34SH2S for sulfides in the deposits were from -8.5 to 6.8 per mil, for similar tempera-
tures, whereas for barite-fluorite veins from δ34SH2S of -43.6 to -16.4 per mil, at 200º, 150º and
100ºC. This range implies that there was contribution from a magmatic sulfur component exsolved
from the Plaka pluton, as well as contribution from a metasedimentary component. Based on the iso-

topic signature of sulfur for barite, the ranges from -6.7 to -7.6, comprising an increase

in the fluid influx. Isotopic temperatures based on pyrite-galena and sphalerite-pyrite pairs revealed
at least three major events of carbonate-replacement ore deposition, (i) at ~ 360º, (ii) 320º-280º and
(iii) 260º-200ºC. 

Key words: polymetallic ores, ore fluid, carbon, oxygen, sulfur isotopes.

1. Introduction 

The Lavrion district is famous for the production of Pb (~ 1.4 Mt, at 20%) and Ag (~ 3.5 kt, at 400
g/t) since the Golden Age of Athens (Conofagos, 1980). Recent mining in this area was mainly con-
ducted by Compagnie Françoise des Mines du Laurium (~ 0.9 Mt, at 3% Pb and 4.2 kt Ag, at 140
g/t, Conofagos, 1980). The area is considered as the northern part of the Cycladic Blueschist Belt,
which is one of the most spectacular Alpine orogenic belts worldwide (Blake et al., 1981). Within
this belt, various types of base and precious metal ores including skarn (i.e., Serifos, Lavrion and
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Tinos), epithermal veins (i.e., Lavrion, Antiparos, Tinos, Mykonos and Ikaria), and carbonate-re-
placement deposits (i.e., Lavrion and Sifnos) were reported by Melidonis, (1980), Salemink (1985),
Skarpelis (2002), Voudouris et al. (2008a, b), Tombros et al. (2007; 2008; 2009) and St. Seymour et
al. (2009a, b). In addition to the above ore styles, a porphyry- and breccia-hosted and supergene
mineralization has also been identified in the Lavrion district (Bonsall et al., 2007). Different genetic
models have been proposed for the formation of the carbonate-replacement Pb-Zn-Ag deposits at
Lavrion i.e., granitoid-related (Leleu, 1966), Mississippi Valley- (Kalogeropoulos and Mitropoulos,
1983) and manto-type (Skarpelis, 2002). The present study investigates the provenance of the
Lavrion mineralizing fluid, based on the calculated values of its δ13CCO2

, δ18OH2O and δ34SH2S iso-
topic signature. 

2. Geological Setting

The Lavrion district has been the focus of intense research and numerous studies (e.g., Marinos and
Petrascheck, 1956; Economou and Sideris, 1976; Papanikolaou and Syskakis, 1991; Bonsall et al.,
2007; Skarpelis, 2007; Skarpelis et al., 2008; Baziotis et al., 2009). Two different Alpine nappes
were distinguished locally (Fig. 1): The “Cyclades Blueschist Belt”, at the base, which was initially
a Mesozoic continental margin. It is composed of an underlying meta-volcanosedimentary sequence,
i.e., comprises of Mesozoic neritic carbonates and overlying Tertiary meta-flysch and meta-clastic
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Fig. 1: Simplified geological and ore deposits map of Lavrion (modified after Marinos and Petrascheck, 1956).



rocks (Kaesariani schists), sandwiched between the Upper and Lower marbles, at the top (Fig. 1)
(Marinos and Petrascheck, 1956). 

During the Tertiary, it experienced two episodes of regional metamorphism. The first occurred at ~
70 Ma, during collision between the Apulian microplate and Eurasia, and reached the blueschist to
eclogite facies (Tmax ≈ 450-550°C and a Pmax ≈ 12-18 kbar; Bröcker and Pidgeon, 2007). This event
was followed by an episode of greenschist to amphibolite facies metamorphism, at 25-18 Ma (Tmax
≈ 450°-480°C and Pmax ≈ 5-7 kbars), which occurred as a result of isothermal decompression and ex-
humation (Wijbrans et al., 1993). Finally, contact metamorphism during Miocene was associated with
the intrusion of the 8.3 to 11.9 Ma-old Plaka granodiorite and 7.3 Ma, felsic dykes and sills (Altherr
and Siebel, 2002; Skarpelis et al., 2008).

The Cyclades Blueschist unit in the area is tectonically overlain by the “Upper unit” ophiolites i.e.,
a heterogeneous unit composed of unmetamorphosed Permian to Mesozoic sediments, intercalated
ophiolitic fragments, Tertiary-greenschist facies rocks and Late-Cretaceous medium pressure-high
temperature rocks (also called prasinites, Baltatzis, 1996; Photiades and Carras, 2001) (Fig. 1). It is
separated from the Cyclades Blueschist unit by a detachment fault that formed during the early
Miocene as back-arc extension dominated the Cyclades (Skarpelis, 2007). During this extensional
period, granodioritic magmas intruded these units, and hornfels developed around the margins of the
Plaka pluton (Skarpelis et al., 2008) (Fig. 1).

3. Types of Sulfide Mineralization and Their Paragenesis

There are several types of sulfide mineralization present in the Lavrion district, which are related to
progressive decrease in temperature of formation: (i) porphyry-style, low-grade, molybdenite min-
eralization in the proximity of Plaka granodiorite, which occurs as quartz tension gashes and minor
stockworks. It is associated with the potassic alteration assemblage of orthoclase-albite-sericite-
biotite (Bonsall et al., 2007; Voudouris et al., 2008a, b), (ii) Ca-Fe skarn, hosted in schists and mar-
bles located at the margins of Plaka pluton, with the assemblages magnetite and magnetite-hematite
representing endoskarns (stage I), and pyrite-pyrrhotite and Fe-rich-sphalerite-pyrite-Ag-rich-galena
(± arsenopyrite-bismuthinite-chalcopyrite-mackinawite-glaucodote-native bismuth-scheelite-
tetradymite, T ≤ 581±3°C, Glatz, 1967) to form exoskarns (stage II) (Marinos and Petracheck, 1956;
Leleu et al., 1973; Economou et al., 1981; Bonsall et al., 2007), (iii) breccia-porphyry dike miner-
alization which contains minor amounts of arsenopyrite, pyrite, magnetite, pyrrotite, Fe-rich spha-
lerite and chalcopyrite (stage I), galena, argentian tetrahedrite and tennantite, freibergite, wurtzite and
enargite (stage II) and marcasite, argentian galena, and Bi-Cu-Ag-Pb-Sn-sulfosalts (stage III)
(Economou and Sideris, 1976; Bonsall et al., 2007; Voudouris et al., 2008a, b) and (vi) carbonate-
replacement Pb-Zn-Ag mantos, chimney-orebodies and veins (e.g., vein 80) with the generalized as-
semblage: pyrite, arsenopyrite, pyrrhotite, loellingite, rammelbergite, sphalerite (with Fe ≥ 10 wt. %),
greenockite, niccolite, laggisite, gerdorsfite and chalcopyrite (stage I), pyrite, argentian chalcopyrite
and tetrahedrite, enargite, luzonite, freibergite, wurtzite (with Fe ≤ 2 wt. %), and galena (stage II),
marcasite, argentian galena, bournonite, miargyrite, pyrargyrite-proustite (T ≥ 192°C, Hall, 1966),
stephanite, nuffeldite, argentite, polybasite, pearsite, chalcocite, stannite, petrukite, isotropic-orpi-
ment (T = 265±5°C, Hall and Yund, 1964), stibnite, native Bi, As and Au, covellite, and Bi-Cu-Ag-
Pb-Sn-sulfosalts (cosalite, aikinite, lilianite, isotropic matildite, T = 195 ± 5°C, (Craig, 1967),
bismuthite, ramdohrite, semseyite, wittichenite, emplectite and mummeite (stage III). These ores
are related to carbonatization of the schists and silicification of the marbles, and late formation of
vein and vuggy fluorite, siderite and barite. These hypogene stages were followed by a supergene
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one (stage V) with more than fifty different minerals including, native Au and Ag (Skarpelis and
Ardyraki, 2008).

4. Samples and Methods

Material for stable isotope studies was obtained from calcite intergrown with Pb-Zn-Ag sulfides, as
well as smithsonite, cerussite, aragonite, and pyrite, sphalerite and galena, from the Ca-Fe skarns,
carbonate-replacement ores. Additionally, late barite and gypsum, host marbles and Plaka granodiorite
and associated porphyritic dikes and sills were sampled. Samples were collected from underground
and surface locations at Plaka, Kamariza, Sounio, Esperanza, Adame, Avlaki, Villia, Megala Pefka,
Christina, and Sounio deposits. All minerals analyzed were hand picked and checked under a binoc-
ular microscope to ensure a purity of >95 %. Isotopic compositions of oxygen and carbon were ana-
lyzed on a Thermo-Finnigan Delta-Plus XL mass spectrometer, at the Stable Isotope Research Facility,
Indiana University. Carbon and oxygen in carbonates were liberated as CO2 by treating the samples
with 100 % phosphoric acid at 75ºC (Clayton et al., 1989, in Lefticariu et al., 2006). Sulfur was re-
leased as SO2 from sulfides and sulfates by heating samples to 1,100ºC in the presence of CuO (Fritz
et al., 1974, Lefticariu et al., 2006) and then, measured using a Finnigan MAT 252 mass spectrome-
ter. The isotopic ratios are reported in standard δ notation per mil relative to V-SMOW for oxygen,
V-PDB for carbon, and V-CDT for sulfur. Analytical precision was better than ± 0.05 per mil.

5. Conditions of Emplacement of the Plaka Pluton

In order to estimate the conditions of emplacement of the Plaka pluton, we have used the amphibole
geobarometer (based on the variation in the Altot content of the amphibole as a function of pressure),
utilizing the experimental calibrations of Schmidt (1992). The composition of the analyzed amphi-
boles varies from the crystals core to the rim from 1.21 (Al2O3 = 7.06 wt. %) to 0.87 (Al2O3 = 5.99
wt. %), which mirrors ascent of the granodiorite magma. The spectrum of the calculated pressure val-
ues ranges between 2.75 to 1.15 kbars. Temperatures of crystallization were calculated by using the
Vyhnal et al. (1991) geothermometer which is a function of the pressure. The calculated tempera-
tures range between 725° and 685°C for the above pressure values. 

6. Carbon and Oxygen Isotopes

Twelve carbon and oxygen isotope analyses were obtained from calcite in the carbonate-replacement
mineralization and five metamorphic calcite from the Upper and Lower Marbles. Ten additional iso-
topic values for calcite are from Bosnall et al. (2007) and fifteen of cerrusite, late aragonite and
phosgenite from Gilg and Boni (2004).

Calcite in carbonate-replacement from Kamariza, Villia, Esperanza, Adame and M. Pefka deposits dis-
plays values of δ13C = -8.6 to -3.1 and δ18O = 18.4 to 34, δ13C = -11.8 to -8.3 and δ18O = 34.0 to 38.7
to, δ13C = -13.5 to -1.4 and δ18O = 18.0 to 28.6, δ13C = -12.0 to -2.0 and δ18O = 21.2 to 26.1, and δ13C
= -15.6 and δ18O = 18 per mil, respectively. Based on the calcite-water and CO2-water equations of
Οhmoto and Rye (1979), the calculated isotopic values, for the same locations, were: δ13CCO2 = -6.7
to -2.2 and δ18OH2O = 8.9 to 26.2 (at 400°, 350°, 320°, 300°, 250° and 200°C), δ13CCO2 = -9.3 to -5.8
and δ18OH2O = 4.2 to 8.9 (at 300°C), δ13CCO2 = -10.8 to -4.4 and δ18OH2O = 13.7 to 24.3 (at 320°C),
δ13CCO2 = -9.2 to 0.8 and δ18OH2O = 16.2 to 21.2 (at 350°C), and δ13CCO2 = -13.7 and δ18OH2O = 26.6
per mil (at 300°C) (Fig. 2).

Calcite in the Upper and Lower marbles display measured isotope values of δ13C = -6.7 to -2.8 and
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δ18O = 13.2 to 29.8 per mil (Lower marble from Kamariza and Sounio deposits) and δ13C = -10.9
to -4.8 and δ18O = 27.7 to 28.4 per mil (Upper marble from Villia and Sounio). Based on the same
equations of O’Neil et al., (1969) and Οhmoto and Rye (1979), the calculated isotopic values were:
δ13C = -3.7 to -2.6 and δ18O = 10.4 to 27.0 (Lower marble, at 420°C; obtained from Knoll, 1988),
and δ13C = -8.0 to -2.3 and δ18O = 3.5 to 14.6 (at 315°C), δ13C = -10.8 to -4.4 and δ18O = 13.7 to
24.3 (at 320°C; obtained from Knoll, 1988) (Fig. 2).
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Fig. 2: Carbon versus oxygen isotope diagram for hydrothermal and metamorphic calcite showing stable iso-
tope systematics of hydrothermal fluids from Kamariza, Villia, Speranza, Adame, M. Pefka, Lavrion deposits
(the marine limestone and “igneous calcite” boxes after Bowman (1998) are indicated and the estimated δ18Ο
and δ13C values of Miocene-age meteoric water for southern Europe from Zachos et al., 2001).

Fig. 3: Histogram of the frequency of the δ18OH2O values of cerussite, aragonite and phosgenite from the Ka-
mariza deposits.



Finally, the isotopic compositions of cerussite, aragonite and phosgenite range from δ18O = -25.9 to
24.6 (some of the measured values were adopted from Gilg and Boni, 2004, and are for the Kama-
riza and Adame deposits), δ18O = 30.0 to 33.0 and δ18O = 27.1 to 28.7 per mil (both from Kamariza).
These correspond to isotopic calculated values of δ18OH2O that range from 17.1 to 32.8, 26.2 to 27.3
and 27.0 to 29.0 per mil (at 100°C) (Fig. 3). 

7. Oxygen and Hydrogen Isotopes

Oxygen and hydrogen isotope compositions of quartz from Plaka granodiorite range from 6.8 to 9.1
and from -70 to -78 per mil (one measured value was obtained by Altherr et al., 1988). These cor-
respond to calculated δ18OH2O fluid values of 5.3 to 5.9 per mil and -55 to -62 per mil, at 700ºC. The
δ18O and δD values from quartz in skarn of 10.8 and -76 per mil corresponds to δ18OH2O = 3.2 per
mil and δDH2O = -67, at 500oC (Baltatzis, 1981). 

8. Sulfur Isotope Study and Temperature of Sulphide Deposition

Temperature determinations for primary sulphide deposition based on δ34S isotopes, were obtained for
the isotopic coexistence of the pyrite-galena and sphalerite-galena pairs according to the equations of
Οhmoto and Lasaga (1982). The calculated temperatures during sulphide deposition range between
358° to 306°C for Plaka, to 359° to 225°C for Kamariza, 350° to 260°C for Villia, 300° to 225°C for
Adame, 320° to 220° C for Sounio, 300° to 225°C for Speranza, and ~ 200°C for Avlaki (Fig. 4).

A δ34S isotope value obtained from arsenopyrite in the skarn (high temperature mineralization, Plaka
area) is 7.3 per mil, which corresponds to a calculated value of δ34SΗ2S of 6.8 per mil (based on the
arsenopyrite-H2S equation of Οhmoto and Lasaga, 1982, at T= 400°C, Economou et al., 1981) (Fig.
5). The δ34S measured isotopic values of pyrite from Plaka, Villia, Kamariza, Sounio, Speranza and
M. Pefka locations display a range of δ34S values of -2.6 to 3.9, 4.3 to 5.7, ≈ 1.3, -3.2 to -0.4, -1.8
to -0.9, -3.7 to 4.5, ≈ 0.4 and ≈ -2.7 per mil, respectively. Based on the equations for pyrite-H2S of
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Fig. 4: Histogram of the frequency of the temperature values obtained by isotope geothermometry from the
Plaka, Kamariza, Sounio, Speranza, Adame, Villia and Avlaki deposits.



Ohmoto and Rye (1979) and Ohmoto and Lasaga (1982), the calculated δ34SΗ2S values are -1.6 to
2.9, 3.2 to 4.6, ≈ 0.3, -2.1 to 0.8, -2.8 to -0.2, -1.5 to 2.2, ≈ -0.7 and ≈ -1.2 per mil, in the fluid, at T
= 200°, 250°, 300°, 320° and 350°C (Fig. 5).

Values of δ34S of sphalerite from Villia, Adame, Kamariza, Sounio, Spiliazeza, Speranza, Christina
and M. Pefka exhibit a range from 4.2 to 4.8, -1.6 to 1.6, -3.7 to -1.1, -2.8 to -1.2, -3.9 to 1.3, 0.6 to
4.1, ≈ -1.4 and ≈ 9.4 per mil, respectively. The calculated values for the isotopic composition of the
fluid (based on the sphalerite-H2S equation of Ohmoto and Rye, 1979; Ohmoto and Lasaga, 1982)
were δ34SΗ2S= 3.9 to 4.5, -1.8 to 1.4, -3.3 to -0.8, -2.4 to -0.7, -3.3 to -0.7, 0.4 to 3.7, ≈ -1.0, and ≈
9.1 per mil, at the same temperatures, respectively (Fig. 5). The δ34S values for galena from Plaka,
Villia, Adame, Kamariza, Sounio, Speranza, and Avlaki range from -3.3 to 4.1, 2.3 to 3.9, -3.4 to 1.5,
-4.7 to -0.4, -5.0 to 2.6, 0.2 to 1.7 and 2.7 to 3.6 per mil, respectively. The calculated values (based
on the galena-H2S equation of Ohmoto and Rye, 1979; Ohmoto and Lasaga, 1982) were δ34SΗ2S= -
2.5 to 6.0, 4.1 to 5.6, -1.8 to 1.6, -2.8 to 1.7, -8.5 to -1.1, 2.0 to 3.5 and -0.2 to 1.7 per mil, at the same
temperatures (Fig. 5).

Finally, sulfur isotope compositions of barite and gypsum from the Kamariza and Sounio deposits
reveal values of δ34S which range from δ34S= 17.3 to 20.4 and ≈ 23.5, and ≈ 0.2 per mil, corre-
sponding to calculated δ34SΗ2S of -19.5 to -16.4, ≈ -35.0 and ≈ -43.6 per mil (based on the barite-
H2S and gypsum-H2S equations of Kusakabe and Robinson, 1977 and Ohmoto and Rye, 1979, at
T = 200°, 150° and 100°C) (Fig. 5). 

Calculations of water-to-rock ratios were performed by assuming a closed system for the early min-
eralized stages, at T ≥ 300°C (as evidenced by the occurrence of calcite veins mainly as stockworks),
and an open system for the late ones, at T ≤ 300°C. Calculations were achieved by using the equa-
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Fig. 5: Histogram of the frequency of the δ34SH2S values of arsenopyrite, pyrite, sphalerite, galena, barite and
gypsum from the Plaka, Sounio, Kamariza, M. Pefka, Spiliazeza, Speranza, Villia, Adame, Sounio, Christina,
Avlaki deposits.



tions adopted from Taylor (1974). The calculated isotopic compositions reveal water-to-rock ratios
with values of, 6.6 to 10.1% (for Villia), 8.5% (for Adame), 8.9 to 52.6% (for Kamariza), 29.6% (for
Speranza), 40.3% (for Sounio) and 2.6% (for Plaka). 

9. Discussion and Conclusions

Oxygen and carbon isotope data suggest multiple sources for the ore fluid, i.e., magmatic and meta-
morphic (Fig. 2). There is a recognizable depletion in δ13C and δ18O values which can be the result
of interaction of modified high-temperature magmatic fluids with the hosts or to have formed under
medium to high water-to-rock ratios, i.e., 4.8 to 52.6%. This depletion is also correlated to simple
cooling of the fluid, from 400° to 150°C, which was caused by mixing of the Ag-bearing fluid with
meteoric waters had entered the highly permeable carbonate-host.

The oxygen and hydrogen isotope compositions are consistent with magmatic water composition,
and are similar to those characterizing the Tinos, Mykonos and Serifos granitoids and skarns
(Tombros et al., 2007, 2008; Tombros, 2009 and St. Seymour et al., 2009a, b). However, granitoids
in Lavrion area are weakly affected by alteration (e.g., silicification, propylitization, carbonatization,
and sericitization, Bonsall et al., 2007) due to their interaction with the mineralizing fluids; as it was
depicted from the δDH2O values of the Plaka granitoid. For the early stages of Lavrion ores the cal-
culated δ18OH2O and δDH2O isotopic values reflect the dominance of a magmatic component, whereas
the late-stage fluids are consistent with isotopic exchange of the mineralizing fluid with Miocenic
meteoric waters. 

The mixing hypothesis of the fluid is also supported by the δ34SH2O data: The calculated δ34SH2O com-
positions of sulfides i.e., δ34SH2O = -8.0 to 9.0 per mil from the Lavrion deposits are interpreted to
reflect a double source. The positive δ34SH2O values could have been the result of the direct addition
of magmatic volatiles to the hydrothermal fluid (e.g., δ34SH2O = 6.8 per mil from skarn-arsenopyrite).
The negative δ34SH2O values can be explained by the introduction of isotopically light sedimentary
sulfur into the hydrothermal system from the enclosing metasedimentary rocks, at higher logfo2 con-
ditions. Sulfur isotope compositions δ34SH2O of barite and gypsum from carbonate-replacement ores,
range from -43.6 to -16.4 to per mil and reflect seawater sulfate values of Miocene (e.g., -40 to -20
per mil, Ohmoto and Rye, 1979).

Temperatures based on δ34S pyrite-galena and sphalerite-pyrite pairs revealed at least three thermal
pulses during deposition of the carbonate-replacement ore: (i) ~ 360º, (ii) 320º-280º and (iii) 260º
to 200ºC. Telescoping phenomena i.e., co-existence of minerals which belong to different parage-
netic stages is apparent in the Lavrion ores. This can be explained by the protracted period of the ore-
forming event of more than 2 Ma (10 to 8 Ma, Skarpelis, 2007). A primary closed, channelized
hydrothermal system was operational in Lavrion in the early stages resulted in As-rich skarn de-
posits (T ≤ 500ºC). Then, the hydrothermal system in the late stages of its evolution had opened
(T ≥ 100ºC), and resulted in the precipitation of fluorite-barite ores. 
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Abstract

Open pit mining of a high sulfidation epithermal type deposit at Kirki (Thrace, NE Greece) resulted
in the formation of an acid pit lake by infilling of the open cast by rain and drainage waters after
mine closure. The acidic and oxidative pit lake waters show high concentrations of trace metals
largely due to the high toxic metals content of the ore, the limited buffering capacity of host rocks
and the direct exposure of the ore zone to weathering. The floor of the pit lake is covered by a fine-
grained mineral precipitate that comprises mainly detrital minerals, originating from erosion of the
rocks exposed on the walls of the open pit. Secondary anglesite, several species of the jarosite-group,
rozenite, melanterite, gypsum, bukovskyite, beaverite, scorodite and minor goethite are also de-
tected. The mineral precipitate presents significant heavy metal content indicating effective removal
of metals from the acidic waters. The speciation/mass transfer computer code PHREEQC-2 and the
MINTEQ database were employed for geochemical modelling of the equilibrium between the acidic
pit lake waters and the secondary phases of the mineral precipitate.

Key words: Acid pit lake, mineral precipitate, high-sulfidation ore, geochemical modelling, Kirki.

1. Introduction

Pit lakes are unique water bodies. They are developed as a result of open cast mining. When the activ-
ity ceases, the open pit is back filled with groundwater and surface water (Lu et al., 2003). The rate of
filling is defined by climatic and geologic conditions, as well as the regional hydrologic characteristics. 

Assessment of the environmental risks of pit lake development is an imperative for the mining in-
dustry and the public, especially in cases of high sulfidation deposits that are characterized by high
concentrations of toxic metals (Plumlee et al., 1999). Pit lakes forming from such deposits pose a
significant threat to the environment since they are often acidic containing elevated concentrations
of metals (e.g. Fe, Al, Pb, Cu, Zn, Mn, Cd) and metalloids (e.g. As, Sb), and show high acid gener-
ation potential and very low buffering capacity (Latanzi et al., 2008; Sperling & Grandschamp,
2008; Shevenell et al., 1999).

Quantification, prediction and evolution of pit lake systems require the use of numerical models
(such as PHREEQC), which take into account the relevant thermodynamic, mineralogical and geo-
chemical data, as well as other parameters such as changes in pit lake volume, effects of seasonal
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weather patterns, processes occurring on pit walls above the lake surface (Gimber et al., 2008). The
aim of this paper is to provide information on the function of the small pit lake developed at the aban-
doned Kirki (Agios Filippos) high sulfidation mine. The results of this study can be used for future
evaluation of various remediation options for the pit lake. 

2. Site description

The Kirki (Agios Filippos) high sulfidation deposit is hosted into the Eocene-Oligocene volcano-sed-
imentary rock sequences of SE Evros county and is associated with orogenic calc-alkaline to
shoshonitic magmatism. The high sulfidation epithermal type mineralization is developed between
two sub-parallel fault zones that form the western and the eastern part of the open pit. The ore is rich
in base-metals sulfides and various Pb- and As-bearing sulfosalts (Skarpelis, 1999). Galena shows
the highest degree of weathering among other sulfides and sulfosalts. The low degree of oxidation
of pyrite and sphalerite is reasonably explained by their rather chemical purity (Triantafyllidis &
Skarpelis, 2004). Studies by Triantafyllidis (2006) showed that in the upper part of the oxidation zone
sulfates, hydrosulfates and sulfoarsenates are the predominant secondary mineral phases. Anglesite
is the major oxidation product, followed by lower proportions of osarizawaite, beaverite, linarite
and beudantite (Triantafyllidis & Skarpelis, 2004). At lower levels of the oxidation zone, carbonates
are additionally identified. Secondary carbonates include cerussite, hydrocerussite, smithsonite, azu-
rite and rosasite. The mineralogy of efflorescences appearing on the walls of the open pit is indica-
tive of highly acidic and oxidative conditions. Efflorescences of Fe-bearing (e.g. siderotile, copiapite,
rhomboclase) and Cu-bearing sulfates (e.g. chalcanthite), arsenates (scorodite) and sulfoarsenates
dominate over Pb and Zn sulfates. 

Since mine closure in 1997, an acid pit lake has been formed by infilling of the open pit by rain and
drainage waters (Fig. 1). The height of the water column fluctuates, depending on the annual rain-
fall. The waters from the pit lake show low pH, high Eh values and increased concentrations of dis-
solved toxic metals through the year (Triantafyllidis & Skarpelis, 2006). The topography of the mine
prevents overflow and dispersion of acidic waters into the drainage system of the area.

A yellowish to orange-yellowish, fine-grained, unconsolidated mineral precipitate with an average
thickness of 20cm covers the floor of the pit lake and yields significant heavy metal content. The min-
eral precipitate comprises mainly detrital quartz, dickite/kaolinite, pyrophyllite and feldspar, origi-
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Fig. 1: View from north of the Kirki (Ag. Filippos) acid pit lake.
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nating from erosion of the rocks exposed on the walls of the open pit. Semiquantitative analyses in-
dicate that Fe-bearing sulfates (jarosite group minerals, melanterite, rozenite, butlerite), sulfoarse-
nates (bukovskyite) and arsenates (scorodite) dominate over other secondary minerals (e.g. anglesite,
beaverite, wroewolfeite and gypsum) (Triantafyllidis & Skarpelis, 2006).

3. Sampling - analytical methods

Drill core samples down to a depth of 200m from the surface were used for the mineralogical in-
vestigation of secondary mineral phases. Samples of mineral precipitate from the open pit and ef-
florescences from the mine walls were collected and dried at room temperature. Water samples from
the open pit were collected in September 2001, June 2003 and December 2004, applying standard
sampling techniques. Temperature, pH and Eh were measured on site using a WTW pH 320/Set-2
electronic pH-meter. Water samples were filtered through a 0.45 μm Millipore filter and acidified
with 1 M HNO3. Details of the analytical technics implemented in this study can be found at Tri-
antafyllidis (2006), Triantafyllidis & Skarpelis (2006) and Triantafyllidis et al. (2007). 

4. Analytical data used

The physicochemical data for the pit lake waters, the geochemical data of the mineral precipitate,
and the mineralogy of the precipitate are given in Tables 1, 2, and 3 respectively (Triantafyllidis &
Skarpelis, 2006).

Table 1. Physicochemical characteristics of pit lake waters (Dissolved ions in mg/lt, Eh in mV)
(from Triantafyllidis & Skarpelis, 2006).

pH Eh SO4 Cd Co Cu Fe Mn Ni Pb Zn

September 2001

Mean 3.1 235 2300 3.82 0.26 16.2 7.5 169.7 1.76 2.24 425.5

Stan. Dev. 0 1.58 130 0.07 0.01 0.25 0.26 3.4 0.03 0.03 1.22

June 2003

Mean 2.9 248 1700 2.71 0.14 12.1 27.1 112.0 1.30 0.90 282.5

Stan. Dev. 0.06 4.62 75 0.06 0.01 0.13 1.04 1.91 0.04 0.02 3.4

Ag, Hg, As, Sb below detection
Total Radioactivity: 16.48 – 151.62 pCi/lt

Table 2. Chemical analyses of the mineral precipitate (Major elements and Fe in wt %, trace ele-
ments in ppm) (from Triantafyllidis & Skarpelis, 2006

SiO2 Al2O3 CaO Cr2O3 K2O MgO Na2O P2O5 TiO2 LOI

Min 30.9 12.72 0.4 0.02 1.82 0.6 0.16 0.1 0.43 11.4

Max 59.5 22.71 0.63 0.03 3.1 0.91 0.37 0.19 0.64 22.9

Mean 43.8 17.5 0.52 0.02 2.39 0.76 0.28 0.14 0.55 18.4

Stan. Dev. 12.1 4.4 0.09 0.01 0.58 0.14 0.09 0.03 0.1 5.16

LOI: Loss on ignition

16 (5)
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Table 2 continued. 

Fe Pb Zn Cu Mn As Cd Ni Sb Co Ag Bi U

Min 6.21 3219 3195 473 591 497 22 22 26 b.d. 7.2 84 b.d.

Max 20.78 6748 4789 958 2017 1582 46 31 38 20 11.3 136 11

Mean 11.38 5087 4231 710 1256 889 32 25 31 4 8.9 98 6

Stan. Dev. 5.91 1050 621 147 577 475 7.3 3 5.6 6.6 1,5 28 4.4

Hg: below detection limit
b.d.: below detection 

Table 3. Semiquantitative analyses of secondary minerals identified in the mineral precipitate
(from Triantafyllidis & Skarpelis, 2006). 

Jarosite group minerals 
(jarosite, hydronium jarosite) (K, H3O)Fe3(SO4)2(OH)6 XXX

Wroewolfeite Cu4(SO4)(OH)6⋅2H2O X
Beaverite PbCu(Fe, Al)2(SO4)2(OH)6 XX
Gypsum CaSO4⋅2H2O XX
Anglesite PbSO4 XX
Scorodite FeAsO4⋅2H2O X
Bukovskyite Fe2(AsO4)(SO4)(OH)⋅7H2O X
Goethite Fe(OH)3 XX
Melanterite FeSO4⋅7H2O X
Rozenite FeSO4⋅4H2O X
Butlerite FeSO4(OH)⋅2H2O X
Mineral abundances: XXX very abundant, XX medium, X low

5. Application of PHREEQC geochemical code

The correlation between the chemistry of the acidic pit lake waters and the mineralogy of the min-
eral precipitate was investigated with the use of the geochemical code PHREEQC-2 (Parkhurst &
Appelo, 1999) and in particular the 2.12 edition. 

There are two basic approaches to geochemical modeling: chemical equilibrium and chemical ki-
netics, with the first, and most common, being employed in this study. In general, equilibrium mod-
els can be divided into the following categories: forward (reaction path models) and inverse. 

Forward models are used for prediction of water chemistry evolution. In this case the starting water
chemistry is defined and an attempt is made to model water evolution by precipitation of mineral
phases. During each step the program transfers a small amount of mass from reactant to products.
Then it calculates mass distribution among the products and saturation indices of pre-determined
phases. Then, the program checks whether the water is supersaturated relative to those phases. 

Inverse models are based on mass balance calculations for solid phase and dissolved species in a geo-
chemical system. In this case, we examined the precipitation of the mineral phases identified in the
pit lake after mixing of two different water types. 



6. Geochemical modeling

Thermodynamic data was taken from MINTEQ database (Allison et al., 1991). Imported parame-
ters in the system involved: Fe (total), Pb, Zn, Cu, Mn, SO4

-2 and pH. Cobalt was not taken under
consideration since it is not included in the MINTEQ database. Several different scenarios were em-
ployed for the system “acidic pit lake waters – precipitate mineralogy”.

6.1 Forward modeling

The first scenario involved the possibility of direct precipitation of the identified secondary phases,
as a result of supersaturation due to evaporation, or excessive input of toxic metals, sulfates and ar-
senates to the pit lake, at a given time period. Application of the PHREEQC geochemical code
showed that direct precipitation is impossible largely due to the low heavy metal and sulfate load of
the pit lake waters.

6.2 Inverse modeling

Inverse modeling was applied to verify hypotheses on the origin of the identified secondary phases
in the mineral precipitate. Two cases were examined. The first case involved the study of the chem-
ical characteristics of a theoretical solution that resulted after mixing slightly acidic meteoric water
(Table 4, solution 1) with a potential acid drainage in several ratios, to check if that solution is in equi-
librium with the secondary phases identified in the precipitate. For the second case, the acidic pit lake
waters were used as the potential acid drainage (Table 4, solution 2). Once more, the behavior of mix-
ing the slightly acidic rain water with the potential acid drainage in several ratios was investigated. 

1st case: The potential acid drainage was based on thermodynamic data from MINTEQ database. The
mineralogy of the Kirki high sulfidation deposit is very complex with a diversity of sulfides and
sulfosalts and, unfortunately, for most of these minerals there is no data. This geochemical model
showed that potential acid drainage with thermodynamic data only for pyrite, galena and sphalerite
cannot sufficiently interpret the secondary mineralogy of the precipitate. 
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Table 4. 

Physicochemical characteristics of the solutions used for PHREEQC modeling
Solution 1 (meteoric waters) Solution 2 (acidic pit lake waters)

Temperature 25°C Temperature 25°C
pH 6 pH 3
pε 4 pε 4

density 1gr/cm3 density 1g/cm3

S (as SO4) 2300 mg/L
Cu 16 mg/L
Mn 170 mg/L
Zn 425 mg/L
Fe 7 mg/L
Pb 2 mg/L
Na 10 mg/L
K 2 mg/L
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2nd case: Development of this model with PHREEQC, for mixing of the aforementioned solutions
in ratio 95:5 (95% solution 1 and 5% solution 2), leads to a final solution that is in equilibrium with
the majority of the secondary phases identified in the pit lake mineral precipitate (e.g. anglesite,
goethite, jarosite), as well as other secondary phases that cannot be detected with X-ray Diffrac-
tometry (e.g ferrihydrite) (Table 5). 

It is worth mentioning that similar results arise with different mixing ratios (e.g. 99 to 1). Another
characteristic of this model is the thermodynamic equilibrium of several secondary Fe phases, while
the concentration of Fe in the acidic pit lake water are relatively low (7.5 to 27 mg/L). 

7. Conclusions

The Kirki (Agios Filippos) high sulfidation deposit is rich in base metals sulfides (e.g. pyrite, galena,
sphalerite) and sulfosalts (e.g. enargite, tennantite, jordanite). Lead and Cu-bearing sulfates and hy-
drosulfates dominate in the upper part of the oxidation zone of the Kirki deposit, whereas at lower
levels supergene carbonates are present. During the last ten years, an acid pit lake was formed by
infilling of the open pit by rain and drainage waters. The highly acidic pit lake waters show high con-
centrations of dissolved toxic metals. The pit lake waters are characterized by increased toxic met-
als concentrations as a result of: 

— Oxidation of sulfides and sulfosalts and the partial release of their toxic load to the environment
due to the presence of mildly acidic and oxidative meteoric and drainage waters. 

Table 5. 

Saturation indices of secondary minerals in equilibrium with the acidic pit lake waters,
based on the PHREEQC-2.12 geochemical code

Mineral Saturation index (MINTEQ) Formula (MINTEQ)

Anglesite 0.66 PbSO4

Bianchite -4.93 ZnSO4x6H2O

Cerussite -1.62 PbCO3

Ferrihydrite -1.58 Fe(OH)3

Goethite 2.82 FeOOH

Goslarite -4.74 ZnSO4x7H2O

Hematite 10.64 Fe2O3

H3O-jarosite 0.94 (H3O)Fe3(SO4)2(OH)6

Jarosite 1.87 KFe3(SO4)2(OH)6

Na-jarosite -0.89 NaFe3(SO4)2(OH)6

Larnackite -3.42 PbOxPbSO4

Lepidocrockite 1.94 FeOOH

Maghemite 0.24 Fe2O3

Magnetite 5.07 Fe3O4

Μelanterite -5.91 FeSO4x7H2O

Smithsonite -4.33 ZnCO3



— Washing and dissolution of soluble secondary phases (efflorescences) formed on the walls of the
open pit.

— The direct contact of the highly acidic and oxidative waters of the pit lake with grains of sulfides
and sulfosalts present at the level of pit lake water.

The model developed with PHREEQC for the Kirki pit lake system shows that meteoric waters
plays a key role in deposition of secondary phases in the pit lake. In particular, mixing of slightly
acidic meteoric waters with the acidic pit lake waters in ratio 95:5 or higher, may successfully lead
to the formation of anglesite, goethite, jarosite group minerals, hematite and ferrihydrite. On the
other hand, due to lack of thermodynamic data, there are no conclusions concerning beaverite,
scorodite, bukovskyite, wroewolfeite and siderotile. 

Finally, it is very important to state that the aforementioned model for the Kirki pit lake system is
based on a critical limitation, being the organic activity within the pit lake waters. It is known that
the role of aerobic bacteria is critical in the initial oxidation/weathering of primary sulfides and sul-
fosalts (Stokes, 1954; Walsh & Mitchell, 1972; Trafford et al., 1973; Ivarson & Sojak, 1978; Crepar
et al., 1979; Evangelou, 1983), as well as their catalytic behavior in the formation of secondary
phases present in pit lakes precipitates. Further study aims to shed light on the role bacteria play for
the evolution of the Kirki pit lake system. 
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Abstract

In the central part of Greece bauxite ore deposits are systematically exploited since more than fifty
years, initially by a French industrial group and since few years by a Greek investment group. This
“economical” activity uses the non renewable mineral resources of bauxite, non renewable energy
sources, as well as significant amount of water and it exports to the environment pollutants and
byproducts. CO2, NOx, F, PAHs are diffused to the atmosphere, polluting the soil of the adjacent area.
Big amount of red mud is deviated to the sea, covering an extended shelf area and parts of deeper
marine areas. The aim of this work is to evaluate this “economic” activity using principles of the
sustainability science. In its broadest definition, sustainability refers to the ability of a society to
continue functioning into the future without being forced into decline through the exhaustion or
overloading of key resources.

1. Introduction

Bauxite, the ore that contains a high concentration of aluminum hydroxide minerals, is the row ma-
terial for the aluminum industry. Bauxites generally consist of mixtures of the minerals gibbsite
[Al(OH)3], boehmite, and diaspore [AlO(OH)], clay minerals such as kaolinite [Al2Si2O5(OH)4],
quartz (SiO2) and anatase and rutile (TiO2). The worldwide bauxite reserves, the bauxite production
and the alumina (aluminum oxides-hydroxides) production are given in Table 1. Greece is the largest
bauxite producer of the European Union. Bauxite offers high concentration of Al2Ο3 and is the most
important commodity of Greek aluminum mining industry. The exploitation of bauxite ores in Greece
begun in 1925 in the Parnassus area (central Greece). The mineral industry of Greece is mainly ex-
port orientated, in order to meet the demand of the globalized mineral market.

At present time one company in Greece is activated in the elaboration of bauxite extracting pure alu-
mina (aluminum oxide) and then from the alumina aluminum, the “Aluminum of Greece S. A.,
[AtE]”. Bauxite exploitation activities are the driving (D) forces acting as pressures (P) for the en-
vironment. Space is needed, non renewable mineral resources as well as energy resources and big
amounts of fresh water are used. These activities release significant amount of byproducts in the
environment, climate gas emissions, inorganic and organic pollutants, bauxite residues, etc. These
pressures are the factors changing the state (S) of the environment, impacting (I) the human society.
Changes in the state of the environment and impacts on the human society trigger responses (R). Au-
thorities, investors, citizens groups, non governmental organizations (NGOs), scientists, called to-
gether “stakeholders” have to establish a common language to plan, to meet decisions and measures,
to reorientate the development priorities and to apply progressively the sustainability principles. 

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 aim of this work is to present this complicated net of human activities, behaviors and actions in
the case study bauxite exploitation in Greece and to discuss if the logical DPSIR scheme (D=drivers,
P=pressures, S=state, I=impact, R=response) can be introduced in the greek community as a whole and
if the sustainability principles can find fruitful substratum in the Mediterranean country, called Greece. 

2. Bauxites ore deposits in Greece

The major bauxite deposits of Greece are geological formations hosted within carbonate rocks of dif-
ferent geological ages of the Parnassos – Ghiona geotectonic zone - Hellenides (central Greece).
Three bauxite horizons (B1, B2, B3) are distinguished, intercalated with shallow-water limestones
of the Upper - Jurassic to Middle Cretaceous carbonate sequences of the Parnassos – Ghiona zone.
The (paleo)geographical distribution of the three bauxite horizons (B1, B2, B3) shown in Fig. 1 in-
dicates a displacement of the formation areas from the NE place of the older B1 bauxite horizon to
SW direction where the younger B2 and B3 bauxite horizons are formed (Petraschek & Mack, 1978).
The bauxite reserves of Greece are estimated in approximately 300 billion tons (Papastavrou, 1986).
The economically most important bauxite formations occur in the upper (B3) horizon, which expands
over extended distances as continuous layer of 1–10 m in thickness. This horizon shows a pisolithic
and/or oolithic texture and a red to red-brown color (Valeton et al., 1987). The mineralogical com-
position of the bauxite formations of the Parnasssos – Ghiona zone shows mainly boehmite or di-
aspore and in lesser amounts gibbsite, kaolinite, hematite, goethite (Valeton et al., 1987, Laskou,
2001, Laskou & Andreou, 2003). The average chemical composition of the bauxite samples is: 55%
Al2O3, 20% Fe2O3, 3-5% SiO2, 0.5-1.0% CaO, 2-2.5% TiO2 and 10-14% loss of ignition. The av-
erage concentration of trace elements is: 450 ppm Ni, 700 -900 ppm Cr, 50-70 ppm Zn, 500-600 ppm
Zr and 37 ppm Sr. (Valeton et al., 1987, Laskou & Economou-Eliopoulos, 2007). 

Table 1. Bauxite reserves (in million metric tones), bauxite production (in thousand metric tones) and
alumina production (in thousand metric tones) [Reference year 1998]
(American Bureau of Metal Statistics, Inc. Secaucus, NJ 1980, 1985 U.S. Geological Survey,
Mineral Commodity Summaries, 1990–1998, modified) 

Nr Country Bauxite Reserves Country
Bauxite

Production
Country

Alumina
Production

1 Guinca 7,400,000 Australia 45,000 Australia 13,385

2 Brazil 3,900,000 Guinca 16,500 Un. States  5,090

3 Australia  3,200,000 Jamaica 12,606 Jamaica 3,411

4 Jamaica 2,000,000 Brazil 12,500 China  3,000

5 India 1,500,000 China 8,500 Brazil 2,756

6 China 720,000 India 6,000  Russia 2,300

7 Guyana 700,000 Venezuela 4,500 Venezuela 1,800

8 Suriname 580,000 Suriname 4,000 India 1,700

9 Venezuela 320,000 Russia 3,400 Suriname 1,600

10 Greece 300,000 Guyana 2,600 Irland 1,200

11 Russia 200,000 Greece 2,500 Greece 750



Greek bauxite offers high concentration of Al2Ο3, low of CaO, low loss of ignition and low hu-
midity comparing to the largest bauxite exporters of the globe (Guinea, Australia, Jamaica, Brazil
and China). However Greek bauxite has the disadvantage of high SiO2 concentration, which makes
it difficult to process (Laskou & Andreou, 2003).

3. Bauxites mining in Greece

Three bauxite mining industries are active at present time in Greece, the S&B industrial minerals
S.A., Delphi Distomo S.A. and ELMIN S.A. with a total production of ~2.500.000 tons/year. Ap-
proximately 900.000 tons/year (year 2005) are directly as bauxite exported. The main export targets
of Greek bauxite are European Union countries as well as Russia, Ukraine and Romania. The main
domestic bauxite consumer is “Aluminum of Greece S.A.” [AtE] subsidiary of the Delphi Distomo
S.A., which consumes ~1,500,000 tons/year. The “Aluminum of Greece S.A.”[AtE] produces alumina
and aluminum. In the mining of bauxite the extension and shape of the deposits are determined by field
geology studies and if needed by core drilling. After the fixation of the bauxite mining sites and the
establishing of the necessary infrastructure, the bauxite is broken up, often with the aid of explosives,
and removed with conventional earthmoving equipment. It is then transported to the clients.

4. Bauxite industry in Greece

In Greece only one company is dealing with extraction of alumina (aluminum oxide) from bauxite
and aluminum from alumina, the above mentioned “Aluminum of Greece S. A. [AtE]”, which is
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Fig. 1: Regional distribution of the 1st (B1),
2nd (B2), 3rd (B3) bauxite horizons in central
Greece (Petraschek & Mack, 1978). 



sited in Antikyra bay, Gulf of Corinth. The “Aluminum of Greece S. A. [AtE]” was founded in 1960
and it started the production 1966. The first owner was PECHINEY (1960-2003). In 2004 “Alu-
minum of Greece S. A. [AtE]” was soled to ALCAN and ALCAN soled the company to MYTILI-
NAIOS financial group (2005). The information about the history of the company, the procedures
of alumina and aluminum extraction as well as about mineral ores and energy resources used, about
byproducts accumulation and about future plans of the company, are gained from a recently carried
out Technical Report of the “Aluminum of Greece S. A. [AtE]” company (Aluminum of Greece S.
A. [AtE], 2007). 

Extraction of alumina from the bauxite: Pure alumina (aluminum oxide) is extracted from baux-
ite by the Bayer process. In the Bayer process bauxite received from the mines is crushed, usually
by a hammer mill to small particles and well blended. Lime (CaO) is added to assist in the extrac-
tion of alumina, to scavenge impurities, and later to enhance clarification. This mixture then flows
to agitated storage tanks and is metered into high-temperature (~255°C) sodium hydroxide digesters
(NaOH), where alumina is extracted from the bauxite as sodium aluminate (NaAlO2). Pure alumina
is then precipitated (by lowering temperature to 50-70°C) from the solution as a hydroxide
[Al(OH]3), filtered, washed, and then calcined to pure alumina (Al2O3) at 1100–1200°C.

This procedure leaves behind the impurities as an insoluble residue, mainly consisting of hematite
(Fe2O3), titania (TiO2), and silica (SiO2). For the production of one tone of alumina two tones of
bauxite are needed. The “Aluminum of Greece S. A. [AtE]” produces more than 750,000 tones alu-
mina yearly.

The extraction of alumina from the bauxite is supported from two smaller industrial units:

a. The unit producing CaO (needed by the extraction procedure) from limestones coming from
the geological formations exposed near the industrial field. 

b. A unit producing thermal energy, needed also for the procedure. Using as energy resource
imported crude oil. 

Extraction of aluminum metal from the alumina: Aluminum metal is extracted from the alumina
electrolytically by the Hall–Heroult process. In this process, the purified alumina is dissolved in an
electrolyte consisting mainly of molten at ~960°C cryolite (NaF.AlF3). Consumable carbon anodes
are employed, producing carbon dioxide and carbon monoxide, which escape from the cell while the
molten aluminum accumulates at the cathodic bottom and is siphoned out periodically. The aluminum
produced is normally 99.6–99.9% pure. The typical impurities are iron, silicon, titanium, vanadium,
gallium, and manganese, coming from the anode but also from impurities in the alumina. The “Alu-
minum of Greece S. A. [AtE]” produces approximately 170,000 tones aluminum metal yearly.

Uses of Aluminum: The market for aluminum comprises containers and packaging [foil, plastic, and
paper laminants and pouches are used for packaging a wide variety of food and nonfood products] build-
ing and construction [doors and windows are generally produced], transportation [commercial and mil-
itary aircrafts, use of aluminum in automobiles to reduce weight, in marine service, in space vehicles],
electrical [high voltage electrical transmission lines], consumer durables, machinery and equipment.

Digestion Precipitation Calcination

AlO(OH)+NaOH →
NaAlO2+H2O

NaAlO2+2H2O →
Al(OH)3 + NaOH

2Al(OH)3 →
Al2O3 + 3H2O
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5. Bauxites exploitation activities and environment in Greece

5.1 Natural environment

The bauxite exploitation is a complicated human activity. It needs and it uses space, ore material re-
sources, energy resources, water. The production procedure leads also to a huge amount of byprod-
ucts, which affect the environment and have significant impact to the humans health and the society.
All the information on which is based this unit is the recently carried out Technical Report of the
“Aluminum of Greece S. A. [AtE]” company (Aluminum of Greece S. A. [AtE], 2007).

Space: For the bauxite mining it is necessary to establish transport infrastructure in the mountains
to reach the mining sites, which are changing the natural environment. The mining procedures re-
sult to harvesting of trees and local concentration of overburden, which are removed and set aside,
contributing to environmental changes. No data are found about the area in which the mining ac-
tivities are extended.

The industry itself occupied one field of 770,000 m2, where the industrial plants are sited and a sec-
ond field, in the same order of extension, where the employees of the industry are living. Both sites
are plain areas near the sea, where olive trees were cultivated 50 years ago and are totally harvest-
ing changed in industry field and residence area respectively. The company is owner of an expro-
priated 50 years ago extended area of 7,050,000 m2.  

Ore material resources: The “Aluminium of Greece S.A [AtE]” company obtains the bauxite
mainly from the bauxite ore mining of the adjacent area (Delphi – Distomo S. A.) as well as a smaller
amount imported from Africa (tropical bauxite). In the year 2006 the “Aluminium of Greece S.A
[AtE]” consumed more than 1,760,000 tones bauxite. 

Use of limestones for the production of CaO: The company uses yearly more than 125.000 tones
of limestones (production of ~62,000 tones/year lime). 

Energy resources: Table 2 gives a breakdown of the energy required from the “Aluminum of Greece
S. A. [AtE]” to produce aluminum. The energy for mining and refining comes from fossil fuels.
Crude oil is used also by the Beyer process (refining the ore) as well as by the Hall-Herout process
(smelting). From Table 2 it can be seen, that smelting consumes ~90% of the total electric power.
The company obtains the energy required from the National Energy Network of Greece in a tariff
significant lower than this of the normal electricity consumer.. The sources covering the electricity
requirements of the “Aluminium of Greece S. A. [AtE] are showing in Table 3. 

Fresh water use: Water is commonly used throughout the aluminum industry for cooling, clearing
and dissolving purposes. The “Aluminum of Greece S. A. [AtE]” consumed in the year 2006
~4,000,000 m3 water to cover the industrial requirements and 225,000 m3 as potable water. The com-
pany gains this water quantity through exploitation of the ground water of the area.

Byproducts: 

Climate gases emissions: The “Aluminum of Greece S. A. [AtE]” produces as byproducts climate
gases emissions. The annual emission of CO2 is more than 1.000.000 tons. The emission of CF4 is
~8.2 t/y (CO2 equivalent ~53.300 t/y), ~0.05 kgr/t Al and of C2F6 ~0.8 t/y (CO2 equivalent ~7,500
t/y), ~0.005 kgr/t Al. 

SO2 emissions: The total SO2 emission reaches~16,000 t/y, having as the main source the bad qual-
ity of crude oil, which contain ~2.7 – 3.00 % S. 

XLIII, No 5 – 2430



XLIII, No 5 – 2431

NOx emissions: The total NOx emission reaches ~1390 t/y, having as source the thermal energy re-
sources. 

Fluoride emissions: The total (gaseous and particulate) emissions of fluoride from primary alumina
electrolysis plants of the company “Aluminum of Greece S. A. [AtE]” reaches ~270 t/y, making
1.65 kgr/t Al. Measurements carried out from the company in atmospheric particles show the pres-
ence of fluoride in distances more than 8 km from the industry. Indicative values of fluoride in the
atmospheric particles are following:

0-2 km distance from the industry ~800 μg/week,
2-4 km distance from the industry ~80 μg/week,
4-6 km distance from the industry ~27 μg/week,
6-8 km distance from the industry ~20 μg/week,
>8 km distance from the industry ~8 μg/week.

Benz (a) Pyrene emissions (BaP emissions): From the industry an important quantity of PAHs (Pol-
yAromativHydrocarbons) is emitted in the atmosphere. Measurements carried out from the company
in atmospheric particles show concentrations of total PAHs fluctuating from 5 -9 mg//m3 (measure-
ments of 2006). Data available for Benz (a) Pyrene emissions of the company “Aluminum of Greece
S. A. [AtE]”, show concentration from 0.05 – 0.5 mg/m3. PAHs and Benz (a) Pyrene are emitted in
the atmosphere by paste plants, anode plants and primary smelters. 

Bauxite residue deposited: The bauxite residue materials are defined as the materials remaining after
the extraction of the alumina. It has a brown red color and a mud texture. The “Aluminum of Greece
S. A. [AtE]” company produces an amount of approx. 700,000 t/y of this byproduct. All these
amounts of red mud are canalized to the sea in a depth of 110 m and a distance from the coastline

Table 2. Energy required for the production of Aluminum of the “Aluminum of Greece S. A. [AtE]”.

Electrical energy
MWH/year

Thermal energy
Crude oil

t/year

Thermal energy
Diesel
m3/y

Mining and transportation of bauxite
Refining ore (Bayer process) 
Smelting (Hall–Herout process)
Electrolysis [2.200.000 MWH/year]
Other [115.000 MWH/year]
General requirements

~200,000
~2,300,000

~10,000

~231,456

~480
~250

Total ~2,500,000 ~231,456 ~730

Table 3. Sources covered the electricity requirements of the “Aluminum of Greece S. A. [AtE]”.

Total electrical energy required ~2.500.000 MWH/year

Covered by: Coal burning (lignite)
Hydropower
Renewable energy sources

50%
50%
0%



of 2.200 m. In the red mud discharge area the submarine topography is totally changed. A number
of six lobes on the shelf area are formed with an elevation from 7 m to 37 m. Through gravity mass
movements a part of these deposits are moved to the deeper zone of the marine area (depths of 700
– 800 m). Indicative chemical composition of the red mud is showing below.

The area covered from the red mud shows high heavy metals concentration. Using as reference sam-
ple a pre-industrial sample of a core of the red mud area the enrichment factor of some heavy met-
als is calculated. The enrichment factor for Cr is 44, for cobalt 11, for Ni 29, for As 64 and for Pb
25 Data stem from a report of the“Aluminum of Greece S. A. [AtE]”, based on studies carried out
from the Hellenic Center of Marine Research (HCMR). 

Spent pot lining and Hazardous waste deposited: The quantity of spent pot linings from electroly-
sis pot rooms deposited after removal of materials for reuse and recycling reaches 104.244 t/y, the
amount of hazardous wastes deposited reaches 12.212 t/y (year 2006). 

5.2 Social environment

The “Aluminum of Greece S. A. [AtE]” gives in its report (Aluminum of Greece S. A. [AtE], 2007)
the information that provide a safe workplace for employees and gives emphasis on the prevention
of accidents in the workplace. However no data are available for the Lost Time Incident (LTI), the
number of lost time accidents, the fatalities and the employee exposure and health assessment. 

6. Bauxites exploitation viewed under the sustainability framework

6.1 The European programme of Aluminium for Future Generations – 
The “Sustainable Development Indicators (SDI)”

The interest groups related to bauxite exploitation have to be committed to navigate all their activ-
ities following the general principle of the sustainability, i.e. “meeting the needs of the present, with-
out compromising the ability of future generations to meet their own needs”. This means meeting
the needs of modern society by 

• taking seriously into account that bauxite ore resources and energy resources used, are not re-
newable and fresh water quantity is limited,

• reducing the environmental impact, 

• demonstrating social responsibility towards employees, customers, local communities and
society as a whole.

The European Aluminium Association (EAA) and its member companies, through the Aluminium
for Future Generations programme, developed 34 measurable “Sustainable Development Indicators
(SDI)” to be systematically tracked and transparently reported by the European aluminium indus-
tries, on a dynamical process and a future pathway towards sustainability. Sustainability is more
than just an initiative it is a philosophy that have to run right through the industry influencing every
activity and decision. 

Shortly to mention the 34 measurable “Sustainable Development Indicators (SDI)” are related to the

Fe2O3 40-46 % SiO2 7-12 %
Al2O3 14-25 % Na2O 2.2-2.7 %
CaO 8-14 % TiO2 6.0 %

XLIII, No 5 – 2432



-production [SDI 01.Total Production Alumina], -policy and management efforts (SDI 02. Sustain-
ability mission statement; SDI 03.Plant certification, (ISO 14000, OSHAS, etc)], -competitiveness
[SDI 04 Aluminium use per capita; SDI 05. R&D expenditure (R&D investment/year); SDI 06
R&D persons employed; SDI 07 Value added], -revenues and investments [SDI 08 Total revenue;
SDI 09 Capital investments], -employee development and relations [SDI 10 Training performance
(~hours for job training/person/year); SDI 11 Wage level; SDI 12 Total number of employees], -
community relations [SDI 13 Community expenditure (for social, cultural, sports, and others); SDI
14 Community dialogue; SDI 15 Community health initiatives], -health and safety [SDI 16 Lost
time incident rate (lost time accidents), SDI 17 Total recordable incident rate; SDI 18 Fatalities; SDI
19 Severity rate; SDI 20 Employee exposure and health assessment], -resource use at global level
[SDI 21 Bauxite area mined; SDI 22 Mine rehabilitation rate], -resource use at european level [SDI
23 Energy consumption  (electric energy/tonne of product in kWh), (other energy/tonne of product
in MJoule); SDI 24 Renewable electric energy in %; SDI 25 Fresh water use (m3/tonne of product)],
-emissions [SDI 26 Climate gases emissions (in kilogram of CO2 equivalent per tonne produced);
SDI 27 Fluoride emissions. (in kilogram per tonne produced); SDI 28 BaP emissions (Benz a pyrene
emissions/tonne produced); SDI 29 Bauxite residue deposited (kgr/tonne of alumina produced); SDI
30 Spent pot lining and Hazardous waste deposited (kgr/tonne of alumina produced), product life
cycle [SDI 31 Use phase; SDI 32 Aluminium recycling; SDI 33 Life Cycle; SDI 34Recycling ma-
terial flow].

6.2 The Greek programme of Aluminium for Future Generations – 
The “Sustainable Development Indicators (SDI)”

The only one aluminum company in Greece, the “Aluminum of Greece S. A. [AtE]” produces
~750,000 tons per year alumina [SDI 01], while the European total production (in 2005) reached the
amount of 6.786.000 tons. 50% of the produced aluminum and 20-25 % of aluminum products are
exported mainly in Europe. Unknown are the policy and management efforts of the company related
to the sustainability mission statement of the company [SDI 02] and the plant certification, (ISO
14000, OSHAS, etc [SDI 03]).

The competitiveness indicators for the “Aluminum of Greece S. A. [AtE]” show 15,5 kg aluminium
per capita [SDI 04], while for Europe the indicator is 24,2 kg/person, No data are found about the
R&D expenditure (Research &Development investment/year) [SDI 05], R&D persons employed
[SDI 06], Value added [SDI 07]. No data are found about revenues and investments [SDI 08], [SDI
09], employee development and relations [SDI 10], [SDI 11], [SDI 12], community relations [SDI
13], [SDI 14], [SDI 15], health and safety [SDI 16], [SDI 17], [SDI 18], [SDI 19] [SDI 20], resource
use at global level [SDI 21], [SDI 22]. In the above mentioned “Sustainable Development Indica-
tors” [SDI] we can add the total number of employees [SDI 12] reaching ~1000 persons.

Some important “Sustainable Development Indicators” [SDI] are calculated from the author for the
production activities of the “Aluminum of Greece S. A. [AtE]”, related to resource use at European
level and the emissions (Table 4). The electric energy consumption in kWh per ton of product [SDI
23] reaches the value of 14.706 kWh (for Europe 804.7 kWh, data for 2005). The calculation of the
production of primary aluminum of 170,000 tons/year is taken into account. No renewable electric
energy is used from the company [SDI 24]. The fresh water used (m3/tonne of product) [SDI 25]
reaches the value of 23.5 m3/tonne of product (for Europe is 12.7 m3/tonne of product, data for 2005).

For the emissions the “Sustainable Development Indicator” [SDI] for the climate gases emissions
is calculated (in kilogram of CO2 equivalent per ton produced) [SDI 26]. The 1,000,000 tones of CO2
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corresponds, according to US Environmental Protection Agency (http://www.epa. gov/RDEE/en-
ergy-resources/calculator.html) to approximately 900.000 CO2 equivalent and gives the SDI 26 in-
dicator ~5.300 kilograms of CO2 equivalent per ton produced. The European middle value is 134
kilograms of CO2 equivalent per ton produced (Table 4). The fluoride emissions indicator [SDI 27]
is calculated in 1,65 kilograms per tone produced (the European middle value is 0.96 kilograms per
tone produced). No significant data were available for the Benz-a-pyrene (BaP) emissions indica-
tor [SDI 28]. 

The bauxite residue deposited indicator [SDI 29] is ~800 kgr/tonne of alumina produced (the Euro-
pean middle value is 706 kilograms per tone produced). The spent pot lining and hazardous waste
deposited indicator [SDI 30] is calculated in 15.4 kgr/tone of alumina produced (the European mid-
dle value is 12.8 kilograms per tone produced).

No data are found for the product life cycle, use phase [SDI 31], aluminium recycling [SDI 32], life
cycle [SDI 33] and recycling material flow [SDI 34].

6.3 A plan for the aluminum industry in Greece based on the sustainability
principles is needed 

As it is mentioned above, at present time one company in Greece is activated in the elaboration of
bauxite, the “Aluminum of Greece S. A., [AtE]”. These activities are the driving forces (D) acting
as pressures (P) for the environment. Space is needed, non renewable mineral resources as well as
energy resources and big amounts of fresh water are used. These activities release significant amount
of byproducts in the environment. All these pressures are the factors changing the state (S) of the en-
vironment, impacting (I) the human society. The changes in the state of the environment and the

Table 4. Sustainable Development Indicators of the European Aluminium Industry.

SDI Nr
“Sustainable Development Indicators” [SDI]
European Aluminium Association

Europe
2005

AtE

RESOURCE USE AT EUROPEAN LEVEL 804.7 14,706

SDI 23 Energy consumption (electric energy/tone of product in kWh) 45.7 0%

SDI 24 Renewable electric energy in % 12.7 23.5

SDI 25 Fresh water use (m3/tonne of product) 

EMISSIONS

SDI 26 Climate gases emissions (in kilogram of CO2 equivalent per tone pro-
duced) 134 5,294

SDI 27 Fluoride emissions. (in kilogram per tone produced) 0.96 1.65

SDI 28 BaP emissions (Benz a pyrene emissions kgr /tone produced) 1.11 -

SDI 29 Bauxite residue deposited (kgr/tone of alumina produced) 706 ~ 800

SDI 30 Spent pot lining and Hazardous waste deposited (kgr/tonne of alumina
produced) 12.8 15.4

Source: European Aluminium Association: Sustainability of the European Aluminium Industry 2006 



impacts on the human society trigger responses (R). Authorities, investors, citizens groups, non gov-
ernmental organizations (NGOs), scientists, called together “stakeholders” have to establish a com-
mon language to plan, to meet decisions and measures. The “Sustainable Development Indicators”
[SDI] shown in Table 4 indicate that the company has to change exploitation and elaboration prac-
tices in order to converge the company SDIs towards the European SDIs.

A reorientation of the development priorities and the progressively application of the sustainability
principles gain importance in this procedure. The spiral D-P-S-I-R scheme is a logical tool to be ap-
plied. The only question remaining open is if the greek society is mature to participate in those pro-
cedures. 

The companies, mainly the “Aluminum of Greece S. A., [AtE]” and the public authorities related to
the mining and industrialization of bauxites have not any plans and any politicies for the manage-
ment of the unrenewable resources. For the protection of the environment no important measures are
undertaken. The public services in local, regional and central levels are totally manipulated from the
industry interest group. The scientific community of the most of the public services, research cen-
ters, universities, generally does not react to this situation. And if some scientists try to search the
state of the environment in the area near the industry activity, the entrance in the industry field is for-
bidden (research team from the University of Patras). Even worse is the situation for researchers from
the Hellenic Center of Marine Research (HCMR), who announce results of their measurements
(Anagnostou & Hatjianestis, 2009). They are confronted with justiciable measures from the com-
pany, carrying out this procedure in “harmonical” collaboration with directors of the Research Cen-
ter. Small citizen groups and initiatives as well as Non Governmental Organizations are the only
“healthy” part of the greek society. 

The company spends efforts for communication with local communities and authorities and some
money to gain a positive resonance from the local community with expenditures for social, cultural,
sports and other community activities and to form also a citizen revetment against the pressure of
the Non Governmental Organizations and the citizen initiatives.

7. The way out

The educational and scientific research communities have to find the way first to emancipate them-
selves and then to play the leading role for the society, which is permanently in crisis (economical,
societal, cultural). Managing the environment is not simple. Managing the natural resources, pro-
tecting the function of the nature, giving priority to the biodiversity, solving the survival problems
of many human communities, all these are questions waiting for answers. Integration and partici-
pation are showing the way out. 
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Abstract 

Greece’s geology favours a potent and dynamic use of mineral resources, which became a major in-
centive of the country’s mining business, and economic and social growth. Among the Non-Energy
Metallic Minerals (NEMM) commodities, base and precious metals, in particular copper and gold,
is becoming an increasingly important and rapidly growing target of the mining industry. In the re-
gion of central Macedonia, where most of their deposits are hosted, the NEMM occur in a wide
range of genetic types related to Alpine orogenic and subduction related ore forming processes ex-
tending from Mesozoic to Cenozoic times, and culminating during the Tertiary (Arvanitidis and
Amov, 2006). From the global metallogenetic point of view the post-Alpine Tertiary geodynamic
systems in SE Europe are potential in producing high-grade ore deposits of base and precious metal
sulphide minerals. The classification of NEMM mineralizations to specific genetic types, along with
the geological knowledge available, is contributing (a) to more efficient exploration and prospect
evaluation (b) to safer assessment of ore potential and economic perspectives (c) to rational man-
agement of resource production, and (d) in applying sustainable development practices.

1. Introduction 

This paper focuses on the NEMM of central Macedonia in northern Greece (Diakakis and Stephanidis,
1994) using new metallogenetic aspects for implementing low-risk exploration campaigns, reducing
environmental footprints and securing sustainable supply and use of commodities (Arvanitidis, 2003).

2. Regional Geology and Mineralizations

The sulphide mineral deposits in Greece are mainly located, in the Rhodope and Serbomacedonian
zones. The western and central parts of the Rhodope zone consist mainly of Paleozoic high-meta-
morphic rocks, but its eastern part is dominated by Tertiary volcanics. The Tertiary volcanic belt ex-
tends through the northern Mediterranean, Romania, Bulgaria, Greece, Turkey and Iran and is
characterized by subduction – related intermediate to felsic volcanics (Jankovic et al., 1980; Hein-
rich and Neubauer, 2002) (Fig. 1). The belt hosts numerous vein – type (e.g. Kirki, Madjarovo) and
stratiform (e.g. Essimi) Pb – Zn sulphide mineralisations as well as epithermal gold (e.g. Konos,
Perama; Michael et al., 1995; Voudouris et al., 2007) and porphyry copper deposits (Frei, 1995;
Tobey et al., 1998). The highly metamorphosed carbonate and silicate rocks to the west, contain
vein and massive sulphide replacement mineralisations, ranging from base metal (e.g. Thermes,

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 



Madam) to polymetallic (e.g. Farasino, Pangeo) compositions, and stratabound karst – related Pb –
Zn sulphide (e.g. Thassos) to manganese (e.g. Drama) deposits. The Serbomacedonian zone repre-
sents the accretionary back land beneath which the African plate was subducted. The zone is a com-
plex metamorphic terrain of schists, gneisses and marbles that are often mineralized and intruded by
Variscan granitic rocks. It trends NW, is some 500 km long, and is host to numerous deposits, in-
cluding Olympias and Stratoni polymetallic deposits, and Skouries and Pontokerasia, porphyry cop-
per in Greece, Sasa and Zletovo Pb – Zn deposits, and Bucim porphyry copper in the Former
Yugoslav Republic of Macedonia, as well as the Lece polympetallic deposit in Serbia – Montene-
gro. In the case of the polymetallic and/or Pb – Zn sulphide replacement deposits such as Olympias,
Stratoni and Madem Lakkos, they are controlled by a combination of the marble horizons, that con-
tain the carbonates which were replaced and the deep – seated faults developed as part of the crustal
re-working of the area and subsequent fluid movements along these. The porphyries are mainly part
of the Variscan volcanism. The Skouries deposit is a typical representative of sub-alkaline copper
porphyry forming a near-vertical pipe intruded into amphibolite and biotite schist country rock.

Genetic Types

NEMM mineralization in the region of central Macedonia comprises (Fig. 2).

Mesozoic mid-ocean types in terms of,

• Magmatic/ophiolites hosted chromite, Fe-Ni laterites and chalcopyrite-pyrite-pyrrhotite as-
semblages

• Volcano-sedimentary syngenetic deposits including VMS type stratiform base metal sul-
phides, stratified chalcopyrite-pyrite-arsenopyrite lenses, banded iron formations and scheel-
ite (W) veins/disseminations

• Intrusion related porphyry type Mo stockwork veins and impregnations, and
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Fig. 1: Regional geotectonic map of southeast Balkan showing the major metallogenetic belts and related min-
eralization types (European Goldfields Inc, pers. Com.).



Cenozoic, mainly Tertiary, epigenetic, hydrothermal types of,

• Magmatic porphyry Cu-Au deposits containing elevated values of PGE and associated with
calc-alkaline sub-volcanic intrusions (Eliopoulos and Economou-Eliopoulos, 1991)

• Hypothermal/Mesothermal chalcopyrite-pyrite-arsenopyrite veins hosted by amphibolites

• Skarn formations of Cu-Zn-Pb sulphides

• Manto type polymetallic (Pb-Zn-Au-Ag) massive sulphides

• Antimonite (Sb) - scheelite (W) veins (Kilias et al., 1995)

• Epithermal gold (Au) along with fault-controlled silicification and pyritization zones

• Supergene fault/karst-controlled mineralization of economic pyrolusitic manganese and gold
bearing limonitic iron oxidations

• Placer gold deposits 

4. Gold Mineralizations

Gold occurs in a wide range of genetic types, comprising magmatic, hypothermal / mesothermal, ep-
ithermal and supergene mineralization types (Arvanitidis, 2003; Melfos et al., 2003). All the main
types of gold mineralization are linked to plate tectonic movements during the Tertiary.

Magmatic porphyry copper type deposits and mineralizations show economic gold grades. The Sk-
ouries gold-copper ore deposit (Frei, 1995; Tobey et al., 1998) is located 20km southwest of the
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Fig. 2: Simplified geological map showing the main Alpine orogenesis related polymetallic mineralizations in
the region of central Macedonia.



Olympias mine and the most representative example of this class (Fig. 3). It is a typical sub – alka-
line copper porphyry forming a near – vertical pipe intruded into amphibolite and biotite schist coun-
try rock. The deposit is characterized by concentric alteration zones comprising an inner potassic
zone, with stock work quartz veinlets and an outer propylitic zone, affecting mostly the host schists.
Weak phyllic and argillic alteration is confined to vein haloes and faults. Mineralisations within the
potassic zone primarily comprise chalcopyrite veinlets with subordinate bornite and disseminated
chalcopyrite and bornite. Mineralisation within the propylitic zone contains disseminated pyrite,
molybdenite and rare chalcocite. Gold mineralisation occurs as native gold associated with gangue
minerals. It also occurs as blebs within sulphides and occurs in the ore during testing. An oxide zone
occurs from surface to 30 to 50 meter depths and includes malachite, cuprite, secondary chalcocite
and minor azurite, covellite, digenite and native copper. The total resources were estimated to
191,200,000 tonnes, with 0.82 g/t gold and 0.55 wt% copper, or in terms of total metal amounts, 5.03
Moz gold and 1.043.000 tonnes copper. Current reserves are estimated to 129,500,000 tonnes, with
0.89 g/t gold and 0.56 wt% copper, corresponding to metal amounts of 3.71 Moz gold and 725,000
tonnes copper (Hellas Gold, pers. com.).

Hypothermal / mesothermal manto-type polymetallic sulphides form high - grade gold ores
(Kalogeropoulos et. al., 1989; Hellingwerf et. al., 1993; Kalogeropoulos et. al., 1996; Kilias et. al.,
1996). The Olympias massive deposit, representing this class, is a stratabound replacement orebody
occurring at the contact between marbles and overlying gneisses. Sulphide mineralisations com-
prises pyrite, arsenopyrite, sphalerite, galena, tetrahedrite – tenantite, boulangerite and chalcopy-
rite. Gold values are associated almost exclusively with arsenopyrite and pyrite. The total resources
and nearly reserves, were estimated to 14,528,000 tonnes, with 9.31 g/t gold, 128.6 g/t silver, 4.18
wt% lead and 5.58 wt% zinc (Hellas Gold S.A., pers. com). Corresponding total amounts of metal
contents are 4.35 Moz gold, 60.06 Moz silver, 607,000 tonnes Pb and 810,000 tonnes zinc. Further
to the north, the Stratoni lead-zinc-silver deposits are also considered as carbonate replacement type
mineralisations, with pyrite, galena, sphalerite, arsenopyrite and chalcopyrite as the main sulphide
minerals. The entire resources are currently located in the Mavres Petres mine contained within a
marble-hosted stratabound orebody adjacent to the east-west striking Stratoni Fault. The ore is also
gold bearing, mostly associated with the arsenical pyrite and arsenopyrite. Quartz, calcite and minor
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Fig. 3: Typical ore structures of manto-type stratabound sphalerite lens (left) in Mavres Petres mine and mala-
chite impregnations in Skouries porphyry copper mineralization.



rhodochrosite form the gangue minerals. The total sulphide content prior to mining was estimated
at 2.5 Mt (Hellas Gold, pers. com.).

Epithermal type deposits were emplaced within a broad volcanic belt, which developed first in
Bulgaria and then moved south through northern Greece (Marchev et al., 2005) to the region of
Thrace. The Konos - Sappes and Perama high sulphidation gold mineralizations (Michael et al.,
1995; Voudouris et al., 2007; Michael, 2004), in strongly silicified and/or argillised felsic volcanics,
make a typical representative of this class. A rhenium-rich molybdenite and rheniite Mo–Cu–Te–Ag–
Au porphyry mineralization located in the Pagoni Rachi area shows close geotectonic setting affini-
ties to the epithermal metallogenesis of the region (Voudouris et al., 2009).

The genetic link between porphyry coppers and large polymetallic manto style sulphide deposits
can be incorporated into regional exploration strategies. The metallogenetic concept suggests that
epithermal mineral assemblages exposed at the present land surface may indicate hidden base metal
ore bodies at depth. These styles of mineralization, porphyry coppers and manto - style sulphides,
have potential for substantial deposits (Hellingwerf et al., 1994). Gossans in the region have low
economic potential due to erratic gold values and the necessity for costly beneficiation techniques
(Dimitroula et al., 1995; Arvanitidis et al., 1996). The gossans develop on mineralized veins and
thrusts, but the gossanous material tends to spread laterally, giving a false impression of the un-
derlying mineralization. Parts of the gossans can be richer in gold, but these patches mainly con-
stitute small scale exploration targets in west Rhodope.

5. Metallogenetic approach

The tectonic structure of Greece consists of elongated tecto-magmatic strips, representing successive
subductions, such as the Serbo-Macedonian massif hosting the manto-type massive sulphide Olympias
and Stratoni (Madem Lakkos and Mavres Petres orebodies) deposits, and the porphyry copper sys-
tems of Skouries, Fisoka, Vathi, Gerakario and Pontokerasia. The overall metallogenetic process of
the area is part of the Alpine orogenesis, lasting from Mesozoic to Tertiary times, and associated ge-
odynamic release of anomalous thermal and mechanical energy. The overwhelming evolution of the
Tethyan Ocean, during Triassic to Jurassic times, was accompanied by extensive mid-ocean mag-
matic activity and new oceanic crust formation, including ophiolitic rocks and related mineraliza-
tions (Fig. 4). At a very early transitional stage of subducting oceanic crust movements and distal to
mid-ocean ridge settings there were conditions of, probably back-arc, calc-alkaline volcano-sedi-
mentary activity along with formation and deposition of syngenetic metallic minerals of VMS (due
to later hydrothermal remobilization may sometimes be considered as “hybrid epithermal VMS”) and
BIF types. The progressively collisional subduction and destruction of Tethys led to compressional
tensions and mineralized ophiolitic slabs were thrusted over onto Paleozoic continental margin of
Serbo-Macedonian basement rocks. The imposed orogenic mechanism and the associated probably
post-subduction extensional tectonics (Richards, 2003 and 2009; Marchev et al., 2005) inferred gen-
erated intra-continental syn-orogenic faults, formed rift-basins and activated extensive Tertiary mag-
matic belts of orogenic I-type plutonic and sub-volcanic rocks which during Miocene differentiated
partly to back-arc volcanism (e.g. Aridea volcanic belt). The emerging metallogenetic activity of in-
tensive hydrothermal solutions leads to ore formation of manto-type polymetallic sulphides, copper-
gold porphyry systems, ISCG–type (Iron Sulphide Copper Gold) gold-bearing pyrite-chalcopyrite
-arsenopyrite mineralizations and high sulphidation epithermal gold and Mo–Cu–Te–Ag–Au por-
phyries along with probably post-subduction extension and rift-basin volcanism further to the east in
the region of Thrace (Voudouris et al., 2009). This metallogenetic framework has similar geochemi-
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cal affinities with the copper-gold porphyries and the orogenic IOCG (Iron Oxide Copper Gold) type
NEMM which at Archean-Proterozoic times are referred to as hybrid porphyry-IOCG style deposits
(Weihed et al., 2008). Other typical and common features of the orogenic mineralizations, as the case
is for the Tertiary Hellenic mineralizations, are their syn-tectonic and mesothermal characteristics. All
previous types of sulphide minerals (particularly those hosted by Rhodope and Serbo-Macedonian
marbles) were overimposed by post-Pliocene co-active supergene oxidation and karstification
processes (Fig. 5). In spite of the manganese ore formation and the obvious iron enrichment of some
occurrences, the metallic content and inter-related commodity grades of the primary sulphide de-
posits were not particularly affected during supergene oxidation.

6. Implication of new exploration concepts

The metallogenetic regime of orogenic and back-arc magmatic belts is globally one of the most dy-
namic geotectonic environments for the formation of potential polymetallic, porphyry and epither-
mal type gold deposits. It has been indicated that almost 50% of porphyry and epithermal type gold
occurs in orogenic belts. In this respect, the Alpine or Tethyan orogenic setting makes a high prior-
ity target for exploration of Cenozoic NEMM resources and gold deposits in particular. This re-
quires of course further and more systematic ore prospecting of selected regions and areas in Greece
and the Balkan Peninsula using new technologies and methods. Based on the geodynamic, spatial
and time compliant features of the mineralization types described above, to target and achieve
NEMM resource sustainability the following conceptual tools could be applied:

• The local and regional aspects of the metallogenetic evolution which extend the geographical
and geological potential of the NEMM resources with respect to transnational targets as for ex-
ample is the Carpatho-Balkan belt (Jankovic et al., 1980; Heinrich and Neubauer, 2002).
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Fig. 4: The main mineralization types in northern Greece and southeast Balkan, and their genetic links to Tethys
mid-ocean magmatic activity during Mesozoic and to subduction related orogenic belts during Tertiary (mod-
ified after, Pe-Piper, G. and Piper, D.J.W., 2001).



• The development and implementation of 3D/4D exploration models to locate deep seated
mineral deposits in the known manto and porphyry type belts of Serbo-Macedonian zone and
the IOCG like supergene assemblages of western Rhodope zone.

• The feasibility studies for the technoeconomical favourable presence of eco-efficient NEMM
in the mentioned mineralization types, like for example the promising grades of PGE in the
porphyry copper systems, which appear to become critical minerals and hot commodities for
the European mining industry.
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Fig. 6: Major gold potential exploration
areas in Greece related to porphyry, manto-
type and epithermal mineralization regimes
and following the geotectonic and metallo-
genetic evolution during Cenozoic time.

Fig. 5: Schematic integrated four phase mineralization and karst-forming model.
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Abstract 

Several metallogenic periods took place at different moments of the geological evolution of Sar-
dinia, but at places they interacted: the close correlation between the metal parageneses in the Or-
dovician – Silurian sequences, outcropping in the central part of the island, and the veins and masses
associated with the Hercynian magmatism is depicted. The volcanic-sedimentary mixed-sulphide
lenses contained in Silurian occurrences show clear sedimentary structures, and the connection
with coeval volcanics seems evident. These mineralizations are thought to be the protores for the sub-
sequent metallogenic cycle related with the Hercynian orogenesis which had a strong effect as a
promoter of the remoulding of preexisting mineral concentrations to give new ore- and industrial-
minerals deposits. Several geochemical campaigns have covered the entire island, and wide areas
of the Paleozoic basement, mostly localised in the internal zones, showed high base- and heavy-
metals contents. A new prospecting programme has been started in Central Sardinia; it follows the
ore-bearing horizon along the Ordovician-Silurian boundary with the purpose to better understand
these primary metal depositions, their relationships  with geodynamic structures, and ore mobili-
sation caused by the Hercynian granites. The geochemical anomalies along this horizon detected in
the area of “Castello Medusa” support detailed prospecting works.

Key words: protore, sulfides, Ordovician-Silurian, Sardinia.

1. Introduction 

The present shape, grade and composition of many Sardinian deposits are the final result of recur-
rent reworkings of original, not always economically interesting accumulations. Among the metal-
logenic epochs recognizable in the Paleozoic basement of the Sardinian microplate, one took place
in the Upper Ordovician to Lower Devonian and yielded different types of deposits that share a
common character: they are all syndepositional and partly volcano-sedimentary, at least as far as their
protores are concerned (Pretti et al., 1990). These stratiform deposits are essentially located in the
central part of the island, in one of the two main recognizable sedimentary areas, the “internal
trough” (Fig. 1), where volcanics and tuffites are frequent and a Cu-Zn-Pb stratabound mineraliza-
tion is well developed as a number of generally small, high-grade, mixed-sulphide lenses contained
in Silurian black shales (Carmignani et al., 1994); these bodies show evident sedimentary structures

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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(load cast, slumping, diagenetic fracturing, etc). Another type which is characterized by its high Ag
grade, at places with recoverable quantities of galena and minor sphalerite, is well known in the
Sarrabus district (SE Sardinia), and oolitic iron ore accumulations interbedded with Silurian slates
occur in the NW corner of the island (Nurra). The main ore-bearing horizon is made up of lavas and
tuffitic rocks probably of Caradocian age. The products of this volcanic cycle, that may represent the
cause of the metal supply, are covered almost everywhere by shales, black shales and limestone, of
Silurian age. The above subaerial and submarine volcanism started during the Ordovician and ex-
hausted in the Upper Silurian; The ore-bearing horizon seems to represent its upper part, and displays
a comparatively modest thickness (50 to 100 m, Garbarino et al., 1980). However important phe-
nomena of ore remobilisation, caused by the Hercynian folding, occurred in this horizon, so that it
loosed its spatial continuity and was split and reworked in the nuclei of the folds. Numerous  skarn
deposits were generated by contact metamorphism of previous protores and/or metasomatic re-
placement, giving rise to new ore associations and textures (Marcello et al., 1994; Pretti et al., 1990). 

A series of geochemical campaigns have covered the entire island, and several base- and heavy-
metals showed high contents in numerous, and often wide areas of the Paleozoic basement of Sar-
dinia. Most of these areas are localised in the internal zone. 

A five-years prospecting programme was carried out during the eighties in the ambit of CNR-sup-
ported “Geodinamica“ Project. About 250 samples were collected in the Barbagia region along the
above stratigraphic sequences. All the samples have been analised for Pb, Zn, and Cu by AAS and
XRF (Tab. 1). 
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Fig. 1: Left: sketch map of Sardinia showing the three main structural areas; Right: topographic map of the area
under study. 1) Silurian-Devonian complex: micaschists, phyllites, arenaceous phyllites; 2) Silurian-Devonian
marbles, calcshists; 3) Sampling sites. 
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The aim of this work is to examine some of these areas especially in the pre-Hercynian limestones
and shales, in order to detect “spots” having rather high metal content; they could represent a “pro-
tore”. In the study area of Castello Medusa frequent transitions between different lithologies occur:
tuffs, tuffites, clastic sediments, black shales, phyllites and limestones are observable; the area also
hosts fluorite-galena-bearing veins, which have been exploited in the past. The following step is to
recognize disseminated ore minerals and to match the composition of these “protores” with the com-
positions prevailing in the known ore bodies along the same NW-SE belt. Actually numerous indi-
cations of mineralization  have been recognized during this field work, which was developed by
following the stratigraphic and structural guides. 

Table 1. M = average content in ppm; S = standard deviation;  n = number of samples.

M S n Silurian metasedi-
ments (phyllites, black
shales, skarn and met-

alimestones)

M S n Silurian meta-vol-
canics (metandesites,

metarhyolites and
their tuffs)

Cu 43 41 97 30 25 48

Pb 16 9 97 18 9 48

Zn 196 246 97 115 28 48

Table 2. Analytical results of  high metal spots from the sampled area, values in ppm.

PA1A PA2A PA3A PA3B PA4A PA4B PA4C PA4D PA4E PA5 PA6 PA7

Cu 13 8 65 661 16 94 265 329 19 6 15 225

Pb 7 14 6 21 1634 6 8 13 3 3 1612 7

Zn 2 1 21 8 11 40 11 32 24 3 8 7

As 7 23 13 16 6 5 1 1 1 15 5 5

Sb 0.15 2 2 1 1 2 1 1 3 0.4 1 14

Cd 2 0.1 1 1 1 4 1 4 0.1 0.4 1 0

Mo 0.01 0.01 4 3 1 11 10 0.22 0.22 0.01 1 12

Se 0.3 0.3 0.4 1 15 1 1 1 0.02 0.02 13 2

Te 0.009 0.06 0.005 0.03 1 0.2 0.1 0.05 0.005 0.005 1 1.4

Hg 3 2 5 2 4 2 2 2 1 3 4 52

Bi 0.4 0.7 1 1 123 6 2 1 0.3 0.05 122 131

Ni 12 5 95 25 15 94 64 43 19 23 13 5

Co 1 1 22 4 3 14 10 16 6 3 3 157

Ag 0.5 0.8 0.6 6 119 3 3 3 0.2 < 0.005 103 7

Au 0.04 0.01 0.007 0.007 0.011 0.003 0.002 0.003 0.007 < 0.001 0.009 0.053
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Fig. 2: a) Disseminations of sulfides in silicified limestones, Costa Ualla, Rio Misturatroxiu; b) The “protore”
as a tight stockwork of sulfide-bearing quartz veinlets.

2. Geological setting 

The internal trough, from Sarrabus to Barbagia and Nurra (Fig.1), includes the thickest Palaeozoic
sequence of the Sardinia microplate and it is characterized by low grade metamorphism. Lithos-
tratigraphic sequences of the various tectonic units in this zone are composed of a Middle Cam-
brian-Lower Ordovician pelitic-arenaceous substrate. During the Middle-Upper Ordovician period
a subaerial volcanic complex formed and is principally recorded by intermediate-acid metavolcanics
with subalkaline affinity. Upper Ordovician deposits are transgressive on the volcanic complex and
are represented by terrigenous and, subordinately, carbonate metasediments. Subsequent deposition
is recorded by Lower-Middle Silurian pelitic neritic metasediments and by Upper Silurian-Devon-
ian pelagic platform carbonate deposits. The Hercynian deformational history in central Sardinia
involved essentially two phases. The first was produced during collision-related shortening, the sec-
ond deformational event, which appears largely extensional in character, deformed the earlier struc-
tures and produced open folds. This orogenic event took place approximately 350 to 290 Ma ago.
During the Hercynian cycle tonalities, granodiorites and monzogranites, followed by post-tectonic
leucogranites were emplaced, accompanied by porphyrites at the end of the cycle. 

3. Sampling and analytical procedures

Data collected during the CNR “Geodinamica” Project have been chosen for a first matching with
the results of the present study. Figure 1 shows the sampling pattern and sites along the Rio Mistu-
radroxiu in the Asuni sector where some “stream” samples collected during the above mentioned
geochemical campaigns showed high Pb, Zn, Cu, and Au values. Besides base metals, precious el-
ements and PGM  have been determined in limestone, marble, and black shale samples by ICP-MS
and INAA. These new  data are reported in Table 2.

The sampled lithological formations outcropping in the area are mostly composed of Silurian-De-
vonian shales, black shales, marbles, calcschists, and quartz veins (Fig. 2).

4. Discussion 

The most important mineral occurrences are around the paleoreliefs, always at the base of the Sil-
urian limestone or in a synchronous stratigraphic level. Important ore deposits occur around the



thickest volcanic occurrences; they include Fe, Cu, Zn, Ag, and minor amounts of Pb and F. At Fun-
tana Raminosa (chalcopyrite and galena), the ore-bearing horizon reaches its maximum thickness,
about 10-15 metres, and the origin of the mineralization has been essentially attributed to concen-
trations of previous low-grade ores; in fact a fine interpenetration between sulfide and Ca-silicate
minerals is present when the ore-content is not very high (Fig. 3). 

With increasing ore concentration the structure may become massive and mineralisation assumes the
“massive sulfide” structure. In this case the ore bed consists almost exclusively of sulfides; never-
theless a bedding can be frequently recognized in the mineralized layers. Ag was also recovered
from the Funtana Raminosa ores. On a microscopic scale the ore occurences of these areas  consist
of a mixture of sulfides, sulfosalts and oxides; the main ore minerals are sphalerite, galena, pyrite,
chalcopyrite, and magnetite; fluorite also occurs.

The ore-bearing horizon overlies the volcanic system and underlies the Silurian–Devonian sequence; it
may represent the result of direct deposition and/or replacement phenomena near the sea floor, around
the volcanic centres, where sub-marine fumarolic activity was present. However the mineralising
processes represent systems in equilibrium with the environmental evolution and they cannot be inter-
preted as restricted in time and space. The Ordovician-Silurian mixed sulphides have been subjected to
the Hercynian orogenesis and have been reworked; the Filone Argentifero, and the ore deposit of Baccu
Locci in Sarrabus may represent the result of these remobilisation phenomena (Bakos et al., 1988).
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Fig. 2: c) The “protore” as small lenses of squeezed sulfide-bearing quartz. A late mobilization, probably of Her-
cynian age, formed a sulfide-richer quartz vein; d) Quartz-fluorite-barite-galena vein (an exploration tunnel is
visible), as the latest aspect of the ore-level mobilization; e) Asuni marble open pit;  f) Oxidized pyrite in quartz
vein (in black shales).



These deposits in fact show a close connection to the Ordovician-Silurian horizon on a regional
scale. Fluorine, another element which is likely to have been abundantly supplied by the volcanic
activity, often occurs in all the areas from Barbagia to Sarrabus (Fig. 4); the F content in the Or-
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Fig. 3: Ore-bearing horizon made up of garnet, epidotes, quartz.
The sulfides are finely disseminated in the rock. Crystallization
broadly synchronous with the microfolds is visible; S. Gabriele,
Funtana Raminosa Mine.

Fig. 4: a) Galena (white) and native silver disseminated in calcite (dark grey), Silver Lode of Tuviois, Sarrabus;
b) Fluorite (grey), and quartz, outcrop of Serra S’ Angassua, Serra S’Ilixi mine; c) Gold (yellow) accompany-
ing chalcopyrite (brown) and bournonite (grey), galena (medium grey), myrmekitic intergrowth invading frac-
tured arsenopyrite. Reflected light, 660 X (Baccu Locci ore deposit); d) Gold (yellow) in bournonite (grey),
galena (medium grey) myrmekitic intergrowth, with chalcopyrite (brown) in fractured arsenopyrite with eu-
hedral pyrite. Black: quartz. Reflected light, 660 X (Baccu Locci ore deposit).

18 (5)



dovician-Silurian rocks might have been utilized by Hercynian magmatism to give rise to the im-
portant veins of Silius (Pani et al., 1988). This mine, a large quartz vein with about 40% CaF2 and
1.5 % PbS, is still operating and is believed to be one of the most valuable fluorite mines in Europe.
The previous geochemical data reported in table 1 suggest the following considerations: lead dis-
tributions are very similar between the two groups of formations, but it shows high variability within
the same group. Zn shows the highest values and the great differences of distribution between the
two group of formations. Cu shows an intermediate behaviour. 

However the highest geochemical anomalies are localized in the “skarnoid” horizon, which con-
tains a sort of “spots” having high metal contents. The prevailing metal associations in economic
ores, i.e. Fe-Zn-Cu and Pb-Zn, were also found at a geochemical level; when positive anomalies of
Pb and/or Pb-Zn are present the Cu contents are rather low; on the contrary positive anomalies of
Zn and/or Zn-Cu are always associated with very low Pb contents. The analytical results of the sam-
ples  from the Asuni sector (Table 2) at least would display a negative correlation between Pb and
Cu, in good agreement with the above previous data.

5. Conclusions

The occurrence of high-metal content “spots” detected in the area of Asuni could be interpreted as
the result of preconcentration phenomena which began during deposition and diagenesis of Pre–
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Fig. 5: a) Pyrite, pyrrhotite, and galena in quartz vein in silicified limestone, polished section, 10 X; b) Oxi-
dized arsenopyrite and pyrite in metamorphosed limestone, polished section, 2.5 X; c) Oxidized arsenopyrite
disseminated in quartz, polished section, 2.5 X; d) Fine dissemination of pyrite, arsenopyrite in quartz vein, pol-
ished section, 2.5 X, Rio Misturadroxiu outcrop. 
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Fig. 6: a) Veinlets of calcite in silicified rock hosting opaque minerals (black), thin section, 2.5 X; b) Quartz vein-
let developing idiomorphic crystals in limestone, thin section, 2.5 X; c) Calcite crossing quartz veins and car-
bonaceous matter, c; d) Quartz and phyllosilicates in limestone; opaque minerals are also visible, thin section,
2.5 X; e) Band of quartz and calcite in phyllosilicate rock that contains the mineralization, thin section, 2.5 X;
f) Quartz veinlets, growing in euhedral crystals, alternating with carbonaceous matter bands, thin section, 2.5 X.

Permian, more or less deep sediments, and lasted up to the early Hercynian pulses. These mineral-
izations (Figs. 5, 6) would represent the Post-Cambrian to Lower Devonian  stratabound  protore oc-
currences that mostly formed after a primary volcano-sedimentary metal deposition in a structurally
and geodynamically active paleomargin, and then subjected to enrichment phases by several re-
working phenomena. 



These protores would have been leached, remoulded and remobilised from the older to younger ter-
rains during the Hercynian, by tectonic effects and/or  magmatic or post-magmatic fluid circulation
phases which contributed greatly to the formation of exploitable ore bodies. However now these
deposits in detail exhibit prevalent vein-shaped and other epigenetic features, from pneumatolytic
to epithermal, while on a regional scale they show a close connection to the metal-bearing Ordovi-
cian-Silurian stratigraphic level.

The “skarnoid“ horizon always represents a geochemical anomaly for metals; less mobile elements,
such as Pb, Au, Ag, and Bi, were further concentrated by Carboniferous-Permian hydrothermal flu-
ids; on the contrary these fluids dispersed zinc, while barium and fluorine from the Ordovician-Sil-
urian rocks were concentrated as veins of barite and fluorite. Numerous exploration and exploitation
works for these industrial minerals are present in the area of Asuni (Bakos et al., 1972). Each min-
eralising stage seems to be, more or less, connected to the preceding ones. The  mineral association
of the ores prevailing in Sarcidano and Barbagia, mostly consisting of pyrite-chalcopyrite, spha-
lerite, and galena, also occur in the area under study even if small variations may occur.

Our recent detailed prospecting in the area of Castello Medusa has emphasised the presence of nu-
merous high-metal “spots”. These small ore outcrops probably witness the presence of copper-lead-
zinc (-silver, -gold) exploitable mineralizations  in the areas neighbouring the exhausted mines, and
practically in the whole Central Sardinia, where the same stratigraphic and/or geodynamic envi-
ronment occurs.
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Abstract

The Rhodope and Evros areas of the Thrace Region in north-eastern Greece and the adjusted areas in Bul-
garia are characterized by wide spread volcanic formations of Upper Eocene to Miocene in age. The vol-
caniclastic materials associated with such formations have, in some cases, undergone inter alia a notable
zeolitization process. The mineralogy of the altered volcaniclastics is often dominated by clinoptilolite -
heulandite type of minerals. The Winchester and Floyd (1977) plots indicating rhyodacite/dacite to tra-
chyandesite parent materials, while the similar diagram, as modified by Pearce (1986), indicate andesite
to trachyandesite precursors. The alkalinity index (Nb/Y ratio) seems to coincide between the two types of
diagrams, but, there is a notable difference of the differentiation index, i.e. the Zr/TiO2 ratio. The Th-Co
diagram (Hastie et al., 2007) unfolds a clearer picture for the nature of the precursors and reveals a clear
progression of a calc-alkaline to a high-K calc alkaline affinity of the parental volcanic materials.

Key words: volcaniclastics, zeolitization, zeolite minerals, geochemical classification, trace elements,
Thrace - Evros, Greece.

1. Introduction 

Zeolite minerals, such as clinoptilolite and mordenite, are often found worldwide as alteration prod-
ucts in volcaniclastic materials. It is known that the zeolitization involves a diffusion-controlled hy-
dration, mainly of volcanic glass, and an alkali ion exchange procedure. As a result, the zeolitization
involves the relative gain and losses of elements initially present, especially alkaline and alkali earths
and sometimes Si too. So, because of their zeolitization, these materials usually do not attract any
considerable petrological attention, especially on their geochemical nature. The truth is that under
this situation, the geochemical nature of the parent materials is extremely difficult to establish. The
indiscriminate use of geochemical classification diagrams is not recommended.

The objective of the present study was to choose and apply the most appropriate geochemical tools,
for zeolitized rocks, i.e. altered materials, with an ultimate scope to examine their geochemical char-
acteristics and to verify the nature of the parent volcaniclastc materials (i.e. the nature of the precur-
sors for the formation of zeolites).

2. Geological setting

The geological structure of the Western Thrace – Evros area of Greece consists of three distinct units:

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 



1. The Pre - Mesozoic crystalline basement which consist of a high grade metamorphic rocks,
such as marbles, gneisses, amphibolites and pegmatites (lower allochthonous unit) to schist-
and amphibolitic- gneisses and amhibolites (upper autochthonous unit).

2. The Circum-Rhodope Zone, which, in the wider Thrace and Evros areas, consist of two
parts, the Makri Unit and the Drymos-Melia Series.

3. Tertiary basins which are built from: a) volcanic rocks, such as granite bodies, sills and dykes,
b) volcaniclastic materials such as tuffs, breccias and lahars, and c) sediments and sedimentary
rocks such as conglomerates, sandstones, marls, sandy marls and locally lignite seams. The
magmatic activity, of Eocene to Oligocene age is related continental collision that followed
the subduction of African - Arabian plate beneath the Eurasian (Yanev et. al. 1998). Marchev
et al (2004) have compiled a map of the geology of the Eastern Rhodope area (Figure 1).

3. Materials and Methods

3.1 Materials

The samples we used are zeolite-bearing volcaniclastic materials from the wider Evros - Thrace –
Rhodope volcanic terrain of Greece. Typical examples of such type of alteration have been recorded
in numerous locations in the above mentioned areas of north-eastern Greece, (Figure 2), as well as
in south and southeast Bulgaria (Tsirambides et al., 1989; Kirov et al., 1990; Tsolis-Katagas and
Katagas, 1990; Kitsopoulos, 1991; Skarpelis et al., 1993; Djourova and Aleksiev, 1995; Stamatakis
et al., 1998; Marantos et al., 2004).

3.2 XRD and XRF

Since the mineralogy of the zeolitized materials of the Tertiary basins of the Thrace – Evros area has
been examined in many occasions in the past (Tsirambides et al., 1989; Kirov et al., 1990; Tsolis-
Katagas and Katagas, 1990; Skarpelis et al., 1993; Djourova and Aleksiev, 1995; Stamatakis et al.,
1998; Marantos et al., 2004), the XRD method was applied, with the sole purpose to confirm the
presence of zeolite minerals in the samples chosen to be examined.

The geochemistry was examined by using a PANalytical Axios Advanced PW4400 XRF spectro-
meter, fitted with a 4kW Rh anode SST-mAX X-Ray tube. Major elements determined on fused
glass beads prepared from ignited powders sample to flux ratio 1:5, 80% Li metaborate: 20% Li
tetraborate flux. Trace elements analysed on 32mm diameter pressed powder briquettes prepared
from 10g fine ground powder mixed with ca 20-25 drops 7% PVA soln and pressed at 10 tons per
square inch. Various international standards, as recorded in GeoRem (Jochum et al., 2005, http://geo-
rem.mpch-mainz.gwdg.de), were run with the samples as control on the quality of the analyses.

4. Data

Data 4.1 

The XRD analysis has confirmed the presence, in various amounts, of zeolite minerals in the sam-
ples studied. There was no evidence found in their mineralogy in line with any influence of any
other significant alteration, i.e. hydrothermal.

Some representative data, on TiO2, Nb, Zr, Y, Th and Co values from the XRF analyses of the ze-
olitized volcaniclastics are given in Table 1.
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Fig. 1 : Schematic map of the geological structure of Eastern Rhodope (Marchev et al., 2004).

Fig. 2 : Zeolite deposits (Z) and occurrences (z) in Thrace (north eastern Greece), scale 1:1.000.000 (Maran-
tos et al., 2000).
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The classic SiO2 vs. K2O (Peccerillo & Taylor, 1976; Rickwood, 1989) and the SiO2 vs. Na2O+K2O
(Le Maitre et al., 1989, 1992) diagrams have been proved unusable with zeolitized materials (Kit-
sopoulos et al., 2001). In these cases the problems occurred are related to the mobilisation and the
redistribution of the alkalis during the zeolitization process. An alternative approach to establish the
nature of the parent materials is to use immobile trace elements. As a proxy to the TAS diagram, a
discrimination diagram, based on immobile elements, was proposed, which uses the Nb/Y vs.
Zr/TiO2 ratios (Winchester and Floyd, 1977). The Ti, Zr, Nb and Y are considered immobile during
post-consolidation alteration and metamorphic processes. In the Winchester and Floyd, the Zr/TiO2
ratio can primarily act as a differentiation index, as the differentiation of a basaltic magma can be
traced by the decrease of TiO2, and to a less extent as an alkalinity index, as Zr tends to concentrate
in alkaline rocks. The Nb/Y ratio acts only as an alkalinity index (Pearce and Cann 1973,) which cor-
responds with the higher concentrations of Nb in alkaline provinces. The field boundaries of the di-
agram should be viewed as marking gradational changes rather than sharply defined fields. Also, it
should be always taken into account that the diagram was prepared using all types of igneous rocks
except for island arc lavas. As the original plot by Winchester and Floyd (1977) has been designed
prior to the publication of the TAS diagram by Le Bas et al. (1986, 1992), the field definition has
been subsequently modified by Pearce (1996) who used a much larger dataset and also statistically
drawn boundaries. The diagram used volcanic arc analyses but it poses the problem of a large over-
lap displayed by island arc basalts, basaltic andesites, andesites and dacites.

5. Discussion - Conclusions

By using the Winchester and Floyd (1977) it can be seen that the samples examined plot in the field
of rhyodacite/dacite to trachyandesite, with one sample be plotted as trachyte (Fig. 3). On the sim-
ilar diagram as modified by Pearce (1986) they plot on the field of andesite to trachyandesite (Fig-
ure 4). Although the alkalinity index (Nb/Y ratio) seems to coincide between the two plots, there is
a notable difference of the differentiation index of these plots, i.e. the Zr/TiO2 ratio.

Koutles et al. (1995) examined the geochemistry of a single zeolitized outcrop, the Metaxades de-
posit, by using samples which were collected on a vertical mode, of a traverse of visible thickness
of 100m, in the Metaxades quarry. Their results are plotted in the Winchester and Floyd (1977) and
the similar, but modified, by Pearce (1986) (Figs 5 & 6).

Table 1. 

Sample Locality TiO2 Nb Zr Y Th Co

% ppm

M1 Metaxades 0.11 28.1 60.8 34.9 21.6 0.9

M2 Metaxades 0.09 27.7 65.9 28.4 22.7 0.9

L1 Lefkimi - Dadia 0.13 10.2 87.8 12.0 15.8 0..8

L2 Lefkimi - Dadia 0.18 8.4 91.6 18.6 14.1 3.0

P1 Petrota 0.16 21.9 145.9 16.5 30.9 0.8

P2 Petrota 0.17 26.6 166.8 22.2 38.3 0.8

F1 Ferres 0.14 8.9 65.4 13.1 12.9 1

F2 Ferres 0.40 6.3 136.2 13.1 12.3 5
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Fig. 3: Nb/Y vs. Zr/TiO2 plot of XRF analyses of zeolitized materials on the diagram by Winchester and Floyd
(1977). +: Dadia-Lefkimi, Δ: Metaxades, X: Petrota, ◊: Ferres.

Fig. 4: Nb/Y vs. Zr/Ti plot of XRF analyses of zeolitized materials on the diagram by Winchester and Floyd
(1977), as modified by Pearce (1986). +: Dadia-Lefkimi, Δ: Metaxades, X: Petrota, ◊: Ferres.
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Fig. 5: Nb/Y vs. Zr/TiO2 plot of XRF analyses of zeolitized materials from Metaxades, Evros, Greece. Diagram
by Winchester and Floyd (1977). Data from Koutles et al. (1995).

Fig. 6: Nb/Y vs. Zr/Ti plot of XRF analyses of zeolitized materials from Metaxades, Evros County, Greece. Di-
agram by Winchester and Floyd (1977), as modified by Pearce (1986). Data from Koutles et al. (1995).
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Fig. 7: Nb/Y vs. Zr/TiO2 plot of XRF analyses of zeolitized materials from Pentalofos, Palestra and Petrota-
Paleochorofa area. Diagram by Winchester and Floyd (1977). Data from Stamatakis et al. (1998).

Fig. 8: Nb/Y vs. Zr/TiO2 plot of XRF analyses of zeolitized materials from Pentalofos, Palestra and Petrota-
Paleochorofa area. Diagram by Winchester and Floyd (1977), as modified by Pearce (1986). Data from Sta-
matakis et al. (1998).



In both diagrams the spreads, in terms of both the differentiation and the alkalinity indexes, and sub-
sequently of the rock types of the precursor material, are notable. By taking into consideration the
fact that there is no evidence in the area of the influence of a significant heavy alteration procedure,
for example post hydrothermal events, it seems that these spreads, which come from a single pyro-
clastic unit with a vertical examined thickness of 100m, are to be questioned. Nb shows a mean
value of 24.79 (s.d. 6.24), Zr 68.63 (s.d. 8.18), and Y 33.95 (14.31) respectively.

Stamatakis et al examined the geochemistry of zeolitized outcrops from the Pentalofos-Palaistra-
Petrota area. In this case the plots in the Winchester and Floyd (1977) and the one modified by
Pearce (1986) are clearly showing an almost single parent precursor (Figs 7, 8).

A quite important diagram used to identify rock types and volcanic series of volcanic are rocks is the
K2O - SiO2 diagram, which however is highly susceptible to the effects of alteration. Working with
altered volcanic island arc rocks Hastie et al. (2007) have developed a similar diagram by using Th
as a proxy for K2O and Co as a proxy for SiO2 with a classification success rate of about 80%. They
also claimed that they managed to identify the volcanic series of initially hydrothermally altered, then
tropically weathered, Cretaceous volcanic arc lavas from Jamaica. There was no indication from the
bibliography that the diagram has been ever used with zeolitized volcanics and certainly has not been
applied to such materials from Greece. The use of Th and Co has been proved extremely successful
with heavily altered, by tropical weathering, hydrothermal and metamorphic processes, lavas com-
prising of basalts and dacitic tuffs (Hastie et al., 2008; Hastie and Kerr, 2010) as well as in calc-al-
kaline and alkaline magma mixing geo-petrological terrains (Luhr et al., 2010).
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Fig. 9: Th - Co plot of XRF analyses of zeolitized materials on the diagram by Hastie et al. (2007). B, basalt;
BA/A, basaltic andesite and andesite; D/R*, dacite and rhyolite (* indicates that latites and trachytes also fall
in the D/R fields). IAT, island arc tholeiite; CA, calc-alkaline; H-K, high-K calc-alkaline; SHO, shoshonite. +:
Dadia-Lefkimi, Δ: Metaxades, X: Petrota, ◊: Ferres.



In this case it becomes apparent (Fig. 9) that the rock type of the precursor of the zeolitized material
studied is narrowed down to the field of dacites/rhyolites. This is coinciding with the finding of the ini-
tial Winchester and Floyd diagram. However, the Hastie diagram also reveals a degree of progression
of a almost calc-alkaline to a high-K calc alkaline affinity of the parental volcanic materials.
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Abstract 

The need to restore the relationship of mankind with the environment led to the designation of meas-
ures, terms and processes worldwide for the prevention or reduction to the highest possible degree
of the negative consequences to the environment ensuring a high level of protection of human health
and the environment. It is general ascertainment that there is a big lack of objective information in
Greece regarding the possibilities of modern science and technology for the treatment of Solid In-
dustrial Wastes (SIW), Municipal Solid Wastes (MSW) and biological Sewage Treatment Plants
(STP) products safely for the public health and the environment. In Greece the most significant
sources of SIW are the big exploitations of “Mineral Ores”.On the contrary, the cement industries
provide an important way out for the consumption of SIW like fly ash, red mud, et. A big percentage
of the total amount of produced alloys of iron, copper, zinc and aluminium do not use “Mineral Re-
sources” as raw materials but recycle scrap metals. At the end, the successful results of pyrometal-
lurgical production of final products by SIW as well as the results of the production of new friendly
to the environment and high technology refractory materials are given in this work. 

Key words: environment, human interferences, solid industrial and municipal wastes, consumption
of wastes.

1. Introduction 

The current image of Greece regarding the management of Solid Industrial Wastes (SIW) and es-
pecially of the Municipal Solid Wastes (MSW) as well as of the products resulting from the bio-
logical Sewage Treatment Plants (STP) is falling behind the European Standards. The hierarchy in
waste prevention and management as set in EU Waste Framework Directive (EU Directive
2008/98/EC) should lie on (i) prevention, (ii) preparation for reuse, (iii) recycling, (iv) other recov-
ery (i.e. energy recovery) and (v) disposal. Modern technologies based on Best Available Techniques
and on the results of relative scientific studies should be implemented. 

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. Municipal Solid Wastes (MSW)

The present Greek MSW production is in the range of ~4.5mil.t/y. The main characteristic of MSW
management in Greece is that over 90% results in landfilling as presented in Fig. 1 (Papamantellos
et al 2005), and in more than 1300 cases landfilling has been preformed illegally (2005 data). Only
in Attica, within the next decade the handling of predicted 35-45 mil. tons municipal wastes, taking
a production of 7000t/d MSW, will require 7-8 additional landfill sites of 500.000m2 area and ~20m
height each, while the operation of the already approved landfilling areas in Keratea and Gram-
matiko have been blocked!

Greece “keeps the negative record” in Municipal Solid Wastes Landfilling and the last place in the
energy exploitation of their content in modern WTE (Waste to Energy) plants, Fig. 2, according to
2005 data (Papamantellos, 2007). 

This situation of MSW mismanagement, which does not conform to the EU environmental legisla-
tion, resulted in sensitive penalties posed by the EU. The current status requires drastic measures
under one political and decision making centre ready to adapt and implement modern and efficient
techniques. The current decision decentralization to the regions and the municipalities leads to
polyphony and endless discussions about the most suitable technologies without implementation. 

For solving the hot environmental issues of the Greek Society quick cooperation between involved
Ministries is absolutely necessary. Creation of a task force from the Ministers of Environment, Econ-
omy, Interior and Development is here proposed. Target of this task force would be the foun-dation
of an independent Authority for determining strategies of Municipal-, Hazardous-, Indus-trial- Waste
- Management and landscape rehabilitation. This independent Authority should decide about tech-
nologies to be applied, the structure of the cooperating involved parties (private, state, municipal,
etc), their funding including cost-benefit analyses and optimum for each case operation units. This
independent Authority should be responsible for making the final decision about the needed meas-
ures and actions for the environmental problems under consideration and should assist the funding
of the projects, taking also EU grants into consideration. It also could provide techni-cal assistance
for the preparation, publication and evaluation of all kind of tenders (public, pri-vate). Furthermore,
it will supervise the implementation of the relevant projects keeping the time scheduling. In case of
landscape rehabilitation the Authority will provide the legal and environ-mental framework and,
then, supervise the execution of the rehabilitation actions taken by private companies after private
tender on their responsibility. A very essential task of this independent Authority, in cooperation
with Universities, NGOs, etc should be the information of the Society regarding environmental safe
MSW management measures. Relevant example of such an inde-pendent Authority’s successful ac-
tivity was the Organization Committee “Athens 2004”. 

As an example, the public opinion should be informed that modern applied technologies allow nowa-
days the safe and clean operation of a WTE unit as shown in Figs. 3, 4. Very impressive is the high
volume of gas cleaning systems installation, Fig. 3, so that the gas outlet is completely clean and air
pollution is prevented especially from dioxins. A characteristic example of WTE installation is the
one operating successfully in Brescia, Italy, Fig. 4, serving the needs of 500.000 people. The sewage
sludge from the waste water treatment plant of the city is also incinerated in the plant. The unit pro-
duces 50 MW and the producing steam is used for central thermal supply in the city (Papamantel-
los et al., 2009). The Brescia WTE plant was placed on the area of the old landfill site of the city,
which has been rehabilitated.

XLIII, No 5 – 2466



XLIII, No 5 – 2467

Fig. 1: Breakdown of the MSW management in Greece (Papamantellos et al., 2009).

Fig. 2: Municipal Solid Wastes (MSW) management in Greece and EU, 2005 data.

Fig. 3: WTE unit for the MSW management: feeding, burning, steam and power generation.

19 (5)



Solid Industrial Wastes (SIW)

Extended open pits for exploitation of fossil fuels (lignite Figs 5 a, b), ores (nickelferrous laterites
(Figs 7a, b ), bauxite (Fig. 8), magnesites, limestone (Figs 9a,b) perlite, pumice, etc) is the biggest
source of industrial solid waste in Greece. Example of open pit rehabilitation is shown in Fig. 5b in-
cluding the reforestation and lake creation forming a refreshment area close to urban environment. 

The development of the total lignite production (t/y) and the total excavations has been proliferated
since the beginning of the mine operation till the year of 2006 (Figs 6a, b) [Papamantellos, 2007].
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Fig. 4: WTE facility in Brescia.

Fig. 5a: PPC Lignite mine for el. power generation. Fig. 5b: Environmental rehabilitation of open pit

Fig. 6a: Development of lignite production. Fig. 6b: Development of excavations of lignite open pits.
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Fig. 7a: Nickelferrous laterite mine of LARCO for the production of ferronickel. For the production of 100.000
t/y FeNi 20, ~2.2 mil.t /y of ore are needed.

Fig. 7b: The waste (solid, liquid and gas) generation associated with the production of 100.000 t/y ferronickel,
20% Ni, FeNi20 at Larymna.

Fig. 8: Bauxite mine of ALUMINIUM OF GREECE for the production of alumina and primary aluminium. From
1,000,000 t/y bauxite are produced 450,000 t/y alumina, 170,000 t/y aluminium and 650,000 t/y red mud (SIW).



It is evident that the reforestation efforts of open pits excavations as well as of burned forests ac-
cording to international experience should be combined not only with the plantation of trees but
also with bushes adjusted to the environment to be rehabilitated. The use of biological STP sludge
as well as fly ash of the lignite production could be very helpful in the above efforts as humus and
trace elements carriers respectively. 

3. Industrial utilization of SIW

The cement industries provide an important way out for the consumption of SIW like fly ash, red
mud, etc incorporating them in their high temperature industrial production, Fig. 10. The metallur-
gical industries in Greece that produce steel, alloys of copper, zinc and aluminium do not use “Min-
eral Resources” as raw materials but recycle scrap metals which are actually wastes of the consumer
society and/or of other small or large scale industrial facilities (Fig. 11).
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Fig.9a, b: Early and late stage of limestone open pit rehabilitation (Titan, 2009).

Fig. 10: Cement Industry.
Fig. 11: Scrap metals used as raw materials for the
production of new metallic products.



XLIII, No 5 – 2471

4. Examples of pyrometallurgical production of final products by SIW and of new
friendly to the environment basic refractory materials 

Successful researches related with production of final products by solid industrial wastes as well as
production of new friendly to the environment and high technology refractory materials, have been
carried out by researchers in the University of Patras and these examples are referred in this work:

EXAMPLE 1: Production of alumina cement by SIW (slag from the ferronickel production). (Dour-
dounis, 2003).

EXAMPLE 2: Reduction smelting of SIW (E-filter R/K Ni-dust) of ferronickel production for the
production of low alloyed steel grades and slagcements (Tzevelekou, 2004). 

EXAMPLE 3: Utilization of solid by products resulting from lignite firing in the production of light-
weight aggregates (Anagnostopoulos, 2009). 

EXAMPLE 4: Production of FeNi and FeV from the reduction smelting of residues resulting from
the PPC’S oil firing units for the electrical power generation (Karamoutsos, 2004).

EXAMPLE 5: Production of Greek type portland cement by using fly ash, the SIW of PPC’S lig-
nite firing as a pozolanic material (Stivanakis, 2003). 

EXAMPLE 6: Utilization of red mud, the SIW from the production of alumina for the production
of bricks, tiles and as raw material in the production of cement (Pontikes, 2007).

EXAMPLE 7: Mineralogical composition and properties of basic refractories and new magnesia-
spinel compositions derived from magnesite of N. Evian (Lampropoulou, 2003).

5.  The case of Psyttaleia’s Biological Sewage Treatment Plant sludge 

The composition of Biological Sewage Treatment Plant sludge, like the one produced on the island
of Psyttaleia, Table 1, renders it a very promising solid fuel compared to solid fossil carbonaceous
fuels, as lignite, used for electrical energy production due to its high energy content. The disintegrated
sludge with thermal capacity of 500-700kcal/kg can be fired in a solid fuel fired boiler for power gen-
eration without any previous treatment. The dry sludge is fired nowadays in cement production units.
In case a WTE unit existed for the management of MSW, the sludge could be easily co-fired to the
unit as well. Provided that, as already mentioned, there are no such installations in Greece today, the
sludge could be co-fed to one of the existing coal power plants after proper modifications of the rel-
ative units. The PPC unit No 3 in Aliveri was selected as a possible solution for co-firing the sludge

Table 1. Composition of Plyttalia sludge compared to lignite (Papamantellos et al 2005).

Psyttalia sludge Lignite of Megalopolis

Dewatered Dry

Humidity (%) 68 - 60

Inorganic (Ash) (%) 10 60-35 14

Organic Matter (%) 21 40-65 26

Energy content
(kcal/kg)

500-750 2200-3200 900



with solid fuel (steam coal) due to its geographical position, which enalbes the short marine trans-
portation (~70nm) of the sludge in special ships, Fig. 12, from the port of Psyttaleia to the port of
Aliveri (Papamantellos et al., 2005).

Once the sludge arrived to the power plant in Aliveri, the process described in the flow chart of Fig.
13 would follow. Certain modifications of the unit would be necessary in order to co-fire the sludge
as presented in Fig. 14 (Heinz et al., 2005). The transformation, gas cleaning systems and sludge dry-
ing (optional) expenses were estimated 55 mil.€, which could be depreciated in 2 3 years from the
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Fig. 12: Transportation of STP sludge from Psyttalia to Aliveri by special ships.

Fig. 13: Flow chart of sludge management in the power plant of PPC in Aliveri.

Fig. 14: Transformation areas of No 3 power plant unit in
Aliveri.

Fig. 15: Co-firing of sludge & hard-coal in
hard-coal fired power station.
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difference in the fuel cost. This proposal for Aliveri was not realized by PPC. How-ever similar trans-
portation of the sludge and co-firing to a hard-coal fired power station placed on the coast, with max-
imum distance from Psyttaleia 70-130km, to be constructed in the near future could be examined. The
sludge can be pneumatically charged to the hard-coal mills as shown in Fig. 15 (Heinz et al., 2005).

6. Conclusions

1. Pyrometallurgical methods through the utilization of high temperatures comprise an active tool
in the environmental management of SIW, MSW and STP products. 

2. Development of zero residue industrial production processes can be achieved by combining in-
dustrial byproducts of power generation, metals production and cement industry.

3. In a future step it will be shown that considerable benefits will result regarding CO2 emissions,
energy savings, conservation of natural resources and environmental landscape protection from
the adaptation of (1) to (4).

4. Closer collaboration among Municipalities, Industry, Government, Research Centres and Uni-
versities for the achievement of the aforementioned goals should be enhanced.

5. The lack in the objective information of the society must be covered regarding the possibilities
of modern science and technology in the treatment of SIW, MSW and STP products safely for the
public health and the environment. 

6. The last two decades a lot of discussions have taken place regarding waste management in rela-
tive conferences, seminars, etc all over Greece with poor implementation results of modern waste
management techniques. The current unsatisfactory situation requires drastic measures under one
independent political and decision making umbrella for the whole country. The creation of a task
force from the Ministers of Environment, Economy, Interior and Development is proposed with
target the foundation of an independent Authority for managing Municipal, hazardous, industrial
wastes and landscape rehabilitation. 

7. This independent Authority should decide about the optimum technologies to be applied for MSW
management, the structure of the cooperating involved parties (private, state, municipal, etc), their
funding including cost-benefit analyses and optimum for each case operation units. The Author-
ity should be responsible for making the final decision about the needed measures and actions for
the environmental problems under consideration and should assist the funding of the projects,
taking also EU grants into consideration. In addition, could provide technical assistance for the
preparation, publication and evaluation of all kind of tenders (public, private). 

8. Furthermore, this Authority will supervise the implementation of the relevant projects keeping the
time scheduling. In case of landscape rehabilitation it will provide the legal and environmental
framework and supervise the execution of the rehabilitation actions taken by private companies.

9. A very essential task of this independent Authority, in cooperation with Universities, NGOs, etc
should be the information of the Society regarding environmental safe MSW management measures.
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Abstract 

Karystía Líthos (= Stone of Karystos) is a widely used structural material since archaic times. It has
been used in various constructions, considered to date before 700 BC or before the Trojan War or
even as early as the Neolithic Age. The term “Karystía Líthos”, mentioned by Strabo, Pliny et al.,
includes cipollino marble, slates etc. Their main mineralogical constituent is calcite and their colour
depends on the secondary and accessory minerals. This paper examines the timelessness of Karys-
tía Líthos, focusing on the determination of its physical - mechanical and aesthetic characteristics.
The natural stone properties are classified into those characterizing the material, and those deter-
mining the suitability of the stone for various special uses. Those properties were determined ac-
cording to Standard EN 12326-2 “Slate and stone products for discontinuous roofing and cladding
- Part 2: Methods of test”. The results were statistically analyzed, in order to draw relevant practi-
cal conclusions. The physical - mechanical properties of Karystía Líthos, on which its endurance
through time and under mechanical stresses is depending, and its aesthetics, render it a widely ap-
plied ornamental stone to-date.

Key words: Karystía Líthos, “Karystos Schists”, physical - mechanical properties, EN 12326-2,
statistical analysis.

1. Introduction 

Karystía Líthos (= Stone of Karystos) is a widely used structural material since archaic times. It has
been employed in the construction of columns, monuments and other buildings of colossal (“cyclo-
pean”) dimensions, used for decorative, ritualistic or other practical purposes. It is considered that
those constructions date before 700 BC or before the Trojan War or even as early as the Neolithic Age.

The term “Karystía Líthos” —as it is mentioned by Strabo, Pliny et al.— refers to cipollino marble,
slates etc. These stones are still quarried in the southern part of Euboea Island, under the commer-
cial name “Karystos Schists”.

The objective of this paper is to examine the reasons for the timelessness of Karystía Líthos, focus-
ing on the determination of its physical - mechanical properties and its aesthetic characteristics.

Those features were determined according to the test methods specified in Standard EN 12326-2
“Slate and stone products for discontinuous roofing and cladding - Part 2: Methods of test”.

All tests were carried out in the accredited Ornamental Stones Quality Control Laboratory of
I.G.M.E., “LITHOS”. The relevant results were evaluated via statistical analysis methods.

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. Historical data

2.1 Euboea Island

Among the extant buildings being made of Karystía Líthos, the most imposing are the “drakóspita”
(= dragon houses). That is the name given to some megalithic buildings (20 - 30 of them have been
discovered to-date) mainly located in southern Euboea. The most important of them (Fig. 1) is found
on the top of Mt. Óchi at an altitude of about 1400 m, overlooking the town of Karystos. Also, rather
impressive are the 3 drakóspita near the town of Styra.

The Óchi “drakóspito” (= dragon house) is located on a small plateau formed between the twin tops
of the mountain. It has been built with boulders and slabs quarried in the surrounding area. Those
building elements have been shaped and they are perfectly matched without any binding material.
The drakóspito walls are almost 1,50 m thick and its internal dimensions are about (5 × 10) m. The
slab over the entrance measures (4 × 2 × 0,30) m. This structure is thought to be a Dryopic temple
built before 700 BC, while other views date its construction before the Trojan War (~ 1300 BC) or
even during the Neolithic Age (i.e. before 3000 BC).

The drakóspita roofs are structured following the “ekphorikón” system. This structure demands pre-
cise calculations and considerable skill. It is achieved by placing an inwardly protruding row of
slabs on one wall of the drakóspito, followed by a second row protruding more, and so on, until the
last row meet the relevant row from the opposite wall. If the slabs’ weight calculations are not ade-
quate, the structure’s centre of gravity will be shifted off the walls and the roof will collapse. To
avoid this, other boulders have been used as counterbalancing weights over the slabs’ part lying on
the walls.

The slabs, the counterbalancing weights and most of the structure’s boulders are of huge (“cyclo-
pean”) dimensions, and some of those elements weigh many tons.

Finally, near Aetos village (to the east of Karystos) there is an ancient quarry with big columns lying
abandoned. Most of them are about 1.70 m in diameter and 13.50 m in height.
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Fig. 1: The Mt. Óchi Drakóspito: External view.



2.2 City of Athens

An ancient monument of Athens, in the construction of which Karystía Líthos has been used, is the
Library of Hadrianus (Fig. 2). It was built around 132 AD, during the reign of the Roman Emperor
Hadrianus (117 - 138 AD), and takes up an orthogonal area of (122 × 82) m in the northern part of
the Roman Agora. This is a big rectangular structure with an open peristyle courtyard measuring
about (82 × 60) m and its perimeter was bordered by 100 columns (22 each on the east and the west
side and 28 each on the north and the south one). The Library’s façade is located on the west side
of the building. The entrance, with a propylon of 4 Corinthian columns, was found in the middle of
this western wall. The façade wall was decorated with 7 Corinthian columns on each side (i.e. the
left and the right wing) of the entrance. The Library was partly destroyed during the Heruli raid
(267 AD) and refurbished in the beginning of the 5th century AD. Today, a relatively small part of
the façade is still standing (i.e. the NW wing) on Áreos Street, where the modern tourist may have
the opportunity to admire the 7 imposing Corinthian columns made of Karystía Líthos.

3. Laboratory testing

3.1 Mineralogical - petrographic study of Karystía Líthos (commercially “Karystos
schists”)

The relevant geological survey has located two horizons whose thickness occasionally reaches 10 -
15 m, in which green (“cipollino”) and brown to black marble alternations are observed. Karystos
schists are quarried in these horizons.

Most of the quarries are located in the areas of Aghios Dimitrios, Melissonas, Stouppaeoi, Paradissi,
Aktaion (Marmari Municipality) and Kalyvia, Grambias (Karystos Municipality). Out of a recorded
quarrying area of 1800 × 103 m2, where about 75 quarrying companies are active, the 850 × 103 m2

are found in Aghios Dimitrios. The main Karystos schist types coming from the above areas are
“Green-Grey” (~ 49.5%), “Grey-Black” (~ 48%) and “Brown” (~ 2.5%). The total production of all
types reaches 170000 tpa.
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Fig. 2: The Library of Hadrianus: (a) Three of the columns (close view), (b) The NW wing of the façade propy-
lon, with the seven extant columns.
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The following data were derived from the mineralogical - petrographic study (I.G.M.E., Mineralogy
- Petrography Division) of slate samples:

• The material is the same in all the quarries and corresponds to different colour varieties of
fine- to ultra fine-grained “cipollino marble” (the calcite crystals’ size is ~ 0,20 mm) with a
granoblastic - lepidoblastic fabric, whose main feature is dynamic metamorphism (the sec-
ondary fabric type is protomylonitic - mylonitic).

• In all quarries, alternating horizons of various thickness occur, mainly consisting of brownish-
black, brown, brownish-green and light green cipollino marble always with a banded texture,
while in some sites the marble also exhibits chestnut, orange, violet and emerald-green hues.

• The mineralogical composition of the cipollino marble is as follows:

— Calcite (main mineral), 83 - 93 % wt
— Quartz, 1 - 6 % wt
— Albite, 1 - 4 % wt
— Muscovite, 2 - 5.5 % wt
— Chlorite, 1.5 - 5.5 % wt
— Accessory minerals: titanite, leucoxene, rutile, epidote, glaucophane, biotite, tourmaline,

pyrite, iron oxides / hydroxides, organic matter, each of them at very low content (≤ 1%
wt) and at various proportions.

• The colour of Karystos schists depends on their secondary and accessory minerals content.
Thus, the brown or brownish-black varieties are characterized by a relatively increased or-
ganic matter and Ti-ferous materials content; the greenish ones by their marked muscovite and
chlorite content; the chestnut ones by the presence of iron oxides / hydroxides; the violet con-
tain glaucophane or Mn-ferous compounds etc.

• In some cases, layers consisting either of “common” marble or calc-mica schist are interca-
lated within the cipollino marble. The presence of those layers provides evidence on the com-
position of the initial sedimentary materials from which this marble was formed via
metamorphism.

• All rocks found in the quarries have undergone dynamic metamorphism. This is evident
mainly as folding tectonics, being responsible for the modification of the rocks’ initial texture
and fabric, as well as for the deformation of their mineralogical constituents (microfolds,
cracks, cataclastic fabric formation etc.). According to the microscopic study, the material
called “ágrio” in the quarry jargon exhibits mainly cataclastic fabric (protomylonitic or my-
lonitic), while the so-called “strimméno” is mainly microfolded.

• The schistosity of the cipollino marble and its ability to be readily separated into slabs, hence
its exploitability, depend on three basic parameters: (a) the favourable lineation and layer ori-
entation of the sheet-silicates (muscovite, chlorite); (b) the thickness and pureness of the fo-
liaceous banded intercalations; (c) the tectonics.

The average chemical assay of an indicative sample of cipollino marble is given below (Table 1).

Table 1. Average chemical assay of cipollino marble (% in dry substance) (*).

SiO2 Al2O3 Fe2Ο3 CaO MgO K2O Na2O MnO Ti Pb Cr LOI

Content 7.40 1.75 1.15 47.00 0.65 0.33 0.27 0.10 <0.01 0.02 0.01 40.00

(*)I.G.M.E., Analytical Laboratories Division



3.2 Physical - mechanical properties

The natural stone properties are classified into those characterizing the material, such as the appar-
ent density, the open porosity, the water absorption etc., and those determining the suitability of the
stone for various special uses, such as the compressive strength, the flexural strength, the dynamic
modulus of elasticity, the effect of thermal and/or freeze-thaw cycles on its strength, the impact
strength, the abrasion resistance, etc.

The determination of the above properties was based, in general, upon the test methods specified in
Standard EN 12326-2 “Slate and stone products for discontinuous roofing and cladding - Part 2:
Methods of test”. Each of those properties is briefly outlined below.

3.2.1 Apparent density, kg/m3

Apparent density is the ratio between the specimen’s mass and its apparent volume (i.e. the volume
of specimen’s mass plus the volume of any included voids). It is connected to the structure’s weight
and provides information about the compactness of the material. The determination was based upon
ΕΝ 12326-2, in combination with DIN 52102. Eighty specimens were employed.

3.2.2 Open porosity, % vol

Open porosity is the volume of the specimen’s open voids (pores), as a percentage of its apparent
volume. It is mainly connected to the external use of the material under moisture conditions and
provides information about its compactness, strength and toughness. The determination was based
upon ΕΝ 12326-2, in combination with DIN 52102. Eighty specimens were employed.

3.2.3 Water absorption, % wt

Water absorption, a property directly related to open porosity, is the mass of water held within a sat-
urated specimen, as a percentage of its mass. It is mainly connected to the external use of the mate-
rial under moisture conditions and provides information about its compactness, strength and
toughness. The determination was based upon ΕΝ 12326-2, in combination with DIN 52103. Eighty
specimens were employed.

3.2.4 Dynamic modulus of elasticity, GPa

The dynamic modulus of elasticity, calculated during the flexural strength test, is a significant property
when the slabs are going to be used in cladding and roofing. It gives an indication of the material’s abil-
ity to resume its initial state after the removal of a potential mechanical stress. The determination was
based upon ΕΝ 12326-2, in combination with DIN 52112. Forty specimens were employed.

3.2.5 Compressive strength, MPa

Compressive strength is the ratio between the load producing the breakage of the specimen and its
cross-sectional area (perpendicular to the loading direction). It is connected to the static loading ca-
pacity of the material and provides evidence on its resistance to mechanical stresses. Standard ΕΝ
12326-2 does not provide for the compressive strength determination of slates, because due to their
anisotropy (schistosity plains, etc.) the relevant results are not considered reliable. This test was per-
formed only for reasons of comparison with other ornamental stones. The determination was based
upon DIN 52105. Twenty-four specimens were employed.
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3.2.6 Flexural strength, MPa

Flexural strength is the ratio between the bending moment producing the breakage of the specimen
and the moment of resistance developed in it. It is connected to the dynamic loading capacity of the
material and provides evidence on its resistance to mechanical stresses and contributes in selecting
a stone appropriate for use in cladding, roofing, stairs and paving. The determination was based
upon ΕΝ 12326-2, in combination with DIN 52112. Twenty-four specimens were employed.

3.2.7 Flexural strength after freeze-thaw cycles, MPa

The determination of flexural strength after freeze-thaw cycles, simulating the ageing of the mate-
rial, is significant in determining its behaviour for external applications in moist and cold climates.
The strength thus obtained is compared to that corresponding to specimens having not undergone
freeze-thaw cycles. The determination was based upon ΕΝ 12326-2, in combination with DIN 52104
and DIN 52112. Forty specimens were employed.

3.2.8 Flexural strength after thermal cycles, MPa

The determination of flexural strength after thermal cycles, simulating the ageing of the material, pro-
vides useful information on its behaviour when used externally in moist areas with significantly
wide range of temperatures between day and night or between seasons. The strength thus obtained
is compared to that corresponding to specimens having not undergone thermal cycles. The deter-
mination was based upon ΕΝ 12326-2, in combination with DIN 52204 and DIN 52112. Thirty-
seven specimens were employed.

3.2.9 Abrasion resistance - Βöhme, mm

Abrasion resistance is the height loss of the specimen under abrasion on the appropriate apparatus.
It is connected to the differential wear and the finishing ability of the material, being decisive for se-
lecting a stone suitable for paving and stairs. The determination was based upon ΕΝ 12326-2, in
combination with DIN 52108. Twenty-four specimens were employed.

3.2.10 Impact strength, cm

Impact strength is the minimum height from which a steel ball falling on a slab of a given material causes
its breakage. It is connected to the instantaneous dynamic loading capacity of the material, being signif-
icant in selecting a stone suitable for paving and stairs. The determination was based upon ΕΝ 12326-2,
in combination with Italian Standard UNI-U 32.07.248.0. Twenty-four specimens were employed.

4. Statistical analysis of the tests results

4.1 Overview

The considerable number of measurements collected, made it possible to statistically evaluate them
in order to calculate the relative confidence intervals for the values of the physical - mechanical
properties that were determined.

The “classical” way was followed for this calculation, i.e. the Normal distribution (z-tests) has been
employed for large samples (Nx≥30) and the Student t-distribution (t-tests) for small samples (Nx < 30).
All the necessary calculations were performed by means of Microsoft® Excel.
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4.2 Statistical analysis

4.2.1 Apparent density

Sample size Νx = 80, Mean –x = 2716 kg/m3, Standard deviation ŝx = 16 kg/m3

Confidence intervals for the population mean μx (z-test):
At a 90% confidence level(1) → 2713.1 kg/m3 < μx < 2718.9 kg/m3

At a 95% confidence level → 2712.6 kg/m3 < μx < 2719.4 kg/m3

At a 99% confidence level → 2711.5 kg/m3 < μx < 2720.5 kg/m3

Those data show that Karystos schists are sufficiently compact and they do not exhibit significant
variation in the values of their apparent density.

4.2.2 Open porosity

Sample size Νx = 80, Mean –x = 0.20 % vol, Standard deviation ŝx = 0.11 % vol
Confidence intervals for the population mean μx (z-test): 
At a 90% confidence level → 0.180 % vol < μx < 0.220 % vol
At a 95% confidence level → 0.176 % vol < μx < 0.224 % vol
At a 99% confidence level → 0.169 % vol < μx < 0.231 % vol

Open porosity of the Karystos schists is relatively low, thus rendering them sufficiently tough.

4.2.3 Water absorption

Sample size Νx = 80, Mean –x = 0,08 % wt, Standard deviation ŝx = 0.04 % wt
Confidence intervals for the population mean μx (z-test): 
At a 90% confidence level → 0.072 % wt < μx < 0.088 % wt
At a 95% confidence level → 0.070 % wt < μx < 0.090 % wt
At a 99% confidence level → 0.067 % wt < μx < 0.093 % wt

The toughness of the Karystos schists is also justified by their relatively low water absorption.

4.2.4 Dynamic modulus of elasticity

Sample size Νx = 40, Mean –x = 25.60 GPa, Standard deviation ŝx = 10.57 GPa
Confidence intervals for the population mean μx (z-test): 
At a 90% confidence level → 22.85 GPa < μx < 28.35 GPa
At a 95% confidence level → 22.32 GPa < μx < 28.88 GPa
At a 99% confidence level → 21.29 GPa < μx < 29.91 GPa

The dynamic modulus of elasticity of the Karystos schists is relatively high and justifies their satis-
factory elastic mechanical behaviour.
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(1) The term “…at an ε% confidence level“ practically means that there is an ε% probability for the mean μx of
the normal population, from which the certain sample has been drawn, to be included in the relative confidence
interval. Furthermore, if 100 random independent samples would be drawn from a normal population (x1, x2,
…, xn), then ε out of the 100 relevant (i.e. at an ε% confidence level) confidence intervals ai < μx < bi (i = 1
to 100) being calculated from the above samples will contain the mean μx of the population (x1, x2, …, xn).



4.2.5 Compressive strength

Sample size Νx = 24, Mean –x = 52.60 MPa, Standard deviation ŝx = 16.06 MPa
Confidence intervals for the population mean μx (t-test): 
At a 90% confidence level → 46.98 MPa < μx < 58.22 MPa
At a 95% confidence level → 45.82 MPa < μx < 59.38 MPa
At a 99% confidence level → 43.40 MPa < μx < 61.80 MPa

Due to their schistosity, the compressive strength of the Karystos schists is expectedly lower than
that presented by other more homogeneous stones. Nevertheless, the measured values are satisfactory.

4.2.6 Flexural strength

Sample size Νx = 24, Mean –x = 24.38 MPa, Standard deviation ŝx = 5.99 MPa
Confidence intervals for the population mean μx (t-test):
At a 90% confidence level → 22.29 MPa < μx < 26.47 MPa
At a 95% confidence level → 21.85 MPa < μx < 26.91 MPa
At a 99% confidence level → 20.95 MPa < μx < 27.81 MPa

Flexural strength of the Karystos schists is high and the measured values do not exhibit significant
variation. The very satisfactory mechanical behaviour of Karystos schists in roofing, flooring, etc.
is due to this property.

4.2.7 Flexural strength after freeze-thaw cycles

Sample size Νx = 40, Mean –x = 18.69 MPa, Standard deviation ŝx = 4.86 MPa
Confidence intervals for the population mean μx (z-test):
At a 90% confidence level → 17.43 MPa < μx < 19.95 MPa
At a 95% confidence level → 17.19 MPa < μx < 20.19 MPa
At a 99% confidence level → 16.71 MPa < μx < 20.67 MPa

Though the freeze-thaw cycles test lowers slightly the flexural strength of the Karystos schists (see
item 4.2.6.), it still remains sufficiently high and the measured values do not exhibit significant vari-
ation. In addition, the specimens having undergone the test do not present any deterioration or al-
terations. Consequently, the schists are suitable for external applications, particularly in moderately
cold and moist climates as in most parts of Hellas.

4.2.8  Flexural strength after thermal cycles

Sample size Νx = 37, Mean –x = 22.98 MPa, Standard deviation ŝx = 7.26 MPa
Confidence intervals for the population mean μx (z-test):
At a 90% confidence level → 21.02 MPa < μx < 24.94 MPa
At a 95% confidence level → 20.64 MPa < μx < 25.32 MPa
At a 99% confidence level → 19.91 MPa < μx < 26.05 MPa

The effect of the thermal cycles test on the flexural strength of the Karystos schists is negligible (see item
4.2.6.), while the measured values do not exhibit significant variation. In addition, the specimens hav-
ing undergone the test do not present any deterioration or alterations. Consequently, the schists are suit-
able for external applications, even in moist areas where the temperature variations are considerable.
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4.2.9 Abrasion resistance - Βöhme

Sample size Νx = 24, Mean –x = 2.54 mm, Standard deviation ŝx = 0.65 mm
Confidence intervals for the population mean μx (t-test):
At a 90% confidence level → 2.31 mm < μx < 2.77 mm
At a 95% confidence level → 2.27 mm < μx < 2.81 mm
At a 99% confidence level → 2.17 mm < μx < 2.91 mm

Expressed as the (relatively low, in this case) average thickness of the material’s layer abraded from each
specimen during the relevant test, the abrasion resistance of the Karystos schists is high and justifies their
endurance and appearance stability. The measured values do not exhibit any significant variation.

4.2.10 Impact strength

Sample size Νx = 24, Mean –x = 56 cm, Standard deviation ŝx = 10 cm
Confidence intervals for the population mean μx (t-test):
At a 90% confidence level → 52.6 cm < μx < 59.4 cm
At a 95% confidence level → 51.9 cm < μx < 60.1 cm
At a 99% confidence level → 50.4 cm < μx < 61.6 cm

Impact strength of the Karystos schists is relatively high and justifies their endurance under signifi-
cant instantaneous mechanical stresses. The measured values do not exhibit any significant variation.

All the above confidence intervals for the population mean μx of each physical - mechanical prop-
erty are summarized in Table 2, according to their corresponding confidence level ε. 

5. Conclusions

Karystía Líthos has been widely used since archaic times in the construction of columns, monu-
ments and other buildings of colossal (“cyclopean”) dimensions for decorative, ritualistic or other

Table 2: Confidence intervals for the mean μx of each population, at given confidence levels ε.

PHYSICAL - MECHANICAL
PROPERTIES

CONFIDENCE INTERVALS

ε = 90% ε = 95% ε = 99%

Apparent density, kg/m3 2713.1<μx<2718.9 2712.6 <μx<2719.4 2711.5<μx<2720.5

Open porosity, % vol 0.180 <μx< 0.220 0.176 <μx< 0.224 0.169 <μx< 0.231

Water absorption, % wt 0.072 <μx=< 0.088 0.070 <μx< 0.090 0.067 <μx< 0.093

Dynamic modulus of elasticity, GPa 22.85 <μx< 28.35 22.32 <μx< 28.88 21.29 <μx< 29.91

Compressive strength, MPa 46.98 <μx< 58.22 45.82 <μx< 59.38 43.40 <μx< 61.80

Flexural strength, MPa 22.29 <μx< 26.47 21.85 <μx< 26.91 20.95 <μx< 27.81

Flexural strength after freeze-thaw cy-
cles, MPa

17.43 <μx< 19.95 17.19 <μx< 20.19 16.71 <μx< 20.67

Flexural strength after thermal
cycles, MPa

21.02 <μx< 24.94 20.64 <μx< 25.32 19.91 <μx< 26.05

Abrasion resistance - Böhme, mm 2.31 <μx< 2.77 2.27 <μx< 2.81 2.17 <μx< 2.91

Impact strength, cm 52.6 <μx< 59.4 51.9 <μx< 60.1 50.4 <μx< 61.6

20 (5)



practical purposes. Those constructions date before 700 BC or before the Trojan War (~ 1300 BC)
or even as early as the Neolithic Age (> 3000 BC).

Geological survey has located two horizons whose thickness occasionally reaches 10 - 15 m, in which
green and brown to black marble alternations are observed. Karystos schists are quarried in these horizons.

About 75 quarrying companies are active in the region. Out of a recorded quarrying area of 1800 × 103 m2,
the 50% is found in Aghios Dimitrios. The main Karystos schist types quarried are “Green-Grey”, “Grey-
Black” and, at a lesser extent, “Brown”. The total production is about 170000 tpa.

All the slate samples examined correspond to a special marble variety (cipollino marble). Their main
mineralogical constituent is calcite (85-95 % wt), while the secondary minerals are muscovite +
chlorite + quartz + albite (2-5 % wt each). The accessory minerals are epidote, titanite, oxidized
pyrite, iron oxides/ hydroxides, tourmaline, organic matter and Mn-ferous compounds. The colour
of Karystos schists depends on their secondary and accessory minerals content.

All rocks found in the quarries have undergone dynamic metamorphism. This is evident mainly as fold-
ing tectonics, being responsible for the disturbance of the rocks texture and fabric, as well as for the de-
formation of their mineralogical constituents (microfolds, cracks, cataclastic fabric formation etc.).

The exploitability of cipollino marble relates with its schistosity and its ability to be readily sepa-
rated into slabs, depending on three basic parameters: (a) the favourable lineation and layer orien-
tation of the sheet-silicates (muscovite, chlorite); (b) the thickness and pureness of the foliaceous
banded intercalations; (c) the tectonics.

Karystos schists are compact and tough. They present low water absorption and open porosity.

The values of mechanical properties determined for Karystos schists are much higher than the min-
imum acceptable for ornamental stones.

Abrasion resistance and impact strength of Karystos schists justify their endurance.

The absence of any deterioration or alterations from the Karystos schists specimens after “environ-
mental” testing (freeze-thaw and thermal cycles) and the slight to negligible effect observed on their flex-
ural strength, render Karystos schists suitable for external applications under various climatic conditions.

The physical - mechanical properties of Karystía Líthos (commercially “Karystos schists”), on which
its endurance through time and under mechanical stresses is depending, as well as its aesthetics re-
sulting from its mineralogical composition, render it an attractive structural ornamental stone with
a wide range of applications to-date, thus confirming and justifying the timelessness in its use.
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Abstract 

We have examined 5 different limestones in order to study their behavior i) during calcination at dif-
ferent temperatures (900, 1050 and 1200°C for 30 min) and ii) after hydration of quick limes derived
to slaked lime. Quick limes calcined at 900°C show the lower reactivity values. This could be related
to the low calcination temperature or to the short calcination time of 30 min which was unable to
produce enough lime. The samples calcined at temperatures of 1200°C are less reactive compared
to the hydrated limes which were prepared by hydration of quick lime calcined at 1050°C, indicat-
ing by parameters such as the (CaO+MgO)Lime, the time required to become the temperature max-
imum and the reactivity rate. These, probably could be due to crystal growth at relative high
temperatures.

Key words: Quick lime, calcination temperature, reactivity, hydration.

1. Introduction 

Limestones and their varieties represent the most frequently used rocks in industry and are included
among the thirty more important raw materials. Carbonate rocks mainly consisted by carbonate min-
erals of calcium and magnesium (calcite, dolomite, magnesite)(e.g. Oates 1998). The industrial lime-
stones in the world economic market possess the 11th place depending on their value (apart from the
industry of cement where they possess 5th place).

In the industry, the more important chemical property of limestones is their calcination due to the
following reaction:

CaCO3(s)→CaO(s) +CO2(g). This reaction is endothermic occurred at very high temperatures
(>900°C); in closed systems is highly influenced by the partial pressure of the gas phase (PCO2). The
theoretical dissociation temperatures of CaCO3 to produce lime is around 900°C whereas those of
the MgCO3 ranging from 402 to 550°C (e.g. Boynton, 1980; Schwarzkopf, 1994; Moffat and Walm-
sley, 2004). Thus, the temperature required for calcination process of limestone is not constant and

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 



depends on various factors; the CaCO3/MgCO3 ratio is one of them, also differences on crystallinity
(grain size) and the heat rate could also play a significant role in the final quality of the resulted
lime (Ar and Dŏgu 2001).

Another important process is the slaked lime production through the exothermic reaction CaO(s) +
H2O(l)→Ca(OH)2(aq). In multivariable systems, relative high MgO content could also react with
water to earlier form Mg(OH)2(aq). Both reactions increase the maximum temperature on the added
water influencing the observed reactivity values. So, it is important to check the MgO behaviour in
such systems. According to various authors, reactivity of lime depends on the presence of admix-
tures in the used limestones; in particular admixtures like MgO lower the reactivity (Potgieter et al.
2003). As a consequence, the higher the amount of MgO, the lower the lime reactivity reducing the
maximum hydration temperature and increasing the hydration time. Another factor that influences
the hydration process is the initial temperature of the added water (Boynton 1980). An increase in
the initial temperature of the water used for hydration of the lime increases the rate of the hydration
reaction due to faster dissolution of the CaO particles.

The aim of this paper is to analyze the physicochemical properties of the studied limestones testing
their influence in the quality of lime. Additionally, three datasets, arise from the three different cal-
cination temperatures (at 900, 1050 and 1200°C), of hydrated limes are studied in terms of reactiv-
ity changes.

2. Experimental Work-Analytical Methods

Five samples (K1, A2, T3, T4, T5) of limestones from different quarries from Greece were collected
for this study. Limestone particles were reacted in a pre-heated oven at three different temperatures
(900, 1050 and 1200°C) for 30 min in order to produce lime. The tests were done by heating a 200
g sample of a specific particle size (1.6-2 cm) at the required temperature. Subsequently, 25 gr of the
produced lime were hydrated by adding distilled water to produce Ca(OH)2 through the reaction
CaO(s) + H2O(l)→Ca(OH)2(aq). This reaction is highly exothermic, increasing the temperature of
the added water. We measured the temperature difference in the water until a maximum value is
reached; this value represents the reactivity of the produced slaked lime. 

Chemical composition of each limestone was carried out using atomic absorption spectroscopy
(AAS) method. We used an Perkin Elmer 3300 spectrometer at the Department of Chemical Engi-
neering, National Technical University of Athens. The mineral chemical analysis of limestone and
lime was performed using a JEOL JSM-5600 scanning electron microscope (SEM) at the Institute
of Geology and Mineral exploration. The operating conditions were: 15 kV, 5 nA, data acquisition
time 100 s and beam diameter 4-8. All samples were measured with energy dispersive system (EDS).

Raman micro-spectroscopy and X-ray diffraction methods were applied in order to identify the car-
bonate phases (calcite and dolomite) in the studied limestones. Analyses were performed using a
Renishaw confocal RM1000B Raman Microprobe and a Siemens D-500 with a graphite crystal
monochromator. Raman spectra were excited at room temperature using the 632.817 nm line of the
He-Ne laser. The spot at the surface of the sample is about 5 μm using a 100× objective with laser
power < 5 mW. The diffraction interval was between 2° and 50° 2θ with a narrow 0.02º step. Raman
micro-spectrometer is based at the Department of Geosciences of the National Technical University
of Athens and the X-ray diffractometer at the Institute of Geology and Mineral exploration. The
modal percentage of each mineral (calcite, aragonite, magnesite, dolomite, others) in 5 limestones
was calculated applying a quantitative XRD method. Confirmation of the quality of the XRD results
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Table 1. Major element compositions and mineral modes of the studied limestones.

Sample K1 A2 T3 T4 T5
SiO2 0.89 1.21 1.10 0.85 0.99
Al2O3 0.38 0.58 0.36 0.33 0.35
FeO 0.20 0.51 0.25 0.08 0.65
MgO 0.61 5.53 5.17 0.36 2.17
CaO 53.20 46.82 48.76 54.17 50.54
Na2O 0.22 0.31 0.25 0.25 0.25
K2O 0.21 0.12 0.12 0.08 0.08
H2O 0.27 0.43 0.18 0.23 0.40
CO2 44.00 44.12 44.45 44.35 44.55
Total 99.98 99.63 100.64 100.70 99.98
Calcite 95% 75% 80% 98% 90%
Dolomite 3% 20% 15% - 8%
Albite <2% 3% <2% <2% <2%
Quartz - <2% <2% - -

-: Only in trace amounts.

Table 2. Chemical composition of the resulted lime at three different calcination temperatures.
at 900ºC

Sample K1 A2 T3 T4 T5
CaCO3 48.1 50.86 47.17 46.76 45.07
MgCO3 - 0.52 - - -
CaO 11.2 - 7.65 14.34 14.19
MgO 0.71 5.45 5.8 0.4 2.58
CO2 37.75 40.18 37.02 36.7 35.37
Other 2.24 2.99 2.35 1.79 2.78
Total 100 100 99.99 99.99 99.99

at 1050ºC
K1 A2 T3 T4 T5

CaCO3 14.73 21.06 7.33 4.29 4.57
MgCO3 - - - - -
CaO 69.41 49.37 74.17 88.95 84.18
MgO 1.04 8.71 9.07 0.62 3.69
CO2 11.56 16.53 5.75 3.37 3.59
Other 3.26 4.33 3.67 2.77 3.98
Total 100 100 99.99 100 100.01

at 1200ºC
K1 A2 T3 T4 T5

CaCO3 12.01 21.59 5.4 1.5 2.46
MgCO3 - - - - -
CaO 74.18 48.13 77.52 93.83 87.4
MgO 1.06 8.9 9.14 0.64 3.95
CO2 9.42 16.95 4.24 1.17 1.93
Other 3.33 4.42 3.7 2.85 4.25
Total 100 99.99 100 99.99 99.99
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was established using Raman micro-spectroscopy. Representative whole-rock limestone and lime
compositions and mineral mode results are summarized in Table 1 and 2, respectively.

3. Results and Discussion

The reactivity represents a factor that characterizes the quality of the used lime. According to liter-
ature, the lower calcination temperature, the higher the reactivity value and the higher the quality of
the resulted lime (e.g. Moropoulou et al. 2001). However, our results indicate an inversion of such
process at low temperature side. In particular, the 900°C calcinated samples show the lower values
of reactivity. An increase in calcination temperature (at 1050°C) indicates a switching in the reactivity
behavior and become maximum for all of the studied samples. We construct bivariate plots of reac-
tivity against (CaO+MgO)Lime and CaORock/CaOLime /MgORock/MgOLime = (CaORock·MgOLime)/
(CaOLime·MgORock) (denoted here as C/M) in order to check, consistent or not, trends of reactivity with
composition of limestone or lime. In figure 1a, we observe a systematic increase of reactivity with
increasing (CaO+MgO)Lime for all of the calcined samples; however, for a given (CaO+MgO)Lime

content, the reactivity is higher in the 1050°C calcined samples indicating that the optimal reactiv-

Fig. 1: Variations of Reactivity against (a) (CaO+MgO)Lime and (b) C/M ratio. C/M is expressed as
(CaORock·MgOLime)/(CaOLime·MgORock).



ity is observed at 1050°C, perhaps due to hard-burnt phenomena or densification of the quick lime
structure at higher temperatures (e.g. Shin et al., 2009). A close inspection of the figure 1b, shows a
systematic increase of reactivity with decreasing C/M ratio for the 1050 and 1200°C calcined sam-
ples; in oppose, the samples calcined at 900°C show a relative constant reactivity value for de-
creasing C/M ratios. Regarding that the CaO and MgO in limestone are constant, then the
(MgO/CaO)Lime ratio could play a potential role in reactivity behavior. Moreover, the low constant
values for the samples calcined at 900°C indicates that probably the calcination temperature was
rather too low or the calcination time of 30 min was too short to produce enough lime. 

The Figure 2 (a-e) shows the temperature rise vs. hydration time of quick lime at temperature 900,
1050 and 1200°C for the studied samples. The limestones calcined at 1050°C shows the maximum
temperature rise; at lower/higher calcination temperature the temperature rise is lower. The temper-

XLIII, No 5 – 2489

Fig. 2: (a-e) Tmeasured vs time plots showing temperature rise during hydration of quick lime at the three calci-
nation temperatures (900, 1050 and 1200°C). Samples (a) K1, (b) A2, (c) T3, (d) T4 and (e) T5.



ature rise of the 1200°C calcined limestone was lower than that of the 1050°C and also the time re-
quired for hydration was expanded at later stage. These results confirm that quick limes calcined at
temperature of 1050°C have the highest reactivity for hydration and also that the quick lime calcined
at 1200°C is less reactive probably due to larger grain size (grain growth during temperature in-
crease) and lower porosity (denser structure). Shin et al., (2009) suggested the temperature of 1100°C
as the optimum calcination temperature for the highest reactivity values with the largest specific
area. At this temperature seems to formed a lot of pores due to dissociation of carbonates, whereas
quick limes calcined at lower temperatures (900 and 1000°C) tend to have less pores and minimum
specific surface area due to incomplete lime production and remnants of the original limestone (as
we observe in a previous paragraph); at calcination temperatures >1200°C the structure become
more dense and compact and the grains become larger leading to minimization of the existing pores
so the hydration process itself cannot entirely proceed into the interior mass of the quick lime also
requiring more time to accomplished.

The MgO content plays an important role in reactivity rate of the lime due to earlier decompose of
MgCO3 to MgO producing hard burnt samples. As we previously state, the higher the amount of
MgO, the lower the lime reactivity reducing the maximum hydration temperature and increasing
the hydration time. Besides, in case of non-hard burnt samples, MgO content when it`s low in con-
centration (lower than 2-3 wt%) could accelerate the hydration rate of the unslaked lime. (Potgieter
et al., 2003). Three of the studied limestones share a common feature with high MgO content rang-
ing from 2.17-5.53 wt% (samples A2, T3 and T5). These samples also possess the higher MgO con-
tent during calcination, thus the quick limes formed by this process also have high MgO content. In
practice, the MgO vs. reactivity rate are inversed correlated with the samples calcined at 1200°C
share a common, low reactivity rate, with those calcined at 900°C. 

To visualize better the hydration process we compare the H2O that reacted with the free lime against
the reactivity rate. Reactivity values are divided by the time required for the Tmax giving the reac-
tivity rate. Figure 3 shows that at constant reactivity rate values the water needed to complete hy-
dration is lower; for example, the quick lime calcined at temperature of 1050°C need much less
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Fig. 3: Variation of reactivity rate of quick limes against the H2O reacted with the calcined samples at various
temperatures.



water for hydration relative to the respective samples at 1200°C. Also, the slope of the curve for the
samples calcined at 1200°C is steeper compared to the one for lower calcination temperature. Con-
cluding, the higher the reactivity rate the better quality of slaked lime. 

4. Conclusions

The results on the behaviour of quick- and slaked- lime are summarized in the following:

• The samples calcined at temperatures of 1050°C have the higher reactivity values.

• The MgO content is not a significant factor on the control of the reactivity; instead the hard-burned
effect and the structure of the original limestone and the resulted quick lime are more important.
However, the (CaO/MgO)Lime ratio plays a potential role, increasing the reactivity of the quick
lime.

• For a constant reactivity rate the water required for hydration is lesser for the samples calcined at
1050°C compared to those calcined at 1200°C.
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Abstract 

For the cement industry the minerals gypsum and anhydrite, due to their similar chemical compo-
sition, are of the same importance. In cement production line, the energy requirements for grinding
anhydrite are different from that of gypsum. Occasionally, the difference in mechanical properties
of the extreme members (anhydride / stiff - gypsum / brittle) can cause problems during grinding pro-
cedure. For these reasons it is necessary to be aware of the spatial distribution of these rocks in an
active open pit. This knowledge, because of its strict connection with the calculation of the reserves
(geological and recoverable), contributes to the direct production planning of the open pit and to the
medium and long term planning as well. In order to approach the spatial distribution of sulphate
rocks in the active gypsum open pit of INTERBETON S.A. in Altsi (Sitia region, Εastern Crete), new
exploration boreholes were drilled. The proposed methodology concerning the determination of the
new borehole locations consists of two steps. In the first step detailed geological mapping of the
surface sulphate rocks is conducted and in the second step a three-dimensional geological model is
constructed. The model’s construction is based on data derived from a past drilling program. Those
data were enriched with the results of geochemical analysis of 100 new surface samples. The sur-
face samples were taken by means of Wagon Drill accordingly to a predefined grid. Five different
drilling scenarios were proposed, contributing to the determination of the optimal drilling program.

Key words: 3D Geological Modelling, Active Open Pit, Sulfate Deposits, Optimal Drilling Program.

1. Introduction 

In cement industry, calcium sulfate (either in the form of gypsum or anhydrite), is one of the ingre-
dients of Portland cement which increases the time needed for the setting of cement. But, the dif-
ference in stiffness of anhydride and gypsum can cause problems in crushing and grinding procedure
in the open pit. The stiffness of Anhydrite is 3-3.5 in Mohs scale, while for gypsum it is 1.5-2. It is
known that gypsum is dehydrated and is transformed to anhydrite as a consequence of geological
burial. On the contrary, anhydrite is transformed to gypsum when it comes in contact with fluids dur-
ing exhumation. These two minerals, are common minerals in evaporitic sequences. Evaporites are
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deposits which are created by salt precipitation from aqueous solutions during solar evaporization.
The precipitation begins when the aqueous solution’s salt concentration exceeds 50‰ (brine). If the
brine is saturated in SΟ4

-2 and Ca+2 gypsum or anhydrite is formed. These two forms of calcium sul-
fate usually transit to each other (Warren, 2006).

The knowledge of the quantitative spatial distribution of these two extreme members is essential
both for the immediate and the long term programming of the development of the active gypsum
open pit in Altsi, Eastern Crete, where INTERBETON S.A. operates. In this study the combination
of several methodologies aiming to the determination of the new exploration drilling program in
the active open pit is presented. The results of this drilling program are substantial for the accom-
plishment of the objective.

2. Geological setting

Permian/Triassic evaporites form almost 35% of the global evaporite deposits. In that period palaeo-
geography and climate produced favourable circumstances for evaporite formation, which reached
a peak during Triassic. After the formation of Pangea and the drop of sea level, the marginal basins
became shallower and a large number of endocratonic basins were created. During Permian, the cli-
mate became even more arid, contributing to the increase of evaporation’s rate (Trappe, 2000). Evap-
orites of Extrenal Hellinides comprise a part of the Permian/Triassic evaporitic layers which were
formed around Pangea. Evaporites are regarded as the first Alpine deposits of Paxos and Ionian
isopic zones. This conclusion is based on field observations, compounded with existing drilling data.
Their age is Permian/Triassic, but there are observations of evaporitic intercalations within lime-
stones of lower Liasic and Cretaceous age, as well. Their maximum thickness varies from 1500m
to 3000m (Nikolaou, 1986).

The island of Crete exhibits several sulfate outcrops. Many of them were characterized as exploitable
deposits and some are still regarded as significant deposits both quantitative and qualitative. Those
deposits are discriminated according to their time of genesis in Permian/Triassic and Neogene. The
main characteristic of Neogene deposits is the exclusive existence of dihydrate form of calcium sul-
phate (CaSO4.2Η2Ο) related to the “salinity crisis” or “Messinian event”, which affected the whole
Mediterranean area during Messinian. (Kanaris, 1989). On the contrary, Permian/Triassic deposits
exhibit the two main forms of calcium sulfate: gypsum (CaSO4.2Η2Ο) and anhydrite (CaSO4)
(Raulin,1869; Cayeux,1902; Papastamatiou, 1958; Fytrolakis, 1980; Antoniou, 1987). Deposits of
Permian/Triassic age are all over the island. One of the most significant is that of Altsi in Eastern
Crete. Its extent is 1.25 km2 and is an exploitable mineral resource. It is placed above the lower lay-
ers of the metamorphic Phyllitic Nappe and it is surrounded by multi-folded schists, which belong
to the same nappe, and by younger sediments as well (Kanaris, 1989). 

3. Methods

The methodologies followed include field and computational work. In the first stage of our study,
all existing data were digitized in order to construct a preliminary three dimensional model of the
sulfate deposits of the open pit. Planning of the field works was based on this preliminary 3D model.
Results of geological mapping of the open pit’s slopes (scale 1:500) and the petrographical study of
representative sulfate samples were integrated into the 3D model. Finally, the model was used to for-
mulate alternative scenarios for exploration drilling programs. The aim of this work was to achieve
maximum information about the spatial distribution of gypsum and anhydrite in the quarry, while
minimizing the cost of the drilling program.
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3.1 Geological mapping

During geological mapping in scale 1:500, all the geological features observed on the pit’s slopes
were mapped. According to this mapping, the sulfate deposit of Altsi consists of seven different
lithological units. These units are the schists of the bedrock, the light-colored sulfates with dolomitic
segments, the light-colored sulfates with dark laminas, the dolomites, the anhydrites, the soft gyp-
sums and the stiff gypsums.

In particular, the light grey sulfates host dark dolomitic fragments of centimeters in size. The light-
colored sulfates with dark laminas are white to white ash with dark to light grey laminas. The min-
eralogical composition of laminas can be either dolomitic or magnesitic or even sulfate. The soft
gypsum is white to white ash without any calcitic inclusion. All the above three units are brittle,
while the white to white ash coarse crystalline gypsum is rather massive. The hardest sulfate unit is
anhydrite. It is coarse crystalline dark grey and often contains dolomitic fragments. The dark
dolomites are always observed in the open pit area as fragments of centimeter to meter in size, which
are hosted in sulfate formations and never as a distinct layer. The schists belong to Phyllite Nappe
(after Dornsiepen et al., 2001) and surround all the aforementioned units. The schists present red-
dish colour close to their contact with the sulphate deposit.
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Fig. 1: (left): a) Deposits of Permian/Triassic age (squares) and Neogene age (circles) in Crete island. b), c) Ge-
ological map and section of the area where gypsum-anhydrite deposit is located. (after Kanaris, 1989).



Initially, these units were separated by their macroscopic characteristics. Later, representative sam-
ples were taken from each lithological unit and were analyzed geochemically. Lithological units
that had similar mineralogical composition were grouped in order to simplify the geological map.
This fact resulted in the generation of a new geological map (Fig. 2) distinguishing four lithologi-
cal units. These are gypsum, anhydrite, dolomite and schist.

The geological map of Figure 2 shows the surface distribution of gypsum and anhydrite on the slopes
of the open pit. It is concluded that gypsum outcrops cover the larger area of the pit, while anhydrite
outcrops exist in the northern and western part. The dolomitic segments are dispersed throughout the
open pit, having size of centimeter to meter. The size and the frequency in appearance of dolomitic
segments increase towards the upper levels of the eastern part. The bedrock is observed in the lower
level of the pit.

In order to understand the structural regime of the area where the open pit is located, fault planes’
orientation measurements were conducted in both the sulfate deposits of the pit and the bedrock. In
figure 2 are shown the two major tectonic systems. The first one has an ENE-WSW orientation with
almost vertical dip (85ο-90ο) which is observed in both the sulfate rocks and the bedrock. The sec-
ond one has an NNW-SSE orientation with 65ο dipping angle towards the WSW occurring only in
the sulfate rocks.
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Fig. 2: Geological map of the pit area which depicts the four lithological units. It is also shown two stereonets
concerning fault planes’ orientation both in the sulphate rocks and the bedrock.



3.2 3D Geological modelling 

Computer-aided deposit modelling comprises the generation of a geometric model, a property model,
as well as a mine model. A more detailed description of the modeling process in mining can be found
in Prissang et al. (1996; 1999). In the model which was set up for this study, the following data were
integrated (Fig. 3): a) digital terrain models of the pit surface and the future final exploitation sur-
face area, b) results of the geochemical analysis of 100 surface spot samples located on a 40m or-
thogonal raster and c) 255 samples of drilling cores with an average length of 3m each, from
exploration drillholes (843m total length). The drillholes were conducted by the company in 1982,
whereas the spot sampling took place during this study. The interpretation of all the geochemical data
was the base of the lithological description. The latter was processed with the Surpac Vision min-
ing software package in order to setup the model.

3.3 Geostatistical Structure Analysis

A geostatistical structure analysis was carried out to investigate the spatial correlation of the grade
values concerning CaSO4 and CaSO4+2H2O. These spatial correlation structures can be interpreted
as the results of the formation process of the deposit. Empirical variograms indicating the presence
of a spatial correlation have been calculated for these parameters. By calculating variogramms for
the two parameters, anisotropy ellipsoids for the spatial correlation of the grades could be modeled
(Table 1). The best variogramms were obtained in the vertical direction (Fig. 4). 

3.4 Property Modelling

The objective of property modelling is to provide predictions of the spatial distribution of grade val-
ues within the deposit. This covers discretisation of the geological body under consideration, grade
estimations as well as reliability checks of the results. 
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Fig. 3: Digital terrain model of the Altsi Open Pit (transparent), with existing exploration drillholes and sur-
face sampling locations.
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3.5 Spatial Discretization

The representation of the spatial distribution of grade values required the subdivision of the gypsum/an-
hydrite body into cells. From the point of view of the planning engineer, a block size 3.5m x 3.5m x 15m,
matching the size of future extraction units (i.e. blasting blocks), was considered as sufficient. For each
block, the grade values had to be computed. 

3.6 Grade Estimation

The grades for gypsum and anhydrite for the blocks were calculated by the Ordinary Kriging
Method. The variogramm models described in Table 9 were used during the estimation, and the
anisotropy ellipsoids were also used as search ellipsoids for the estimation procedure. The applied
parameters were crossvalidated on the sampling location, to check for possible bias on the estima-
tion results. The estimation error distribution for anhydrite shown on Figure 5 indicates that no bias
is inserted in the estimations. The results for gypsum are similar. 

The estimated concentrations for gypsum can be seen on Figure 6.

Fig. 4: Variogramm for gypsum in the vertical direction.

Table 1. Parameters of the 3-axis anisotropy ellipsoids for gypsum and anhydrite.

Parameter Gypsum Anhydrite

Direction/Dip of major Axis N190/04 N190/-20

Major axis rotation 0 0

Major / Semi-major axis 1,27 1,05

Major / minor axis 2,10 3,33

Maximum Range 110 m 130 m

Vertical range 40 m 60 m

C (nugget) 60 20

Sill 810 970



4. Conclusions-Results

In order to improve further the precision of the outcomes, 5 exploration scenarios are proposed. Re-
sults from the old exploration drillholes and from surface sampling are combined in these scenar-
ios. The usual total depth for each sampling position is 25 m (unless it is stated as less) and the
length of each separate sample is 3 m. This option is proposed in order to increase the density of the
known spatial information without increasing the total cost of the project. All the proposed scenar-
ios focus on the areas where there is lack of samples/data and, in addition, appear to have the max-
imum thickness of recoverable material. The drillholes’ maximum depths don’t exceed the designed
final excavation depth of the open pit. As the variogram’s vertical range is 40 m for the anhydrite
and 60 m for the gypsum, drillholes can be limited at a higher elevation. Regarding the assessment
of the spatial distribution of the qualities in the pit, based on the results of the structural geostatisti-
cal analysis and, in specific, the 60 m range for the gypsum and the more than 40 m range for the
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Fig. 5: Estimation error (measured – estimated) for the anhydrite concentrations.

Fig. 6: Block model of the Altsi Open Pit with estimated gypsum values.



anhydrite in the horizontal dimension, the distance between the drillholes is approximately 120 m
apart. The distance is the same between the new and the existing drillholes. This option contributes
to the maximum coverage of the pit’s surface area. 

From another point of view, if the aim is focused solely on the improvement of the assessment’s pre-
cision, then some of the new drillholes must be located in a distance of 40 m from the existing ones
and between them. This option contributes to the calculation of new variograms and to the redeter-
mination of the anisotropy’s ellipsoid.

Because of the fact that the two aforementioned options have different purposes, different scenar-
ios are proposed. All of them maintain the research’s cost in acceptable level. These are:

Exploration scenario 1: 5 drillholes, with a total length of 250 m, or 4 drillholes, with a total
length of 280 m

Exploration scenario 2: 3 drillholes, of 194 m in total length

Exploration scenario 3: 2 drillholes, of 120m in total length and 19 additional surface sam-
plings

Exploration scenario 4: 37 surface samplings

Exploration scenario 5: 4 drillholes, with a total length of 250 m & and 28 supplementary sur-
face samplings

The first two scenarios offer the most insight in the deeper parts of the quarry, but do not offer any
improvement in the recognition of smaller intermediate structures than the ones detected by the sur-
face sampling on the 40m raster

The 3rd scenario tries to combine knowledge from the deeper parts with the advantages of additional
surface information from a more dense raster.

The 4th scenario focuses on the extra information from a surface raster, assuming that the informa-
tion from the older drillholes concerning the deeper parts of the ore body is sufficiently enough.

Finally scenario 5 maximizes information gain both in depth and on the surface raster.

Scenario number 1 was finally selected as the best candidate, because it offered more information
concerning the deepest parts of the ore body. As a result, 4 drillholes were drilled with a total drilling
length of 297m. 

After the cumulative evaluation of the total data occurred during the above mentioned new drilling
project in combination with the already existing information from the older drilling and sampling
campaigns, it became obvious that:

1. The data occurred from the proposed drilling scenarios were crucial not only for the final cal-
culation of the recoverable gypsum reserves, but also for the calculation of the spatial dis-
tribution of gypsum and anhydrite in the ore body.

2. As a further consequence of the above mentioned improvements, these information can be
considered as really important for the annual planning of the open pit production, since the
main aim of the production (concerning the cement factories feeding with gypsum) is focused
on providing a stable and predictable quality of raw material (ratio between gypsum/anhy-
drite), and keeping at the same time the productive benches fully operational and safe.
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Abstract

This paper focuses on the assessment of mineralogical, petrographical and physico-mechanical
properties of limestone formations in order to evaluate their suitability as road construction aggre-
gates. Research focuses on Olonos-Pindos zone limestones of Creataceous age in Aitoloakarnania
province, Western Greece. Special emphasis was given on comparing the mechanical properties to
the mineral components. The results were evaluated in accordance with Greek and International
suitability Standards for road construction aggregates. It was finally concluded that the physical and
mechanical properties of the tested rocks are in compliance with the suitability Standards and that
they can be used as road-construction aggregates.

Keywords: Aggregates, limestone, physico-mechanical properties, Thermo Aitoloakarnania.

1. Introduction

The increasing demand for crushed rock aggregates in various applications and especially the re-
quirement for hard aggregates in numerous engineering projects of Greece, have increased the ne-
cessity for the detection of carbonate rocks which are suitable for the production of aggregates used
for: bases and sub-bases, improvement layers, bituminous mixtures, concrete and embankments.
Additionally, carbonate rocks are used in various environmental applications such as for erosion
protection, for the stability of natural or artificial slopes and for filters (Spyropoulos, 2005).

This paper investigates potential aggregate resources from the Cretaceous limestone formations of
the Olonos-Pindos zone. Six representative samples were examined (ΑΤ9Α, ΑΤ9Β, ΑΤ13Α,
ΑΤ13Β, ΑΤ22), in order to determine their suitability as road bases and sub-bases. The quality of
the collected limestones was assessed based on their physico-mechanical properties, as well as on
their mineralogical and textural features.

2. Geological setting

The studied carbonate rocks of Thermo (Aitoloakarnania province, Western Greece) (Fig. 1), cover
a total area of 37 km2. They comprise part of the lower unit (thickness more than 1000 m) of the
Olonos-Pindos zone, which includes pelagic limestones of Triassic to Upper Cretaceous age. These
limestones are intercalated with radiolarites of Middle Jurassic to Lower Cretaceous. The Upper
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Cretaceous limestones, which comprise the upper part of this lower unit, are biomicritic and medium-
bedded with intercalations and nodules of flint. The colour of these limestones varies from gray to
whitish and becomes reddish at the lower parts, while their thickness varies from 200 to 400 m (Kat-
sikatsos, 1992; Mountrakis, 1985).

The Cretaceous carbonate rocks (Fig. 1) cover the greatest area (34 km2) among the formations of
the Olonos-Pindos zone and occur in beds up to 20 cm thick. The rock slopes of the studied area are
cut by joints with opening up to 3-4 cm and are characterized by manifold disruption and intense
folding. All these features have led to local destruction of the original structure of these rocks (Fig.
1). Statistical analysis of the strike of the limestone beds revealed that the main direction strikes
NNW – SSE and dips 15ο to 60ο to the ENE or WSW.

3. Petrography

The studied Upper Cretaceous carbonate rocks were collected from representative localities of quarry
faces or natural slopes, with a view to be fresh and to represent the full variability of the quarry
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Fig. 1: Geological map of Thermo (Aitoloakarnania province). The general map is an extract from the “Thermo”
map sheet, I.G.M.E. (1977).



products. Most of these rocks are macroscopically whitish to gray with a dense network of sparitic
veins, except for samples ΑΤ9Β and ΑΤ22Β, which have a yellowish pink colour. The microscopic
examination was carried out using polarized microscopy at the Laboratory of Research Mineral and
Rocks, Department of Geology, University of Patras, as well as at the Laboratory of Electron Mi-
croscopy and Microanalysis, University of Patras. Petrographic examination indicated that samples
ΑΤ9Α, ΑΤ9Β, ΑΤ13Α and ΑΤ22Β are micritic limestones and according to Folk (1959, 1962) are
classified as packed biomicrites (ΑΤ9Α) and sparse biomicrites (ΑΤ9Β, ΑΤ13Α and ΑΤ22Β),
whereas according to Dunham (1962) are classified as wackestone (ΑΤ13Α and ΑΤ22Β), bioclast
packstone (ΑΤ9A) and bioclast mudstone (AT9B). Samples ΑΤ13Β and ΑΤ22A are sparitic lime-
stones and are classified as sorted biosparites (ΑΤ22Α) and as sorted endobiosparites (ΑΤ13Β) ac-
cording to Folk, and as biograinstone (ΑΤ22Α) and endobioclast grainstone (AT13B) according to
Dunham (1962).

4. Whole-rock geochemistry

Whole-rock analyses in six representative Cretaceous carbonate samples are listed in Table 1. TiO2,
Fe2O3, MgO, K2O and P2O5 abundances are lower than the Greek and Global average values. Low
P2O5 is a result of the absence of apatite, which frequently exists in carbonate rocks, while the low
TiO2 values are related to the absence of detrital heavy minerals. SiO2 in three samples (ΑΤ9Β,
ΑΤ13Α, ΑΤ22Β) is higher than the Greek average value (1.80%) whereas samples ΑΤ9Α, ΑΤ13Β
και ΑΤ22Α show lower values. Samples ΑΤ9Β, ΑΤ13Α and ΑΤ22Β are richer in Al2O3 relative
to the Greek average value, most likely reflecting the occurrence of clay minerals. Samples ΑΤ9Α,
ΑΤ9Β, ΑΤ13Β και ΑΤ22Β are richer in Na2O relative to the Greek and Global average value
probably due to the presence of anhydrite and feldspars. All samples are rather rich in MnO with the
highest value in sample ΑΤ9Α (0.07%). Samples with higher SiO2 values show also lower loss-on-
ignition values, reflecting the lower calcite abundances.

On an Al2O3-SiO2-CaO diagram (Fig. 2), the analysed samples plot close to the CaO apex, sug-
gesting that they are poor in clay- and silicate-fraction.
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Fig. 2: Plot of the analysed samples on the Al2O3-SiO2-CaO diagram for sedimentary rocks.



5. Physiomechanical properties

Several laboratory tests were performed for the suitability assessment of the Cretaceous limestones
from Aitoloakarnania as aggregates (Table 2). These tests were carried out according to the Ameri-
can (ASTM) and Greek (ELOT) Standards. Selection of samples was based on their mineralogical
composition that strongly controls the quality of aggregate materials (Zarif & Tuğrul, 2003; Tsik-
ouras et al., 2005; Pomonis et al., 2007). Physicomechanical properties were estimated in six rep-
resentative samples, which include micritic (ΑΤ9Α, ΑΤ9Β, ΑΤ13Α and ΑΤ22Β) and sparitic
limestones (ΑΤ13Β και ΑΤ22A).

5.1 Physical properties

Apparent density, bulk density (ASTM C-127), water-absorption (ASTM C-128) and sand equivalent
(ASTM D-2419) were carried out. Normal density aggregates show values ranging between 2-3
gr/cm3, which are broadly used in several construction works. Light-weighted aggregates have den-
sities <2gr/cm3 whereas heavy aggregates are those with density >3gr/cm3. Apparent density in the
analysed samples ranges from 2.68 gr/cm3 to 2.71 gr/cm3 and are classified as normal aggregates.

Water-absorption was estimated after 24 hours immersion of the samples in water and ranges between
0.40% and 1.30%; samples ΑΤ9Β ΑΤ22 have the maximum and minimum values, respectively. 

Aggregates with sand equivalent values >50% are considered suitable for base and sub-base aggre-
gates in road constructions. The sand equivalent (AASHTO T176-65) ranges in the analysed sam-
ples between 63 % and 78%, suggesting their good quality.

5.2 Mechanical properties

The estimated mechanical properties according to Greek and international standards include the
riprap soundness using Na2SO4 (ELOT ΕΝ 1097-01), the toughness and abrasion resistance using
the Los Angeles abrasion test (L.A.A.V.; ASTM C 535), the uniaxial compression strength (ELOT
408), and the maximum Proctor density (Ε105-86). The results are listed in Table 2. The Los An-
geles values range between 23.26% and 27.52%, the riprap soundness (Na2SO4) yielded values be-
tween 2.70% and 3.70%, the uniaxial compression strength ranges between 49.30MPa and
68.00MPa, and the maximum Proctor density is in the range of 2176-2207 kgr/m3. 

Using linear regression analysis (Bevington & Robinson, 2002) it is clearly shown that there is an
antipathetic relation between the Los Angeles values and the uniaxial compressive strength values
with a correlation coefficient R2=0,8065 (Fig. 3). Los Angeles values also plotted against the whole-
rock major oxides. SiO2 abundance shows positive correlation with the Los Angeles values, indi-
cating that with increasing silica there is a decrease in the rock quality (Fig. 4); similar behaviour is
also suggested with increasing Al2O3 contents. The Los Angeles values show also significant posi-
tive correlation with the riprap soundness values (Fig. 5), revealing that the more durable in tough-
ness and abrasion a rock is the more durable in weathering under variable climatic conditions.
Finally, a moderate correlation between the Los Angeles values and the maximum Proctor density
values is observed in the analysed (Fig. 6).

6. Discussion

Mineralogical and textural characteristics, as well as the degree deformation and porosity are some
critical factors in the quality of aggregates (Hartley, 1974; Kazi & Al-Mansour, 1980; Al-Jassar &
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Table 1. Whole-rock geochemical analyses of representative samples from Cretaceous limestones
from Thermo (-: below detection limit)

Table 2. Results of the physicomechanical properties of the analysed samples from Thermo

Major elements
(wt %)

ΑΤ9Α ΑΤ9Β ΑΤ13Α ΑΤ13Β ΑΤ22Α ΑΤ22Β Global
Average
Value1

Greek Av-
erage
Value2

SiO2 0.81 3.22 3.33 0.52 0.72 2.29 5.20 1.80

TiO2 - 0.02 0.01 - - 0.01 0.07 -

Al2O3 0.14 0.78 0.62 0.08 0.15 0.59 0.80 0.50

Fe2O3
t 0.08 0.40 0.32 0.10 0.10 0.31 0.50 0.50

MnO 0.07 0.04 0.05 0.05 0.05 0.05 0.05 0.02

MgO 0.40 0.37 0.36 0.31 0.56 0.39 7.90 2.80

CaO 53.96 53.32 53.84 57.34 53.56 53.71 42.60 51.60

Na2O 0.07 0.07 0.05 0.08 0.1 0.07 0.05 0.05

K2O - 0.19 - - 0.03 0.08 0.30 0.05

P2O5 0.02 0.03 0.03 0.03 0.03 0.03 0.09 -

LOI 43.30 41.77 41.92 40.32 43.57 42.50

Total 98.83 100.21 100.53 98.81 98.91 100.00

1 Mason & Moore (1982), 2 I.G.M.E. (1997)

Sample No. ΑΤ9Α ΑΤ9Β ΑΤ13Α ΑΤ13Β ΑΤ22A AT22B

Bulk density (gr/cm3) 2.69 2.69 2.71 2.70 2.70 2.68

Apparent density (gr/cm3) 2.65 2.63 2.66 2.66 2.64 2.66

Water absorption (%) 0.80 1.30 1.10 0.9 1.20 0.40

Los Angeles (%) 23.26 25.79 27.50 24.55 27.11 27.52

Riprap soundness (%) 2.70 3.40 3.70 3.20 3.70 3.50

Uniaxial compressive strength (MPa) 68.00 58.85 49.30 55.00 50.00 51.00

Sand equivalent (%) 68 63 69 70 73 72

Maximum Proctor density (kgr/m3) 2176 2192 2201 2176 2207 2189

Hawkins, 1991; Smith & Collis, 2001; Jensen et al., 2010).

Apparent and bulk density of the Creatceous limestones from Thermo show moderate to slightly
high values and are within the acceptable limits of aggregates suitability (NBG 1985, Shakoor et al.
1982, Cargill, 1989). Water absorption is another important factor related to durability of the mate-
rials. Experimental results have shown that rocks with water absorption values higher than 3% are
vulnerable to shock changes of temperature (Shakoor et al., 1982). Samples ΑΤ9Β (1.3%), ΑΤ13Α
(1.10%) and ΑΤ22Α (1.20%) show the highest water absorption values compared to the rest sam-
ples, most likely due to their higher porosity and participation of clay minerals that strongly absorb
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Fig. 3: Plot of Los Angeles values vs. uniaxial compressive strength values of the analysed samples from
Thermo.

Fig. 4: Plot of Los Angeles values vs. SiO2 contents of the analysed samples from Thermo.



XLIII, No 5 – 2507

Fig. 5: Plot of Los Angeles values vs. riprap soundness using Na2SO4 of the analysed samples from Thermo.

Fig. 6: Plot of Los Angeles values vs. maximum Proctor density of the analysed samples from Thermo.



water. A test that simulates the volume changes of aggregate materials and estimates their durabil-
ity under climatic variations is the soundness of riprap (Smith & Collis, 2001). For this purpose, it
is used Na2SO4 or MgSO4, which crystallize in the pores and joints of the aggregates and disinte-
grate them after repeated freeze-thaw and dry-wet cycles (Bloem, 1966). In this study, we used a
Na2SO4 solution and the obtained riprap soundness values of the Cretaceous limestones are below
the limit of 12, for their use as bases and sub-bases in road construction

The Los Angeles values are low whereas the sand equivalent values are high in the analysed Creta-
ceous limestones from Thermo. According to the standards of the Greek Ministry of Environment
the upper limit of Los Angeles and the lower limit of sand equivalent, for the suitability of aggre-
gates for road construction works, are 30 and 50, respectively. Our samples clearly fulfill these pre-
requisites and hence it is strongly suggested that they are suitable for use as bases and sub-bases
aggregates. The somewhat higher Los Angeles values of samples ΑΤ22Α and ΑΤ22Β are inter-
pretaed as the result of their sparitic texture (e.g. Zarif & Tuğrul, 2003; Sabatakakis et al., 2008).

7. Conclusions

Petrographic investigation in Cretaceous limestones from Thermo showed that they comprise rocks
with both micritic and sparitic textures; they are intensely tectionised and frequently they are cut by
joints filled with recrystallised calcite. Geochemical analyses reveal that they contain insignificant
impurities and are similar to the Greek and Global average limestones. Physicomechanical proper-
ties such as Los Angeles, soundness of riprap, uniaxial compressive strength and maximum Proctor
density are correlated each other. Moreover, there is a positive correlation of the Los Angeles val-
ues with the SiO2 abundance in the rocks. Therefore, knowledge of some of these parameters can
easily predict the quality of the aggregates. 

The studied rocks show values of their physicomechanical properties within the acceptable Greek
and international limits and hence they are suitable for their use as bases and sub-bases aggregates
in road construction works.
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Abstract 

Air quality sampling tests are conducted on a 24h basis by “HELLENIC GOLD S.A.” in the Stra-
toni mining settlement. The settlement is located in the neighbourhood of a flotation plant where
galena and sphalerite concentrates are produced after crushing and processing of Pb-Ag-Zn sulfide
ore. Old piles of mineral waste occur close to the settlement. The mineralogy of mineral dust col-
lected on filters of 3 air samplers from August to December 2008 was studied. Elemental analysis
of mineral dust collected from January to December 2008 was conducted. The purpose of the study
was to determine levels of air pollution, type of mineral particles as well as potential sources. Meas-
urements of air quality included PM10. Statistical analysis of the collected data included tests to de-
termine the control on daily particle concentration and mineralogy of fluctuations of temperature,
humidity, wind direction and wind speed. Air quality was better than during 1998-2000. Air quality
was typically at its worse during hot summer days when wind speed was high. The concentration of
PM10 particulate matter was quite low when compared to International Air Quality Standards reg-
ulations, indicating that levels of air pollution in the area do not pose human health hazards.

Key words: air quality, mineral dust, PM10, Stratoni, Chalkidiki, Greece.

1. Introduction 

Protection of public welfare from particulate matter in the atmosphere is promulgated by the Greek
law and is being monitored by competent agencies based on international air quality standards. Par-
ticulate matter is a significant category of pollution with a variety of shapes and sizes, coming from
the processing of materials, procedures of combustion and transformation reactions of gas (Cooper
& Alley, 2004). Historically, particulate matter (PM) measurements have focused on Total Sus-
pended Particulates (TSP). Last decade the primary air quality standard TSP was replaced with PM10
standard. PM10 denotes particulate matter which passes through a size-selective inlet as defined in
the reference method for sampling and measurement of PM10 EN 12341, with a 50% efficiency cut-
off at 10μm aerodynamic diameter (Directive 2008/50/EC). Recent trends lead to further replace-
ment of PM10 by a PM2.5 standard. Areas in the country with potential for high levels of mineral
particulate matter are those where mining, transportation, deposition, crushing-milling and pro-
cessing of minerals were conducted (e.g. the Florina – Ptolemais – Kozani lignite basins (Tri-
antafyllou, 2000; Triantafyllou et al., 2000) and Lavrion (Skarpelis et al., 2009).

The examination of the amount and type of the particulate matter is imposed especially in areas

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 



where grains of minerals with toxic elements load are released by human activities. The mineralogy,
chemistry, solubility and oxidation state of the inhaled particles strongly influence human health ef-
fects (Posfai & Molnar, 2000; Plumlee et al., 2006). 

The wider area that Stratoni settlement belongs to, is well known as “Kassandra Mines” (Fig. 1a). The
flotation plant of the mining company “HELLENIC GOLD S.A.” is located at the northeastern part
of the Stratoni settlement, producing sphalerite and galena concentrates after processing of Pb-Ag-
Zn sulphide ore exploited at the Mavres Petres mine. A crushing-milling facility and condensation-
filtration and mineral waste units are associated with the flotation plant. For the protection of the
citizens and workers welfare of Stratoni, the company has established and operates three air sam-
plers; location of the samplers is shown in Fig. 1b. Previous studies reported on ambient concentra-
tions of Total Suspended Particulate Matter (TSP) in the wider area of Stratoni (Gaidajis, 2003).

The purpose of this study is to identify the mineral phases of PM10 fraction of the dust and search
for the source(s) of grains, taking into consideration the chemistry of dust samples and meteoro-
logical parameters. Also, there was an evaluation of the impact on air quality at the Stratoni settle-
ment and the data was compared with the conditions during 1998-2000. This data can be used for
further assessments of particles dissemination.

2. Geology of the ore deposits 

The Kassandra mining district comprises mainly Pb-Zn (Ag-Au) carbonate hosted replacement, skarn
and porphyry Cu-Au ore deposits. They are hosted by lithologies of the Serbomacedonian Belt and
temporally and spatially related to Tertiary intrusives. The Mavres Petres, Madem Lakkos and Stra-
toniki deposits are structurally controlled by the NW-SE trending Varvara - Stratoni fault and litho-
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Fig. 1: a: Location of the main mining centers in NE Chalkidiki. b: Location of air samplers. (Ballas & Gazea,
2009).



logically by marble in contact with gneiss of the polymetamorphic Vertiskos Unit. Base metal sul-
phides, sulphosalts, quartz, rhodochrosite, graphite, kaolinite, sericite are the predominant hypogene
minerals (Nikolaou, 1960; Kockel et al., 1977; Nebel et al., 1991; Gilg, 1993; Gilg & Frei, 1994).

3. Μaterials and Methods

In order to monitor the ambient air quality at Stratoni, air samplers produced by “Thermo Electron”
are used (type rp Patrisol –plus model 2025 sequential air sampler). The filters that are used (Pall-
flex TX40) retain particles PM10 , have a diameter of 47mm and are made of glass fiber coated with
Teflon and manufactured by Thermo Electron 9. Estimation of the index “Mass Concentration”, in-
dicating the amount of dust deposited on the filter, was made using the formula: ΜC=DW 106/ V,
where: MC: Mass Concentration, DW: mass concentration in grams (g) on the surface of the filter
and V: volume of air (in m3) that passed through the filter. Elemental analysis of collected PM10 for
Pb, Zn, As, Cd, Fe, Cu, Mn, was performed using Inductively Coupled Plasma - Atomic Emission
Spectrometry at the laboratories of «HELLENIC GOLD S.A.».

Mineral investigation was carried out with the aid of a reflected light microscope and a JEOL JSM
5600 Scanning Electron Microscope at the Faculty of Geology and Geoenvironment, University of
Athens. Mineral examination was conducted on 61 filters, which were chosen based on their high
values of mass concentration. Approximately two filters per week were investigated for a six-month
period. The mineralogical composition of samples of mineral waste and tailing, stockpiled sulphide
ore and dust from the crushing-milling facility, has been also investigated. Emphasis was given on
mineral grains of a size <10μm.

4. Results and Discussion

Based on the measurements of the mass concentration for the year 2008, it is presumed that there is
a wide range of values between 2.5 and 79.6μg/m3 (Table 1). 

Although the mass concentration data (Tables 1, 2) refer to PM10 and TSP respectively, a trend for
reduction of emission of mineral particulates from the time period of 1998-2000 to 2008 is evident.
It is worth mentioning that the ratio PM10/TSP is not known; however the mineralogical study of TSP
dust collected on the filter of a portable dust sampler during this sampling survey indicates the ratio
PM10/TSP is roughly around 0.7.  

According to data on Table 1, during 2008, the number of days when mass concentration exceeded
the daily limit value of 50μg/m3, were seven (7) in air sampler SAM 1, two (2) in the air sampler
SAM 2 and nineteen (19) in the air sampler SAM 3, indicating that the daily concentration of par-
ticulate matter of PM10 was quite low when compared to Εuropean and International Air Quality
Standards. It is worth mentioning – although not directly comparable – that many European cities
(e.g. Berlin) cannot comply with the daily limit value for PM10, which is in force since 2005. As
stated by Goergen and Lambrecht (2007) Berlin experienced particle episodes in February, March
and October during the year 2005 with PM10 concentrations up to 130μg/m3 in two sites, one close
to a very busy street downtown and the other at the periphery of the city. 

It is noticeable that mass concentration is not always analogous with the amount of mineral grains.
This fact can be explained because organic substances from oil combustion as well as particles of
biological origin can settle on the surface of the filter. 

The examination of the mineralogy of the dust settled on the filters of the air samplers SAM 1-3,
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showed that grains of pyrite, galena and sphalerite predominate. At a lower proportion, grains of ar-
senopyrite, chalcopyrite, barite, cerrusite, gypsum, goethite, tennantite, boulanzerite and bournotite
can be found (Fig. 2a,b and 3b). Furthermore, in some of the filters, grains of halite were identified
(Fig. 3a). 

Sphalerite, pyrite, galena and arsenopyrite are the predominant minerals in samples collected from
mine waste and tailing piles at the vicinity of the processing plant. Minor mineral constituents are
gangue minerals (e.g. quartz, sericite, kaolinite). Samples of dust collected within the area of the
crushing –milling facility comprise grains of sphalerite, galena and pyrite. Calcite, quartz and
feldspars are subordinate. 

Table 1. Μass Concentration variation of PM10 dust at Stratoni from January to December 2008.

Table2. Mass concentration of Total Suspended Particulate matter from 1998 to 2000 (Gaidajis, 2003).

SAM 1 to SAM 3: Air samplers; Μass Concentration in μg/m3; NED: Number of Exceedance of regu-
latory limit Days (35 per year are permitted) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 Annual NED

SAM 1

min 8.9 18 5.4 8.7 8.3 7.1 8.7 18 12 10 5 2.5 2.5

7
max 38 71 53 64 32 38 29 53 38 50 52 46 70.8

average 26 33 30 28 17 20 19 31 25 27 24 21 24.6

median 28 30 28 25 17 20 19 30 23 26 22 17 22.5 

SAM 2

min 13 20 12 19 11 10 15 13 16 7.5 9.1 3.3 3.3

2
max 27 48 64 29 42 37 27 50 44 52 49 36 63.5

average 19 29 29 24 22 21 20 34 29 27 24 16 24.8

median 18 27 29 23 21 19 20 37 29 29 20 15 23.6

SAM 3

min 7.6 19 12 9.6 5 11 15 20 6.2 12 3.8 6.7 3.8

19
max 34 55 60 80 75 61 75 63 52 48 46 67 79.6

average 22 35 33 34 33 33 35 35 28 27 30 23 30.1

median 20 35 35 30 31 32 31 35 27 27 22 20 27.1

Mass concentration (μg/m3)

Sampler Number of samples max min average median

SAM 1 20 100.4 19.1 51.4 54.9

A* 13 106.6 23.2 60.1 57.1

B** 14 185.4 4.8 56.3 39.6

* Sampler close to fuel tanks; ** Sampler close to adit +410



Lead concentration in particulate matter during 2008 can be seen in Table 3. Τhe Pb values are lower
than the permitted limit (annual value 0.5 μg/m3; Directive EE 2008/50). It is well-known that due
to differential toxicity, various minerals have different impact on human health when inhaled. Ac-
cording to Plumlee et al. (2006), Pb as a constituent of cerussite (a very acid-soluble lead carbon-
ate), Pb oxides, and Pb sorbed onto atmospheric aerosols generated by lead-zinc smelting is
substantially more bioaccessible than Pb as a major constituent of galena and various lead-phos-
phate minerals. Consequently, the dominant presence of galena in the dust acts more positively for
the environment rather than other Pb-minerals.  

The average concentration of Fe, As, Zn, Cu, Mn and Cd in particulate matter PM10 from all air
samplers during 2008 is shown in Table 4, whereas the average concentrations of these metals for
TSP during 1998-2000 in Table 5. By comparing these concentrations we cannot observe any sig-
nificant differences. An exception is Fe, which has high levels during 2008 in all air samplers. 

Concentrations of the elements Pb, Zn, As, Cd, Fe, Cu, Mn and the Mass Concentration of PM10 dur-
ing 2008 vary widely. It is ascertained that during warm periods the levels of element and mass con-
centrations are generally higher (Papastamatiou, 2009). This variation can be explained due to high-speed
winds, during warm periods and low precipitation, during a major part of the cold period 1.

An effective way to determine the source of metallic minerals in the dust, are wind rose diagrams
in connection with the concentrations of chemical elements. In Fig. 4 the average wind direction can
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Fig. 2: SEM micrograph of dust grains on air filters: a. “SAM 3 14/9-15/9”, b. “SAM 2 30/9-1/10” (gl: galena,
sp: sphalerite, cpy: chalcopyrite).

Fig. 3: SEM migrograph of dust grains on air filters: a. “SAM3 14/9-15/9”, b. “SAM3 25/11-26/11” (NaCl:
halite, bo: bournonite).

1 Months from April to October are warm period, whereas November to March are cold period.
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be shown as a function of geographical bearings. The length of the bar for a particular direction in-
dicates the time that the wind blows from that direction. It is concluded that the predominant wind
direction is ENE and WSW. 

Wind rose diagrams were also constructed based on wind data of air sampler SAM 1and elemental
concentrations from chemical analysis of the filters of the same sampler (Fig. 5). The elements Pb and
As have the highest concentrations when N-NE directed winds blow, indicating that the main source

Fig. 4: Wind rose diagram during 2008 in Stratoni (Data from air sampler SAM 1).

Table 3. Pb concentration (μg/m3) in PM10 during 2008.

Sampler Μax Min Average Median

SAM 1 1.116 0.029 0.356 0.257

SAM 2 0.404 0.057 0.184 0.167

SAM 3 0.114 0.013 0.063 0.062

Table 4. Average metal concentration in  PM10 during 2008

Average metal concentration (μg/m3)

Sampler Fe As Zn Cu Mn Cd

SAM1 1.698 0.174 0.723 0.017 0.167 0.012

SAM2 1.604 0.08 1.178 0.017 0.036 0.011

SAM3 1.379 0.077 0.982 0.009 0.022 0.01

Table 5. Average metal concentration in TSP during 1998-2000 (Gaidajis, 2003)
Location of samplers: A. Close to fuel tanks, B. Close to Adit +410. 

Average metal concentration (μg/m3)

Sampler Fe As Zn Cu Mn Cd

SAM 1 0.254 0.012 0.083 0.112 0.055 0.0006

A 0.584 0.045 0.299 0.066 0.121 0.016

B 0.247 0.019 0.051 0.041 0.103 0.0004

22 (5)
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Fig. 5: Wind rose diagrams of PM10, Pb, Fe, Zn, Mn, As, Cu, Cd (μg/m3) (Data from sampler SAM 1).



of these elements is dust that comes from the processing facilities located on this direction in relation
to air sampler SAM1. Wind rose diagrams of Fe, Mn and Zn have high concentrations during W-
WSW winds. This observation suggests that the main source of the metal bearing particulate matter
is the surface cover of the settlement of Stratoni. Data from previous studies, examining the compo-
sition of the soil from gardens of the settlement, confirmed that the main phases are oxides of Fe and
Mn (Plakaki, 2006, Argyraki et al., 2007, Nicolaou, 2007). These mineral phases act as collectors for
other metals. Finally, Mass Concentration, Cu and Cd, present high concentrations both when NNE
and WSW directed winds blow, suggesting a mixed source of the transported particulate matter. 

5. Conclusions

Measurements of ambient concentrations of particulate matter of less than 10μm aerodynamic di-
ameter (PM10) are conducted on a 24 hours basis at Stratoni settlement. Evaluation of chemical data
from air filters for the year 2008, combined with detailed mineralogical analysis of PM10 fraction
leads to the following conclusions:  

a. Mass Concentration of collected dust ranged between 2.5μg/m3 and 79.6μg/m3. 

b. The majority of metal bearing dust grains are metallic minerals that exist in the ore. A miner-
alogical study of dust settled on filters in the air sampler operating close to the processing fa-
cility did not demonstrate variation in the type of metallic minerals. Galena, sphalerite and pyrite
dominate, whereas bournotite, boulanzerite, chalcopyrite, cerussite, barite, gypsum, goethite
and tennantite are subordinate mineral phases. During time periods when winds are of an E-NE
direction it seems that seawater droplets are settled on the filters and halite is formed. 

c. The annual limit value PM10 in all stations, as well as the Pb values are lower than the lim-
its permitted by European Standards (40μg/m3 and 0.5μg/m3 respectively). 

d. The number of exceedance days, that is the number of days when Mass Concentration ex-
ceeds the daily limit value of 50μg/m3, is significantly lower than the number permitted by
European Standards (35 days)2. It is worth mentioning that even at the station which is lo-
cated very close to the processing facilities that number reached a value to 19 during the
year 2008. 

e. On the basis of the EU Commission “Thematic Strategy on Air Pollution” published in 2005
the PM10 data at Stratoni pose no risk for human health. However, further research is needed
before concluding on the safety of ambient air for the local population. To that end, exami-
nation of finer fractions of particulate matter (e.g. PM2.5) as well as collection of data from
additional air samplers located within the area of the village of Stratoni is proposed.
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2 Consultation status in the EU on particulates provisions of the Air Quality Directive (from Goergen & Lam-
brecht, 2007).

Commission proposal (09-09-05) EP first reading (26-09-06)

Limit values
for PM10

a. Daily limit value from 2005 of
50μg/m3, which may be ex-
ceeded on a max. of 35 days

b. Annual limit value from 2005
of 40 μg/m3

a. Daily limit value from 2005 of 50μg/m3, which may be
exceeded on a max. of 35 days, but possibility for mem-
ber States to increase the number of exceedance days to
55 from 2010

b. Annual limit value from 2005 of 40 μg/m3 in the period
from 2005-2010

c. Annual limit value of 33 μg/m3 from 2010
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Abstract 

Eclogites and partially amphibolitized eclogites from the metamorphic Kechros complex in East
Rhodope are studied in order to provide the geodynamic framework for the origin of their protoliths.
Geochemical evidence from whole-rock major and trace element concentrations shows two distinct
protolith groups. The low-Fe-Ti eclogites (Charakoma locality) have low-TiO2 content (<0.67 wt%),
negative Nb anomalies, positive Sr anomalies, small negative Zr and Hf anomalies and variable en-
richments in LILE (e.g. Rb and Ba). The REE patterns are characterized by strong LREE enrichment
(LaN/YbN=5.45-5.81), HREE depletion (GdN/YbN=1.60-1.63) and HREE abundance within the range
of 9-10 × chondrite. The high-Fe-Ti eclogites (Kovalo and Virsini locality) have variable Sr contents,
small to moderate LILE enrichment, HREE`s similar to MORB values and absence of Nb anom-
alies. The REE patterns of the Kovalo and Virsini eclogites are characterized by LREE depletion and
relative flat MREE-HREE patterns at approximately 20-30 × chondrite concentrations. Our results
suggest that the protoliths of the Low-Ti eclogites show a continental rifting tectonic environment.
In contrast, the protoliths of the High-Ti eclogites indicate formation of their protoliths by partial
melting in an extensional oceanic environment. 

Key words: eclogites, amphibolitized eclogites, Kechros Complex, Rhodope.

1. Introduction 

Eclogites are high-pressure rocks that consist of omphacite and garnet, have broadly basaltic to in-
termediate composition and occur in a variety of geotectonic environments. Geochemical investiga-
tions are of great importance to elucidate the geotectonic environment of their protoliths and to provide
important information on the tectonic evolution of the orogenic belts (e.g. Ernst and Liou, 1995).

The Rhodope high-pressure (HP) Province represents an Alpine synmetamorphic thrust and nappe
complex that incorporates several tectonic slivers of ultra-high pressure (UHP) and HP metamorphic
rocks formed during the Jurassic to Mid-Tertiary collision of the African and European plates (Burg
et al., 1996; Liati and Mposkos, 1990; Mposkos and Krohe, 2000). It offers a great opportunity to
study the geochemistry of such HP rocks, since they are common in the most tectonometamorphic
complexes of it (Mposkos and Krohe, 2000). In the eastern Rhodope, the structurally uppermost
Kimi Complex underwent UHP-HT metamorphism in early Jurassic (Mposkos and Kostopoulos,
2001; Bauer et al., 2007) and exhumed to the surface between 62 and 48 Ma (Krohe and Mposkos,

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 



2002). The underlying Kechros Complex underwent also Alpine HP metamorphism, documented by
the common occurrence of fresh eclogites and amphibolitized eclogites with Permo-Triassic age of
gabbroic protoliths (Liati and Mposkos, 1990; Liati, 2005). Exhumation to shallow crustal levels of
the Kechros Complex occurred in Oligocene (Wawrzenitz and Mposkos, 1997; Lips et al., 2000).

In the present work we describe the geochemistry of eclogites, amphibolitized eclogites and dyke
amphibolites from the Kechros Complex. Our objective is to investigate the nature of the protoliths,
to provide a compilation of whole-rock major and trace element data and to place constraints on the
petrogenesis and geodynamic history of the protoliths of the studied rocks. 

2. Geological setting

In eastern Rhodope, a discrete tectonic contact separates the Kimi Complex from the underlying
Kechros Complex (Fig. 1). The Kechros Complex consists of orthogneisses, metamigmatites (con-
taining muscovite metapegmatite lenses, pelitic gneisses, high-alumina metapelites and rare mar-
bles). Within the orthogneisses and metapelites, boudins of eclogites, eclogite amphibolites and
amphibolites occur. Large ultramafic bodies are tectonically intercalated. 

In the eclogites P-T conditions of ~1.5 GPa at ~5500C, are estimated by Grt-Omp (Jd55). (Thermo-
barometry; Liati and Mposkos, 1990). In the orthogneisses and metapelites the HP event is docu-
mented by the presence of phengites with maximum 3.5 Si atoms per formula unit (a.p.f.u.) and up
to 3.42 Si a.p.f.u. respectively (Mposkos, 1989). Decompression was nearly isothermal from the
maximum pressure of 1.5 GPa up to 0.4 GPa. It is recorded in metapelites by the successive forma-
tion of staurolite, chlorite and biotite at the expense of chloritoid and phengite (Mposkos, 1989;
Mposkos and Liati, 1993, their figure 11a) implying rapid uplift. 
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Fig. 1: Geological map of Kechros area showing the locations of the studied eclogites (Mposkos and Krohe,
2000).



Orthogneisses and metapegmatites indicate Variscan protolith ages. U-Pb zircon ages from or-
thogneisses range between 320-299 Ma (Liati, 2005; Cornelius, 2008). Rb-Sr age of magmatic mus-
covite in a metapegmatite associated with metamigmatites yielded 334 Ma (Mposkos and
Wawrzenitz, 1995). U-Pb ages of magmatic zircons in eclogite yielded 245 Ma for the crystalliza-
tion time of the gabbroic protolith (Liati, 2005). Rb-Sr and 39Ar-40Ar white mica ages from mylonitic
orthogneisses range between 41-36 Ma, constraining minimum age for the Alpine HP metamor-
phism (Wawrzenitz and Mposkos, 1997; Lips et al., 2000). 

3. Petrography

The selected eclogites and amphibolitized eclogite samples occur in the following three areas: (1)
Charakoma, (2) Kovalo and (3) Virsini (Fig. 1).

The eclogites have the mineral assemblage garnet + omphacite (Jd35-55) + tremolite + hornblende ±
glaucophane + epidote ± kyanite + phengite + rutile + quartz and the retrogressed amphibolitized eclog-
ites tremolite + hornblende + albite + chlorite + epidote + quartz ± phengite ± paragonite ± garnet ±
margarite + rutile. Glaucophane is found as inclusions in garnet from the Kovalo eclogite and kyanite
from the Charakoma eclogite. Kyanite is associated with omphacite as inclusions in garnet as well as
in the rock matrix. Garnet-clinopyroxene geothermometry yielded 550-6200C at 1.5 GPa (minimum
pressure constrained from jadeite content in omphacite). However, the coexistence of kyanite with
omphacite (jd50) constrains the minimum pressure at 2.1 GPa at least for the Charakoma eclogite.

4. Whole-rock major and trace element analysis

4.1 Methods

Major and trace element compositions of 11 representative samples (Table 1), including eclogites and
amphibolitized eclogites, were determined by inductively coupled plasma – emission spectroscopy
(ICP-ES). For major and trace element analysis, structural water was removed from sample powders
by heating at 10000C for 1 hour. Loss on ignition (LOI) was determined from the total weight change.
Major and trace element analyses were performed on solutions after LiBO2 fusion and nitric acid di-
gestion of rock powder for ICP-ES analysis and on prepared beads after mixing with Di-Lithium
Tetraborate and fusion for XRF analysis. Rare earth element (REE) analyses were determined by in-
ductively coupled plasma-mass spectroscopy (ICP-MS) after LiBO2 fusion and nitric acid diges-
tion. The detection limits for the REE (in ppm) are <0.5 for La and Ce, <0.02 for Pr, <0.4 for Nd,
<0.1 for Sm, <0.05 for Eu, Gd, Dy, Ho, Er, Tm and Yb, <0.01 for Tb and Lu. The whole-rock analy-
ses were carried out at Acme Analytical laboratories in Canada. 

4.2 Major elements and compatible trace elements

Based on Fe2O3t and TiO2 contents, two types of eclogites are distinguished: low-Fe-Ti eclogites
(LFT) with Fe2O3t < 9.9 wt% and TiO2 < 0.79 wt% and high-Fe-Ti eclogites (HFT) with Fe2O3t >
12.3 wt% and TiO2 > 1.3 wt%.

Low-Fe-Ti eclogites: 

The LFT eclogites have SiO2 contents that range from 51.5 to 52.9 wt%, Al2O3 from 14.1 to 15.9
wt %, Fe2O3t from 7.9 to 9.9 wt%, CaO from 8.6 to 10.6 wt%, TiO2 from 0.48 to 0.79 wt% and
Na2O content from 1.75 to 3.14 wt%. Cr, Ni and Co abundances range from 103 to 438 ppm, 18 to
185 ppm and 29 to 44 ppm respectively.
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Table 1. Representative major and trace element compositions of Low-Fe-Ti (LFT) and High-Fe-Ti
(HFT) eclogites from the high pressure metamorphic Kechros Complex. 

Sample ΕΚ-7 Αι-13 Αι-13Β EK-6B EK-9 93Α-9 93Α-11 Β90-3Β KO2 KO4 KO6
Rock LFT LFT LFT LFT LFT HFT HFT HFT HFT HFT HFT
Major elements (wt%)
SiO2 52.46 52.86 51.67 51.49 52.04 44.56 43.48 44.55 45.68 44.29 46.01
TiO2 0.56 0.79 0.75 0.58 0.56 2.94 2.46 2.76 2.33 2.44 1.35
Al2O3 14.56 15.00 14.54 14.71 15.95 13.10 12.71 13.16 11.74 12.27 15.92
Fe2O3t 8.39 9.90 7.90 8.76 8.19 18.70 17.90 17.95 15.50 16.57 12.27
MnO 0.14 0.21 0.09 0.14 0.14 0.27 0.26 0.26 0.24 0.23 0.18
MgO 10.15 6.17 7.54 10.62 8.97 6.76 8.21 7.28 8.19 9.24 8.59
CaO 9.00 8.73 10.57 8.88 9.03 10.87 13.27 10.87 13.28 11.70 12.32
Na2O 2.07 2.23 3.14 1.75 1.80 2.53 0.99 2.50 1.18 1.02 1.72
K2O 1.11 1.44 1.13 0.73 1.18 0.07 0.10 0.08 0.15 0.21 0.28
P2O5 0.12 0.22 0.17 0.11 0.13 0.07 0.18 0.08 0.18 0.15 0.11
LOI 1.00 2.10 2.10 1.49 0.95 0.10 0.10 0.10 0.44 0.91 0.96
Total 99.56 99.65 99.60 99.25 98.93 99.97 99.66 99.59 98.91 99.03 99.71
Mg# 0.71 0.55 0.66 0.71 0.69 0.42 0.48 0.45 0.51 0.53 0.58
Trace elements (ppm)
Ba 183 253 216 144.4 252.2 8 9 14 43.3 85.9 31.5
Cs 2.9 7.4 1.1 <0.1 6.6 0.2 <0.1 0.7 7.5 2.3 <0.1
Pb 4.5 1 2.6 18.5 29.4 0.8 0.4 0.7 <0.1 <0.1 4.1
Rb 37.5 58.1 27.7 25.3 32.3 1.5 1.4 1.6 4.3 4.4 7.6
Sr 409.9 416.6 656.9 466.6 754.3 36.9 45.6 45.2 129.6 33.3 338.1
Ta 0.2 0.5 0.3 <0.1 <0.1 0.3 0.3 0.4 <0.1 <0.1 <0.1
Th 2.9 4 2.7 11.7 6.3 <0.2 <0.2 <0.2 4.9 <0.2 <0.2
U 1 1.8 1.6 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Nb 2.4 5.1 3.9 <0.1 <0.1 4.7 4.4 6.1 <0.1 <0.1 <0.1
Zr 54.1 91.4 69.8 30.2 45 149.5 108.5 215.5 94.9 99.5 40.2
Y 14.5 21.3 17.9 15.1 16.8 61.8 51.5 74 36.9 39.1 27.1
Ni 178 59 83 185.3 133.6 73 68 74 91 171.7 108.2
Cr 417.38 102.63 157.37 207.4 211.9 88.95 116.32 164.21 189.9 167.2 297.4
La 10.4 16.2 13 11.4 11.5 4.9 2.9 6.4 3.40 3.12 3.2
Ce 22.3 33.8 27.9 23.6 24.3 17.5 11.1 21.9 12.29 11.40 9.8
Pr 2.92 4.52 3.68 3.02 2.94 3.21 2.29 3.94 2.41 2.29 1.63
Nd 13.1 19.3 16.2 13.7 13.4 18.1 14.9 22.8 13.41 12.95 9.2
Sm 2.85 4.15 3.73 3.1 3 6.12 4.87 7.26 4.84 4.63 3.4
Eu 0.8 1.05 1.16 0.96 0.86 2.09 1.74 2.3 1.97 1.66 1.3
Gd 2.74 3.86 3.55 2.9 2.8 7.68 6.48 9.15 6.51 6.31 4.5
Tb 0.43 0.6 0.58 0.5 0.46 1.63 1.32 1.86 1.23 1.18 0.84
Dy 2.48 3.68 3.31 2.67 2.6 10.56 8.53 12.03 8.09 7.80 5.27
Ho 0.51 0.73 0.63 0.59 0.58 2.25 1.82 2.61 1.74 1.68 1.2
Er 1.47 2.29 1.87 1.54 1.55 6.84 5.57 8.34 5.10 4.98 3.33
Tm 0.22 0.32 0.24 0.23 0.23 0.99 0.8 1.17 0.75 0.74 0.52
Yb 1.5 2.09 1.55 1.5 1.42 6.51 5.25 7.66 4.81 4.80 3.17
Lu 0.22 0.31 0.23 0.25 0.22 0.97 0.78 1.13 0.70 0.70 0.5
[Gd/Yb]N 1.51 1.53 1.89 1.60 1.63 0.98 1.02 0.99 1.12 1.09 1.17
[La/Yb]N 4.97 5.56 6.02 5.45 5.81 0.54 0.40 0.60 0.51 0.47 0.72
[Eu/Eu*] 0.88 0.80 0.97 0.98 0.91 0.93 0.95 0.86 1.07 0.94 1.02
<: Below the detection limit 



High-Fe-Ti eclogites: 

The HFT eclogites have SiO2 contents that range from 43.5 to 46.0 wt%, Al2O3 from 11.7 to 15.9
wt %, Fe2O3t from 12.3 to 18.7 wt%, CaO from 10.9 to 13.3 wt%, TiO2 from 1.3 to 2.9 wt% and
Na2O content from 1.0 to 2.5 wt%. Cr, Ni and Co abundances range from 89 to 297 ppm, 68 to 172
ppm and 45 to 66 ppm respectively.

4.3 Incompatible trace elements

Low-Fe-Ti eclogites: 

N-MORB normalized trace elements patterns (Fig. 2a) are characterized by negative Nb-Ta and Ti
anomalies, small positive Sr anomalies, high LILE (Rb, Ba) abundances and relatively flat high field
strength elements (HFSE) from Zr-Lu with the exception of Sm which shows small positive anom-
alies. 

The REE patterns normalized to chondrite (Fig. 2b) are characterized by strong LREE enrichment
(LaN/YbN=4.97-6.02), HREE depletion (GdN/YbN=1.51-1.89) and HREE abundance within the
range of 8-12 × chondrite. 

High-Fe-Ti eclogites: 

N-MORB normalized trace element patterns (Fig. 2c) are characterized by very strong negative Sr
and Ti anomalies, small to moderate LILE enrichment, HREE`s similar to MORB values and absence
of Nb anomalies. 
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Fig. 2: N-MORB and chondrite-normalized trace-element diagrams for LFT (a,b), and HFT (c,d) eclogites.
Normalizing values are from Sun & McDonough (1989).



The REE patterns normalized to chondrite (Fig. 2d) are characterized by LREE depletion
(LaN/YbN=0.40-0.72), slight negative Eu anomalies (Eu/Eu*=0.94-1.07) and relatively flat MREE-
HREE patterns. They fall within the range of 13-45 × chondrite for both LREE and HREE. 

5. Discussion

5.1 Compositional modification during metamorphism

Seawater alteration, dehydration during metamorphism and partial melting are the main processes
that could affect the composition of the protoliths of the LFT and HFT after their initial formation.
Seawater alteration includes two opposite processes; the first is that they gain LILE and alkalis and
the second is that they lose Si, Mg and Ca (Jacob et al., 1994). 

Dehydration and loss of a melt component during passing from eclogite to amphibolite facies con-
ditions could affect mainly the SiO2 content and in lesser degree the LILE and LREE contents of the
bulk-rock composition (Stalder et al., 1998; Foley et al., 2002). This could be done due to transfor-
mation of clinopyroxene to amphibole at high water activity. Besides, the more compatible elements
(Cr, Ni, HREE) in eclogitic minerals (e.g. clinopyroxene and garnet) are less mobile and remain at
the peak P-T conditions (Jacob and Foley, 1999). The HFSE (Nb, Ta, Zr, Hf) and Th have very low
mobility in retrograde fluids and retain at the eclogitic primary or accessory minerals (Elliott et al.,
1997; Hebert et al., 2009). 

The incompatible elements enrichment of LFT eclogites could be attributed to mineral-fluid inter-
action at high-pressure conditions or even low-T seawater alteration. Low-T seawater alteration is
a mechanism that theoretically is present but is difficult to influences all of the samples in a consis-
tent way producing parallel trace element/REE patterns. Though, the Rb, Ba, K enrichments in our
eclogitic samples (especially in LFT) is due to the extensive rehydration mechanism which results
in the formation of hornblende (Becker et al., 2000). Petrographic data from the LFT eclogites sug-
gest that the retrograde amphibole is in very high modal content indicating extended water fluxes.
During the formation of such amphibole, a fluid phase, rich in Rb, Ba and K, is consumed in order
to complete the reaction, by increasing the LILE contents in the eclogites. Another LILE element
such as Cs, is positively and more strongly correlated with K (diagram not shown) indicating that
retrograde fluids could affect its concentration. 

In fact, the REE patterns of both LFT and HFT eclogites vary interconsistently probably reflecting
primary composition of the protoliths.

In order to check the relative mobilization of various elements, we investigate the role of the theo-
retical immobile elements. The HFSE`s (Nb, Ta, Zr, Ti) and the REE`s are seem to be relative less
mobile during retrogression process. 

5.2 Bivariate TiO2-Mg# vs. Major/trace element plot

Major and trace element vs. TiO2 plots are shown in Figure 3. They display the following trends with
decreasing TiO2: (1) The HFT eclogites show CaO, MgO and Cr concentrations which more or less
continuous negative trend with TiO2 whereas Fe2O3t is positively correlated; (2) SiO2 remain nearly
constant at decreasing TiO2 content whereas Na2O decreasing for TiO2>2.4 wt% and increasing for
lower TiO2 contents; (3) CaO, MgO, Fe2O3t lie above the MORB field whereas SiO2 and Na2O fall
below the field defined for MORB-type basaltic rocks; Cr is plotted within the MORB field. In con-
trast to the HFT eclogites, the LFT ones, display limited range of TiO2 showing (1) steep negative
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trends for Cr and MgO, whereas the major elements CaO, SiO2, FeO* and Na2O contents are more
scattered without obviously trends; (2) comparing the values of the LFT eclogites, are generally
plotted outside the MORB field.

The evolution of the Mg- to Fe-rich gabbroic rocks is well established in bivariate plots of selected
major and trace elements vs. Mg# (figure not shown). The compatible elements such as Cr and Ni
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Fig. 3: Selected major and trace elements vs. TiO2 for both LFT and HFT eclogites. Grey field represents
MORB values.



decrease with decreasing Mg# whereas the elements Zr, P, Ti and Y increase with decreasing Mg#
for both LFT and HFT eclogites respectively. However, the LFT eclogites display higher Mg# and
do not show coherent and continuous fractionation trends for most of the elements compared with
HFT eclogites. Within each sampling area of the study region, the eclogites have parallel REE pat-
terns with systematically increasing REE concentration with decreasing Mg#. The LFT eclogites
display LREE-enriched patterns whereas the HFT eclogites generally display LREE-depleted pat-
terns. The above geochemical features suggest that the studied eclogites represent gabbroic rocks
having different petrogenetic histories. The gabbroic character of these eclogites is also verified in
the LFT eclogite from Charakoma area were relics of the primary gabbro are preserved in the cen-
tral part of the eclogite body (Liati and Mposkos, 1990).

6. Tectonic setting

As already shown in the geochemistry section, the LFT eclogites have rift-related signatures whereas
the HFT eclogites have MORB signatures. Such speculations could represented in a Ti/Y-Nb/Y vari-
ation diagram (Fig. 4a), in which the two types of eclogites are shown; both types of eclogites share
similar Ti/Y values (~66-84 for LFT and 75-99 for HFT) but significant different Nb/Y values (0.17-
0.22 for LFT and ~0.08 for HFT). The LFT samples are plotted close to the continental cumulate gab-
bros whereas the HFT close to the oceanic gabbros; however both eclogites are shifted toward lower
Ti/Y values. 

Low-Fe-Ti eclogites

The LFT eclogites have rift-related enriched-REE patterns. Trace element systematics such as the
high Ce/Nb (>6.6) and Th/Yb (1.74-7.80) ratios span over the N-MORB range for the Ce/Nb (~3.2)
and Th/Yb (~0.04). Most of the samples are plotted in the C field of the ternary diagram Nb-Zr-Y
(Fig. 4b) which corresponds to within-plate or volcanic-arc basalts; though indicates the rift-related
signatures of the LFT eclogite protolith. The geochemistry of LFT eclogites suggests formation in
a rift-related tectonic setting. 
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Fig. 4: (a) Nb/Y vs. Ti/Y variation diagram comparing LFT and HFT eclogites with continental and oceanic gab-
bros. (b) Nb-Zr-Y ternary plot showing the contrasting tectonic signatures of LFT and HFT eclogites. Symbols
for both LFT and HFT eclogites as in figure 3. 



High-Fe-Ti eclogites 

The HFT eclogites have typical MORB-type REE patterns. Currently, trace element geochemistry
systematics suggest an N-MORB protolith. The Ce/Nb ratios range from 2.52 to 3.72, whereas the
Th/Yb ratios are lower than 1.02. The above ratios span over the N-MORB range for the Ce/Nb
(~3.2) and Th/Yb (~0.04). All of the samples are plotted within D field of the diagram Nb-Zr-Y, in-
dicating N-MORB signatures for the HFT eclogite protolith (Fig. 4b). Nb and Ti depletion observed
in N-MORB-normalized trace element patterns is consistent with fractionation and continuous re-
moval of minor amounts of Ti-bearing phase such as rutile. Besides, all of the analyzed samples
show negative Nb-Ta, Sr and Ti anomalies in their N-MORB normalized trace element patterns sug-
gesting that the protolith was oceanic crust, derived from a depleted mantle in a SSZ environment.

7. Conclusions-Results

The eclogites from Charakoma, Kovalo and Virsini areas are the metamorphic equivalents of gab-
broic rocks in terms of mineral assemblages, major and trace element geochemistry.

Based on the geochemical data presented on this study, the studied eclogites are divided into two
groups. The first group (Charakoma locality-LFT eclogites) displays strong LREE enrichment,
HREE depletion, low Ti and Fe contents, variable enrichments in LILE (e.g. Rb and Ba), negative
Nb-Ta, Zr and Hf anomalies and positive Sr anomalies. Their protoliths have been formed in a con-
tinental rifting tectonic environment. The second group (Kovalo and Virsini locality-HFT eclogites)
show LREE depletion and relative flat MREE-HREE on REE patterns, high Ti and Fe contents,
small to moderate LILE enrichment, variable Sr contents, HREE`s similar to MORB values and ab-
sence of Nb anomalies. The protoliths of the HFT eclogites indicate formation by partial melting in
an extensional oceanic environment.
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Abstract 

Bentonite clay minerals belonging to the smectite group have a wide range of chemical and indus-
trial uses. The structure and chemical composition, exchangeable ion type and small crystal size of
smectite are responsible for several properties, including a large chemically active surface area and
a high cation exchange capacity. A wastewater treatment using bentonite from Milos island, Greece,
was investigated. Raw wastewater sample (influent) from the wastewater treatment plant (WTP) of
the city of Kilkis, Northern Greece was treated using bentonite in conjunction with chemical coag-
ulants (polyaluminium chloride-PAC and cationic polyelectrolyte), in batch type experiments. The
removal of suspended solids (SS), chemical oxygen demand (COD), nitrate ion, ammonium ion,
phosphate ion, and toxic metals were evaluated. The treatment gave overflowed clear water im-
proved concerning the quality parameters. The bentonite adding prior to flocculation resulted in
effective removal of heavy metals such as chromium and copper. Additionally, the bentonite removed
nitrogen compounds with relatively high efficiency, while the clay presence highly improved the
COD removal. The quality parameters after treatment were improved fulfilling the requirements for
disposition as downstream, irrigation, swimming and fish waters.

Keywords: wastewater treatment, bentonite, influent, chemical coagulants.

1. Introduction 

Due to the rapid development in technology and urbanization, increasing amounts of industrial, agri-
cultural, and domestic wastes are discharged to receiving waters. Generally, they are discharged to
the nearest water sources such as rivers, lakes and seas. Wastewater treatment plants (WTPs) are ex-
pected to control the quality of the municipal wastewater (including industrial hazardous wastes) be-
fore being discharged into the nearby water sources (Chen et al., 2002). 

The need for water re-use has made the effluents from municipal WTPs to be considered as a valu-
able resource and integrated into the available water supply. The effluents from these plants, how-
ever, usually contain some impurities, such as suspended matter, residues of stable organic materials,
and refractory matter, which can cause undesirable colour, taste, and odour. Besides they contain nu-
trients such as phosphates and nitrogenous materials that cause eutrophication in receiving waters. 

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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Flocculation and adsorption are typical examples of treatment processes. Recently, low cost mate-
rials, including rice-husk, maple sawdust, soya cake, coal ash, peat and bone char, have been in-
vestigated as adsorbents for wastewater treatment (Ahsan et al., 2001; Daneshvar et al., 2002;
Ringqvist et al., 2002; Daifullah et al., 2003; Yu et al., 2003; Kirk et al., 2003). Additionally, the pu-
rification of industrial and urban wastewaters using a HEU-type zeolite (clinoptilolite) has been suc-
cessfully applied (Filippidis et al., 2008a, Filippidis et al.,2008b).

Clay minerals have great potential as inexpensive and efficient adsorbents for wastewater treatment
due to their large reserves, chemical and mechanical stability, high specific surface area, and struc-
tural properties. Part of the organic matter present in the effluent may be adsorbed on clay minerals,
which have a large active surface area available for adsorption, especially for compounds contain-
ing amines, amides, and polysaccharides (Greenland, 1965). In this way, the adsorbed complex will
cause removal of various compounds from the liquid during a flocculation step. 

In the present study raw bentonite samples from Milos island were used in combination with chem-
ical coagulants in the treatment of municipal wastewater. Bentonite is a natural clay formation con-
sisting mainly of montmorillonite which belongs to the 2:1 smectite clay mineral group. The basic
structural unit is composed of two tetrahedrally coordinated sheets of silicon ions surrounding a
sandwiched octahedrally coordinated sheet of aluminum ions. The isomorphous substitution of Al3+

for Si4+ in the tetrahedral layer and Mg2+ for Al3+ in the octahedral layer results in a net negative sur-
face charge on the clay (Luckham and Rossi, 1999). Compared with other clay types, it has excel-
lent sorption properties and possesses sorption sites available within its interlayer space as well as
on the outer surface and edges (Tabak et al., 2007). 

2. Materials and Methods

2.1 Characterization of bentonite

The raw bentonite was kindly provided by the S&B Industrial Minerals S.A., Milos island, Greece.
The sample was air-dried, ground and sieved. The <63μm particle size fraction was used in the ex-
periments. The chemical composition of bentonite was determined by AAS (Perkin Elmer 901A).
X-ray diffraction (XRD) analysis of the sample was carried out with a Philips PW 1710 diffrac-
tometer using CuKα radiation, in the 2θ angle range from 3o to 63o. The cation exchange capacity
(CEC) and specific surface area (SSA) were obtained by the ammonium acetate method (Alexiades
and Jackson, 1966) and multipoint BET N2 adsorption method. The mineralogical and chemical

Table 1. Chemical and mineralogical composition of bentonite with specific surface area and cation
exchange capacity value.



compositions of the bentonite are presented in Table 1. The X-ray diffraction pattern of the ben-
tonite sample is shown in Figure 1.

2.2 Sampling the wastewater samples

The raw wastewater samples (influent) were obtained from the wastewater treatment plant (WTP)
of the city of Kilkis. The WTP serves about 26,000 residents by treating daily 7,500-10,000 m3 of
municipal wastewaters. About 5–10% of the total flow is contributed by small enterprises. The treat-
ment process includes screening, grit removal, primary sedimentation with the use of chemical co-
agulants (polyaluminium chloride-PAC and cationic polyelectrolyte), conventional activated sludge
treatment, and effluent disinfection with UV-radiation. The quality of the influent is presented in
Table 2.

2.3 Treatment Procedure

Municipal wastewaters were treated with bentonitic clay at room temperature, in batch type exper-
iments. The treatment process proceeded with rapid mixing of 300ml raw wastewater samples with
7.5g of bentonite at 400 rpm for 60 min, slow mixing of 40 rpm for 30 min and then standstill for
20 min. Polyaluminium chloride (PAC) and cationic polyelectrolyte were added as coagulant aids
during the slow mixing step. For comparison reasons the same process was conducted without the
addition of the bentonite. The bentonite amount (7,5g) added was chosen as the optimum (with the
higher removal percentage) after experimental trials with various amounts of this material. The su-
pernatant was filtered through 0.45μm and analyzed. All the essays were conducted in triplicate and
only mean values are presented.
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Fig. 1: X-ray diffraction pattern of bentonite sample (A: Amorphous, C: Calcite, M:Mica, Sm: Smectite, Py:
Pyrite). 
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2.4 Analytical Methods 

Electrical conductivity and pH were measured with an electrode (CDM210, Radiometer, Copen-
hagen) and a combination electrode, respectively, at 25oC. The concentration of total suspended
solids was determined by immediately filtering the samples through a 0.45 micron filter paper. The
filters were weighed before the filtration and subsequently dried and weighed again after the filtra-
tion to determine the concentration of suspended solids Analysis of colour, phosphate (PO4

3-), am-
monia (NH4

+), nitrate (NO3
-), nitrite (NO2

-), and the metals Cr(total), Cu2+, Mn2+ and Ni2+ were
performed using a HACH DR/2000 spectrophotometer. 

3. Results and Discussion

The use of bentonite in conjunction with chemical coagulants in the treatment of municipal waste-
waters was investigated. The results are presented in Table 3 and Figure 1. The treated wastewaters
resulted in clear overflowed waters, free of odours and highly improved quality parameters.

Treatment of the municipal sewages with pH 8.71 resulted in a decrease of pH value to 6.72 and 6.61
with and without the addition of bentonite in the process, respectively.

Reduction of suspended solids (SS) plays a significant role in modern wastewater treatment, since the
SS serves as an adsorbent for heavy metals and polychlorinated biphenyls (PCBs) (Rosenwinkel et
al., 2001). Total suspended solids were effectively removed (99%) with no bentonite addition, due to
flocculation. The bentonite added in the process made no significant difference in the TSS removal. 

Table 2. Quality of the raw wastewater (influent) from the Kilkis wastewater treatment plant.

Constituents Units
Influent 

(Raw Wastewater)

Temperature ºC 23.6

pH 8.71

Conductivity μS/cm 1487

Colour Pt/Co 2375

TSS mg/L 360

COD mg/L 742

NO3-N mg/L 14.2

NO2-N mg/L 0.043

NH4-N mg/L 138.50

PO4
3- mg/L 4.77

Crtotal mg/L 0.05

Cu mg/L 0.30

Mn mg/L 0.241

Ni mg/L 0.281

Zn mg/L 0.67

TSS: Total Suspended Solids, COD: Chemical Oxygen Demand
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The discharge of untreated wastewater containing high levels of organic pollutants into river water
affects the suitability of river water for human use and it stimulates the growth of algae and aquatic
plants (Kuroda et al., 1997). Hence, various treatment methodologies have been used for the re-
moval of organic load from wastewater. Most of them are complicated and time-consuming, except
for adsorption methods, which are of low cost and easy to use. A COD removal of about 66% oc-
curs as a result of the treatment with no clay added, due to flocculation. The presence of bentonite
notably improves the removal of COD. Almost 80% of the total COD can be removed by treating
with chemical coagulants after the addition of clay. The bentonite alone, when added to the influent
removed 14% of the total COD. The more efficient removal of COD by bentonite is related to the
effective adsorption of organic matter in the large surface area of the clay (Greenland, 1965).

The presence of excess nitrogen and its compounds has a negative impact on the environment. Ni-
trogenous compounds play an important role in water pollution and it is well known that they cause
serious diseases (Balci and Dinçel, 2002). Therefore, the control of them in water has vital impor-
tance. In the treatment process without the bentonite, the removal efficiencies of nitrate, nitride and
ammonium ion from the wastewater, were relatively low (30-62%). Bentonite adding prior to floc-
culation highly improved the removal of the nitrogen compounds. The bentonite itself removes 25%
of nitrate ion, 19% of nitride ion and 24% of ammonium ion. Consequently, nitrogen compounds are

Table 3. Quality of the wastewaters after the treatment with and without the addition of bentonite.

Constituents

Treatment 
Without Bentonite

Treatment 
With Bentonite

Treated
Wastewater

±% Treated
Wastewater

±% ±% Difference
With the
Bentonite
Addition

pH 6.61 ± 0.1 -24.11 6.72 ± 0.2 -22.85 +1.3

EC (μS/cm) 1929 ± 3 -29.72 2050 ± 2 -37.86 +8.1

Colour (Pt/Co) 32 ± 0.5 -98.65 6 ± 0.1 -99.75 +1.10

TSS (mg/L) 3 ± 0.1 -99.17 1 ± 0.1 -99.72 +0.56

COD (mg/L) 250 ± 2 -66.31 146 ± 2 -80.32 +14.02

NO3-N (mg/L) 5.40 ± 0.05 -61.97 1.90 ± 0.02 -86.62 +24.65

NO2-N (mg/L) 0.018 ± 0.007 -58.14 0.010 ± 0.003 -76.74 +18.60

NH4-N (mg/L) 126.20 ± 0.05 -30.01 82.40 ± 0.08 -54.30 +24.29

PO43-(mg/L) 0.44 ± 0.01 -90.78 0.39 ± 0.01 -91.82 +1.05

Crtotal (mg/L) 0.02 ± 0.01 -60.00 0.01 ± 0.01 -80 +20

Cu (mg/L) 0.11 ± 0.01 -63.33 0.07 ± 0.01 -76.67 +13.33

Mn (mg/L) 0.041 ± 0.005 -82.99 0.037 ± 0.005 -84.65 +1.66

Ni (mg/L) 0 -100 0 -100 0

Zn (mg/L) 0.21 ± 0.03 -68.66 0.50 ± 0.03 -25.37 -43.28

Each value is the mean of three readings ± standard deviation.



effectively removed by the bentonitic clay. NO3
- and NO2

- ions were basically removed by ion ex-
change or by physical adsorption, while NH4

+ ions were removed by cation exchange processes
after bentonite addition (Grimshaw and Harland, 1975; Ahsan et al., 2001).

Phosphorus is a critical nutrient for many biological systems, including the production of food. In a
soluble form, phosphate has good surfactant properties and is used extensively in cleaners, detergents
and washing soaps. During its widespread commercial use, its ability to stimulate the growth of
algae in water systems has become very apparent. Therefore, the amounts of phosphate in domes-
tic and industrial wastewaters need to be controlled using the either chemical or biological tech-
niques (Galarneau and Gehr, 1997; Kirk et al., 2003). The chemical coagulants used in the treatment
process showed high efficiencies for removal of phosphate ion. The bentonite addition in the treat-
ment resulted in a slight difference (~1%) in the phosphate ion removal.

Chromium, copper, manganese, nickel and zinc are commonly known toxic heavy metals and tend
to concentrate in environmental systems and in humans. Therefore, the effect of bentonite in con-
junction with chemical coagulants in the removal of these heavy metals in wastewater treatment
was investigated, as presented in Table 3 and Figure 1. The heavy metal removal efficiencies are rel-
atively high (60-100%) for the treatment with no bentonite added. The bentonite addition shows a
slight difference in the removal of chromium (20%), copper (13%) and manganese (1.7%). Contrary,
the clay addition showed an increase in the zinc concentration in the treated wastewater. However,
this increase can be attributed to the exchangeable Zn cation hosted in the bentonitic clay (Table 2).
Therefore, for the concentrations of heavy metals tested (<1mg/L), the bentonite addition seems to
be effective only for the removal of chromium and copper.

The notable effect of bentonitic clay in improving removal of the various components from the in-
fluent can be explained by several mechanisms. This hydrophobic colloid, having a large available
surface area, adsorbs the products of the reaction between the chemical coagulants like cationic
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Fig. 2: Removal percentage of influent constituents with and without the presence of bentonite in the treatment
process. 



polyelectrolyte and anionic components of the influent. The clay particles serve as nuclea for floc-
culation, resulting in formation of large, rapid settling flocs. Therefore, reaction products that were
finely dispersed and could not be made to settle after flocculation (but would be separated by cen-
trifuging) did indeed settle from the suspension in the presence of clay. This means that the main task
of the clay is to aid in the settling of the suspended solids. It must also be remind that the clay added
to the effluent is in a coagulative state, because of the ionic strength and the high Ca2+ concentration
in the latter. The clay suspension approaches instability and it can easily be flocculated (Rebhun et
al., 1969).

4. Conclusions

The use of bentonite in combination with chemical coagulants for the removal of TSS, COD, nitro-
gen compounds (NO3

-, NO2
-, NH4

+), phosphate ion and toxic metals in the treatment of municipal
wastewaters was investigated. Treatment resulted to clear overflowed waters, free of odours. The
quality parameters of the overflowed water were improved. Bentonite adding prior to flocculation
was effective for removal of COD, nitrogen compounds and selected heavy metals such as chromium
and copper. The quality parameters in the treated wastewaters are fulfilling the requirements for dis-
position as downstream, irrigation, swimming and fish waters (Andreadakis et al., 2003; EPA, 2004). 
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Abstract

The petrographic features of the carbonate rocks from the Ionian Zone in the Etoloakarnania Pre-
fecture are presented. They are represented by limestones with minor dolomite. The limestones in-
clude: (i) wackestones (or sparse micrites), with poor presence of allochems within a mud matrix; (ii)
packstones (or packed micrites) with increasing levels of carbonate grains that are still surrounded
by micrite matrix, and (iii) grainstones (or sparites) containing allochems that are cemented with
sparry calcite crystals, while the mud matrix is absent. Bioclasts are the dominant carbonate com-
ponents in most of the samples accompanied by infrequent pelloids, intraclasts, lithoclasts and ooids.
Crystalline limestones were not identified. Quartz, apatite, barite, anhydrite, halite, clay minerals,
magnetite and ilmenite have been determined as accessory phases. The results show that mineralog-
ical and petrographic features of the analyzed carbonate rocks are related to their evolution during
the development of the Ionian Zone from a shallow-marine platform to a deep-water basin.

Key words: carbonate rocks, limestone, fabric, Ionian Zone, western Greece.

1. Introduction

Ranging in age from Precambrian to Holocene, carbonate rocks are present virtually throughout the
world. Limestone contains principally calcite, with or without dolomite. Aragonite and magnesian
calcite are abundant primary minerals in recent marine carbonate sediments and limestones. Both are
metastable, tending to alter to stable calcite or low-magnesian calcite with burial. Limestone is a
common sedimentary rock and one of the most useful and versatile of all industrial materials, hav-
ing variable applications such as in chemical and metallurgical industries, as construction material,
for glass and ceramics, in the production of cement, as filler in paper, plastics and paint industry and
for soil treatment. Along with dolomite, limestone comprises about 15% of all sedimentary rocks and
although they consist only 2% of the whole of crustal rocks per volume, in Greece they cover 70%
of its total surface (Carr et al., 1994). 

The Etoloakarnania Prefecture consists principally of various series of carbonate rocks. The present
study aims in describing the carbonate rocks of the Ionian Zone of Etoloakarnania, to investigate their
depositional environment and to evaluate their properties for their uses as industrial rocks. 

2. Geological setting

The Etoloakarnania Prefecture is located in continental Western Greece and consists, from West to
East, of the Ionian, Gavrovo-Tripolitza and Olonos-Pindos geotectonic Zones (Fig.1). Continuous

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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sedimentation prevailed throughout the Mesozoic and Tertiary; hence thick successions of carbon-
ate rocks cover the major part of the study area. The Gavrovo-Tripolitza Zone includes shallow plat-
form carbonate rocks of Cretaceous-Eocene age which are covered by vast quantities of clastic
sediments (De Wever, 1975; Fleury, 1980) whereas the Pindos zone reflects an oceanic basin at the
easternmost part of the Etoloakarannia. The Mesozoic series of the Pindos basin consists typically
of deep-water sediments which together with the clastic sediments of flysch form a thick succession
(Smith et al., 1975, 1979; Jones, 1990; Robertson et al., 1991; Degnan, 1992; Robertson, 1994, Deg-
nan and Robertson, 1998).

During the Mesozoic the Ionian zone corresponded to a vast, intra-platform rift basin bounded on
both sides by shallow platforms; the Apulia platform on the west and Gavrovo-Tripolitza platform
on the east (Aubouin, 1959; Katsikatsos, 1992; Bosellini and Morsilli, 1997). The early shallow
character, of the Ionian basin, during the pro-rift period, is reflected on its older rocks which include
the Permian-Triassic evaporites and dolomites, and the neritic Pantokrator limestones of Upper Tri-
assic age, which chiefly extend on the west part of the study area. During the following rift period
(Lower Jurassic – Upper Jurassic), the Lower siliceous shales with Posidonomya, the red-blue, lime-
stones with ammonites (Ammonitico Rosso), the filamentous limestones and the Upper siliceous
shales with Posidonomya are deposited (Renz, 1955) (Fig 2). The syn-rift formations are overlain
by the Upper Jurassic – Lower Cretaceous pelagic Vigla Limestone Formation (Aubouin, 1959;
Karakitsios and Koletti, 1992; Karakitsios et al., 2004), the Upper Cherts (BP 1971, IFP-IGRS 1966)
the pelagic and microbrecciated limestones of Senonian and Paleocene-Eocene limestones. The
upper members are covered by flysch deposits of Eocene age (Zelilidis et al., 2003) (Fig. 2). West-
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Fig. 1: Map showing the geotectonic units occurring in Etoloakarnania Prefecture (after Bornovas and Rodoy-
anni-Tsiabaou, 1983).



wards emplacement and successive overthrust resulted in a series of nappes of Gavrovo-Tripolitza
and Pindos Zones onto the Ionian Zone along with deformation of the Pindos and formation of a se-
ries of thrust sheets (Robertson and Degnan, 1997). 

3. Analytical methods

Electron microanalyses were carried out on polished thin sections at the Laboratory of Electron Mi-
croscopy and Microanalysis, University of Patras. All elements were analyzed by an electron-dis-
persive X-rays (EDX), using EDS and WDS detectors attached to a JEOL JSM-6300 SEM. The
calibration of the instrument was made with well characterized reference materials (including nat-
ural minerals, synthetic glass and metal). Operating conditions were accelerating voltage 20kV and
beam current 0.9 nA with 4μm diameter beam. The total counting time was 60 sec and dead time
40%. Detection limits are ~0.1% and accuracy better than 5% was obtained.

Whole rock chemical analyses were performed at ACTLABS, Ancaster, Ontario, by fusion ICP-
OES for major elements and combined ICP-MS and INAA for trace elements. Detection limit for
major elements is 0.01%, except for TiO2 which is 0.005%. Replicate analyses suggest accuracy
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Fig. 2: Stratigraphic column of the Ionian Zone
formations in Etoloakarnania area.



better than 5% for major elements and most trace elements. The determination of CO2 was accom-
plished by coulometry. 

4. Macroscopic description

Field work in the carbonate rocks of the Ionian Zone showed that Triassic dolomites are massive and
unbedded, with compact, grainy texture and gray colour. The overlying Pantokrator limestones form
unbedded to very thick bedded, homogenous outcrops (Fig. 2). It comprises white to whitish or gray
to dark gray, fine crystalline rocks with visible carbonate components. Small, window-like, cavities
which are filled by secondary, crystalline calcite are frequently observed. The Vigla Limestone for-
mation displays thin to medium platy outcrops with intercalations of grayish to dark-gray nodules
or beds of cherts, indicating the change of the depositional conditions from neritic to pelagic, as the
Ionian zone evolves to a deep basin. This massive limestone has cream, yellowish, and whitish col-
ors, often with Fe-oxides impregnations. Calcite veins or fracture discontinuities are rare or absent.
Bedding is not present in any of these biomicrites. The collected samples from the Senonian lime-
stones show large variability. This is due to variable material deposited during clastic and pelagic
processes that operated at the edges and central area of the Ionian zone. Representative samples of
this formation comprise: a) cream to whitish, massive micrites, with well shaped dendritic deposi-
tions of oxides, stamped on their planar interfaces, b) light gray, grainy limestones with discernible
carbonate components, weakly orientated to parallel directions and c) brecciated, light gray to whitish
limestones, composed by an agglomerate of grains and fragments of various sizes and shapes which
are cemented in a micritic matrix. The Paleocene limestone includes fossiliferous, whitish micrites,
accompanied by rare nodules of gray cherts, red-brownish Fe-oxides and stylolites, as well as fine-
crystalline, gray limestones. The carbonate succession of the Ionian zone is completed with Eocene
limestones, which include cream to whitish, homogenous micrites and light gray, microcrystalline,
laminated limestones. Stylolites and rare depositions of opaque minerals occur in both types and
cross-cut their almost pure carbonate mass (Fig. 2).

5. Petrography

Thin sections from 30 samples were prepared and observed through a polarizing microscope: the
classification schemes by Dunham (1962) and by Folk (1959, 1962) have been used for the de-
scription of the microscopic features of the collected samples. For clarity and simplicity, classifica-
tion according to Folk is given in brackets, below. Although carbonate rocks are variable in
composition, their components can be broadly divided into four main groups: non-skeletal grains,
skeletal grains, micrite matrix and cement.

Limited outcrops of Triassic dolomites and dolomitic limestones, at the base of the zone, enabled us
to collect only one sample. Microscopic examination reveals that the original structure has not been
completely obliterated, so these dolomites can be described in terms of Dunham΄s (1962) and Folk΄s
(1959, 1962) classification (preceded by the word dolomitic). Thus, this sample is a dolomitic
peloidal grainstone or a dolomitic unsorted pelsparite, respectively. The majority of carbonate grains
constitute pelloids, micritic, rounded to weakly elliptical in cross section, varying in size between
0.05-0.4 mm (Fig. 3a). Minor, thin-walled, bioclasts occur, too; their identification is not always
easy because of dolomitization. The grains are cemented with fine (10μm), anhedral dolomite crys-
tals, which form a xenotopic mosaic while micrite matrix is absent (Fig. 3a). Dolomitization is not
fabric selective, as allochems and matrix have all been replaced by dolomite; rare calcite crystals
have escaped dolomitization. Thin calcite veinlets also cross-cut the rocks. 
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The Pantokrator limestones include: 

a) Bioclastic wackestones (sparse biomicrites), composed predominately of micrite matrix that sup-
ports larger, sparsely distributed bioclasts. Scanning electron microscopic study aims in verify-
ing that the carbonate matrix consists of microspar calcite crystals, ranging in size from 4 μm up
to 10 μm, forming a patchy developed, coarser mosaic of anhedral crystals (Fig. 3b). The skele-
tal fragments possess a dark micrite envelope around the grains, which is produced mostly by the
boring activity of endolithic bacteria and they lack well preserved original structure, as their in-
ternal chambers are filled by equant, drusy sparite.This fact and their small size renders the iden-
tification of bioclasts difficult. The cavities filled with sparry calcite are frequently observed (Fig.
3c). Veinlets of calcite and stylolites are often associated with insoluble material (mainly clay
minerals) accumulated as a result of pressure-induced dissolution, interrupt the samples at any ori-
entation.

b) Oobioclastic grainstones/packstones (unsorted oobiosparites/packed biomikrites). Abundant
grains are observed within these limestones, such as bioclasts (e.g. green algae, foraminifera and
gastropods with thin micrite walls and not always obvious chambering), ooids, pelloids (wholly
micritized equigranular grains), and intraclasts. Although the observed ooids have been micritized
they are still recognizable by their almost perfect circular shape, their size (about 0.45 mm) and
their weak, residual, concentric structure. Lithoclastic fragments of carbonate rocks, completely
different from the host limestone, are rarely detected. The observed grainstones lack carbonate
mud and allochems are cemented mostly by equant sparite crystals. However in places, probable
micrite matrix exists in interstices. Calcite veins and stylolites occur, too. Small crystals of Fe-
oxides are also present in trace amounts.

The Vigla Limestone samples are classified as bioclastic wackestones (sparse biomicrites) and com-
prise locally porous, well indurated carbonate mud with small bioclasts suspended in it (Fig. 3d). The
matrix is not completely dark and has undergone weak aggrading neomorphism leading in a rela-
tively coarser mosaic. The micrite matrix is also loaded with homogenously, distributed very-fine
silica crystals. The bioclasts have circular or elliptic shape and drusy sparite infilling. Small voids
are detected within the fossils (intraparticle porosity), whereas in some cases bioclasts have com-
pletely dissolved out leaving a biomouldic porosity. No evidence of compaction was observed. Scan-
ning electron microscopic examination confirmed the presence of Fe-oxides and quartz.

The textural variety observed in the Senonian limestones is also expressed in their microscopic fea-
tures; their classification suggested the presence of:

— bioclastic wackestones (sparse biomicrites), with small bioclasts, mainly multi-chambered
foraminifera “floating” in carbonate mud;

— bioclastic grainstones/packstones (unsorted biosparites/packed biomicrites) with bioclasts and
intraclasts cemented with crystalline calcite. Tabular-shaped, bioclastic fragments now composed
of fibrous calcite occur, probably as a result of calcitization of former aragonite that allowed the
preservation of the fibrous structure (Fig. 3e). Minor amounts of anhydrite, apatite, halite and clay
minerals were detected by electron microscopic observation (Fig. 3f). 

— lithoclastic packstones (packed extramicrites), where fragments of limestones, with texture dif-
ferent relative to their host biomicrite matrix, supporting an out of depositional basin provenance
for them. 

The Paleocene limestones include bioclastic wackestones (sparse biomicrites) and bioclastic grain-
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Fig. 3: (a) Photomicrograph showing peloids cemented by fine-crystalline dolomitic cement from sample AIT37
(crossed polarized light). (b) Back scattered electron image illustrating microspar which has resulted from the
aggrading neomorphism of the micrite in sample AIT26. The neomorphic spar crystals are characterized by ir-
regular or curved intercrystalline boundaries with embayments and irregular crystal-size distribution. Dark
areas represent intercrystalline porosity. (c) Photomicrograph showing the characteristic cavities observed in
Pantokrator limestones (sample AIT26). Calcite occupies the cavities (Cal2) exhibits a drusy fabric, charac-
terized by increasing crystal size away from the cavity wall towards the cavity centre. The cavity is surrounded
by micrite matrix (Cal1) (crossed polarized light). (d) Wackestone with sparse bioclasts from Vigla limestone
formation. Photomicrograph from sample AIT35 (plane polarized light). (e) Photomicrograph showing abun-
dant bioclasts and few endoclasts (dark micrite pieces) that produce a grain supported texture (sample AIT32b)
(plane polarized light). (f) Back scattered electron image showing an apatite crystal in sample AIT32b. (g) Well
preserved foraminifera floating in opaque micrite matrix. Photomicrograph from sample AIT46a (crossed po-
larized light). (h) Back scattered electron image showing anhedral barite crystals detected in sample AIT34a. 



stones (unsorted biosparites). The wackestones contain bioclasts, dominantly foraminifera rooted in
the carbonate mud matrix. The bioclasts may have either thin walls, occasionally broken, filled with
internal sediment and/or fine crystalline calcite, or thick walls, displaying well preserved radiating
structure of fibrous crystals, with sparite infilling. The micrite matrix is opaque and uniform (Fig.
3g). The grainstones usually contain well-preserved, undamaged, sizeable fossils (mainly mollusks
and benthonic foraminifera). Rare ooids showing well concentric structure and uniaxial extinction
have been observed. Grains consisting exclusively of micrite probably represent micritized bio-
clasts. Usually, long axes of fossils are preferentially orientated parallel to sedimentary bedding.
The grainstones are totally devoid of micrite matrix and their carbonate constituents produce a poorly
sorted, grain supported texture.

The Eocene limestones comprise bioclastic wackestones (sparse biomicrites) and bioclastic pack-
stones (packed biomicrites) with characteristics similar to those rock-types described for the Pale-
ocene limestones. The majority of allochems constitute bioclasts, mainly well-preserved
foraminifera, composed of fine-crystalline sparite and carbonate mud. The micrite matrix of the
wackestones is not completely dark and exhibits a very-fine-crystalline texture, as a result of ag-
grading neomorphism. This diagenetic process resulted in the development of fine-crystalline cal-
cite along subparallel zones with fuzzy margins with the micrite matrix. The packstones are sorted
and in a few cases potential intraclasts of micrite are rarely detected. Trace amounts of apatite, quartz
and micron-sized, anhedral crystals of barite, Fe-oxides and ilmenite are present within the wacke-
stones and packstones (Fig. 3h).

6. Mineral chemistry

Representative microanalyses of the main constituents of the carbonate rocks are given in Table 1.
Several grains and crystals were analyzed, and in some cases each grain was analyzed from rim to
core. The dominant rock forming mineral calcite may be termed, depending on the magnesium con-
tent, as low-Mg calcite with less than 4 mol. % MgCO3 (molar MgCO3 ranges typically from 0.45
to 1.80). In a similar way, iron content of the studied samples show Fe-poor calcite compositions,
as Fe2O3

t is below detection limit in most of the samples (with few exceptions), thus the calcite is
characterized as non-ferroan. 

The analyzed calcite crystals from the collected rocks have CaO contents that range from 53.08 to
56.52 %. Some crystals show limited substitution of Mg for Ca with MgO ranging from 0.18 to 0.72
%. In general, the Pantokrator limestone contains the purest calcite crystals relative to those from
the other formations. Calcite crystals from cement and in veins are richer in CaO relative to the cal-
cite analysed in grains and matrix. Few impurities include mainly few amounts of K2O, MgO, Na2O
and SiO2 in the analyzed calcites. K2O content ranges from 0.10 to 0.28 % whereas Na2O is rela-
tively higher (0.18-0.48 %). SiO2 ranges from 0.21 to 0.35 % particularly in the micrite carbonate
matrix or to a lesser extent in micritized grains, mainly in the Eocene and Vigla Limestones; the
higher SiO2 values may be related to biased results from the presence of clay minerals or micro-
crystalline silica. P2O5 and SO3 show a preferential accumulation mostly in calcites from skeletal
grains and cement. Dolomites from the Triassic dolomitic rocks were analyzed from cement, skele-
tal and non skeletal (mainly micritized) grains and generally display coherent compositions. They
are non-ferroan and their calcium and magnesium contents range between 30.19-32.11 wt% and
19.81-20.13 wt%, respectively. They are characterized as Ca-rich, with a molar CaCO3 content rang-
ing from 53.9 to 57.3 (Lumsden and Chimahusky, 1980; and Morrow, 1978, 1982a).
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7. Geochemistry

Whole-rock geochemical analyses from the collected carbonate rocks are listed in Table 2. For com-
parison, the global average chemical composition of limestones (Mason and Moore, 1982) is also
given. Our limestone samples have higher CaO and Na2O and lower MgO and Sr abundances rela-
tive to the global average limestone composition. Considering the chemical classification based on
CaCO3 content (Oates, 1998), all samples are characterized as ultra-high calcium limestones (CaCO3
> 97%), except for the sample AIT 37 which is a magnesian limestone (CaCO3 = 80.23 %). The
total amount of impurities (sum of all oxides excluding CaO and CO2) for all the limestones except
the dolomitic sample AIT 37, ranges between 0.27 and 1.65%. SiO2 (0.03-0.93%) shows the high-
est concentrations in the Vigla limestones (Table 2), most likely due to the presence of minute sil-
ica grains and/or clay minerals in the carbonate matrix. This is compatible with the higher amounts
of insoluble residual measured in these samples. All samples are poor in MgO (<1%), except for sam-
ple AIT 37 with high MgO content (19.41%) due to the presence of dolomite. Samples AIT 34a, AIT
34b and AIT 25a exhibit the highest Al concentrations, which along with high amounts in Si reflect
the presence of detrital minerals in their carbonate matrix. Most biomicrites are rather rich in Fe
most likely related to the occurrence of Fe-oxides and ilmenite, usually found together with clay min-
erals. Na, Mn, K, and P are insignificant in most of the samples while P is primarily detected in the
Senonian and Eocene limestones, probably attributed to the presence of apatite.

Sr is detected in all samples. Eocene and Senonian limestones are the most enriched samples in Sr
(except for sample AIT 33 with Sr = 181 ppm). The highest value is shown by the biomicrite sam-
ple AIT 34a (518 ppm) which contains also significant apatite amounts. The Pantokrator limestones,
which contain the purest calcite, display the lowest Sr concentrations (78-114 ppm), except samples
AIT 28a and AIT 24a, which are clearly richer in Sr (234 and 253, respectively). These two samples
are also richer in SiO2 and Al2O3. The dolomitic sample AIT 37 has low Sr content compared to the
rest analyzed carbonate rocks (82 ppm). Sulfur content is fairly coherent displaying inconsiderable
variations between 0.028-0.046 wt%. 

The trace elements As, Be, Br, Cd, Cs, Hf, Mo, Rb, Sb, Se, Ta, and Th amounts in the analyzed sam-
ples are mostly below detection limits. However, the studied limestones are generally enriched in Ba,
Bi, Co, and Cu compared to the global average limestone. The high Ba content in samples AIT 34a,
AIT 34b and AIT 25a is most likely the result of the presence of barite in them. The Eocene and Vigla
limestones demonstrate higher Cu values compared to the rest samples.The U abundance in sample
AIT 37 (5.3 ppm) is higher than the rest samples. Except for calcite, Y is commonly incorporated to
apatite, replacing Ca.

8. Discussion and conclusions

The analyzed, Triassic dolomitic rocks generally contain Ca-rich dolomite crystals with coherent
compositions and MgO contents ranging from 19.81 to 20.13 wt %. Ca-rich, fine-crystalline
dolomites, similar to those observed in the analyzed sample from the Ionian Zone, are thought to be
early diagenetic, near surface in origin and usually they are unassociated with evaporites (Tucker and
Wright, 1990). However, it has been observed that evaporites occur at the lower members of these
dolomitic rocks commonly forming diapyric domes (IGRS-IFP 1966; Underhill, 1988; Karakitsios,
1995). The timing of dolomitization as well as the mineralogy of the precursor carbonate are also
important factors in determining the dolomite Sr content. Ancient dolomites have variable Sr con-
tents, a few tens to hundreds of ppm is the typical range. Early dolomitization of marine carbonates
will result in Sr-richer dolomites compared to those resulting from later dolomitization of stabilized
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Table 2. Whole-rock chemical analyses from the carbonate rocks of the Ionian Zone (-: below detec-
tion limits).

Formation Eocene Senonian Vigla Pantokrator
Limestones Dolomites

Sample AIT34A AIT 34B AIT 32A AIT 32B AIT 33 AIT 25A AIT 35 AIT 26A AIT 28A AIT 31A AIT 31B AIT 36 AIT 24A AIT 37
Major elements wt%
SiO2 0.75 0.37 0.61 0.10 0.19 0.73 0.93 0.03 0.12 0.07 0.03 0.03 0.14 0.05
TiO2 - - - - - - - - - - - - - -
Al2O3 0.24 0.12 0.25 0.03 - 0.20 0.21 - - - - - - -
Fe2O3(T) 0.14 0.10 0.11 0.01 - 0.07 0.12 - - - - - - -
MnO 0.04 0.03 0.04 0.02 - 0.01 0.02 - - - - - - -
MgO 0.36 0.37 0.50 0.34 0.57 0.34 0.29 0.20 0.42 0.22 0.39 0.39 0.46 19.41
CaO 55.30 54.39 53.55 54.43 54.28 55.25 54.13 55.70 56.01 55.84 55.35 54.89 56.05 33.04
Na2O 0.08 0.06 0.04 0.05 0.05 0.07 0.05 0.04 0.05 0.07 0.07 0.05 0.05 0.12
K2O - - - - - 0.04 - - - - 0.02 - - 0.02
P2O5 0.04 0.05 0.06 0.01 0.02 0.02 0.02 - - - - - 0.01 -
LOI 43.28 43.49 43.39 43.73 43.67 43.43 43.22 42.85 43.79 42.80 43.42 43.35 43.48 46.63
Total 100.20 98.94 98.54 98.7 98.83 100.20 98.96 98.78 100.50 98.94 99.29 98.66 100.30 99.30
CO2 44.50 44.90 43.80 44.80 45.20 45.40 45.00 45.60 45.30 44.90 44.80 45.90 45.40 47.90
CaCO3 98.38 98.93 98.38 99.45 99.11 98.48 98.37 99.77 99.30 99.70 99.48 99.57 99.23 80.23
Trace elements ppm
S (%) 0.037 0.046 0.038 0.039 0.034 0.039 0.034 0.028 0.034 0.029 0.043 0.034 0.043 0.041
Cr 5 6 6 - 8 5 - 4 5 - 2 4 6 -
Co 5 4 3 4 5 5 3 3 3 4 3 5 4 7
Ni 5 2 4 - - - 1 - 1 - 1 - - -
Cu 12 11 3 2 3 10 5 - 1 1 3 - 4 1
Zn 7.0 3.0 5.0 - - 4.0 5.0 - - - - - - -
Rb - - - - - - - - - - - - - -
Sr 518 439 415 367 181 191 122 78 234 79 108 114 253 82
Y 7 5 9 - - 8 4 - - 2 6 - 2 -
Zr - - 3.0 - - 4.0 - - - - 3.0 - - -
Pb 8 10 8 10 7 9 9 9 8 8 6 8 9 -
Ba 38 20 6 - 4 12 10 - 4 - - 4 3 3
V - - 9 - - - - - 7 - 19 - - 8
Sc 0.4 0.2 0.7 0.1 0.1 0.5 0.3 - - - - - 0.1 -
Th - - - - - - - - - - - - - -
Ta - - - - - - - - - - - - - -
Hf - - - - - - - - - - - - - -
As - - - - - - - - - - - - - -
Mo - - - - - - - - - - - - - -
Ag - - - - - - 1.0 - - - 0.5 - - -
Cd - - - - - - - - - - - - -
Hg - - - - - - - - - - - - - -
Bi - - - 5 - - - - - 4 - - - 9
U - - 0.6 - - - - - 0.7 - 1.4 - - 5.3
Au (ppb) 11 12 8 - - 29 25 - 8 - 20 - - -
Be - - - - - - - - - - - - - -
Br - - - - - - - - - - - - - -
Cs - - - - - - - - - - - - - -
Ir - - - - - - - - - - - - - -
Sb - - - - - - - - - - - - - -
Se - - - - - - - - - - - - - -



marine carbonates composed of diagenetic low-Mg calcite (Tucker and Wright, 1990). However,
based on dolomite stoichiometry and rock microstructure it is suggested that the low-Sr dolomites
from the Ionian Zone are interpreted as early diagenetic and are related to dolomitization of origi-
nal carbonate phases poor in aragonite skeletal components. Ancient dolomites have variable Sr
contents, a few tens to hundreds of ppm is the typical range. Early dolomitization of marine car-
bonates will result in Sr-richer dolomites compared to those resulting from later dolomitization of
stabilized marine carbonates composed of diagenetic low-Mg calcite (Tucker and Wright, 1990).
However, based on dolomite stoichiometry and rock microstructure it is suggested that the low-Sr
dolomites from the Ionian Zone are interpreted as early diagenetic and are related to dolomitization
of original carbonate phases poor in aragonite skeletal components.

The Pantokrator limestones are the purest carbonate rocks of the Ionian zone, devoid of non-car-
bonate impurities. Mineral chemistry is also compatible with this fact since the analyzed calcites
from the Pantokrator limestones are the purest in Ca phases. Whole-rock analyses suggest that most
minor and trace elements are very low or below detection limits and the analyzed Pantokrator sam-
ples are clearly the most enriched in CaO relative to the rest samples. The microspars observed in
the Pantokrator limestone samples are the result of aggrading neomorphism of the precursor car-
bonate mud.

The Vigla limestone belongs to the post-rift sequence of the Ionian Zone (Karakitsios, 1995). The
nodular and bedded cherts found within the Vigla limestones indicate the change of the depositional
conditions from neritic to pelagic and the evolution of the Ionian Zone from shallow-marine plat-
form to a deep basin. The micrite matrix of the Vigla limestones is loaded with homogenously, dis-
tributed very-fine silica crystals, related also to their deep water depositional environment.
Whole-rock geochemical results indicate that SiO2 contents are also higher than the limestones from
the other formations, most likely due to the presence of minute silica grains and/or clay minerals in
the carbonate matrix. This is consistent with the higher amounts of insoluble residue measured in
these samples, and most likely reflects the pelagic depositional conditions which were prevailing dur-
ing this period.

Most of the biomicrites from Eocene, Senonian and Vigla formations are rather rich in Fe, reflect-
ing the occurrence of Fe-oxides. These opaque minerals are frequently usually found in association
with clay minerals of clastic origin. The formation of the Senonian and Paleocene-Eocene lime-
stones mark the post-rift period of the pre-orogenic evolution of the Ionian Zone, and correspond to
depositional conditions where pelagic sedimentation (resulted in deposition of biomicrites) and clas-
tic material influx from the basin margins and the neighboring zones (resulted in formation of brec-
ciated lithotypes). The Eocene and Senonian limestones are the most enriched in Sr samples. Sr
substitutes greatly for Ca in calcite; however, it is also a significant substitute for Ca and Ba in ap-
atite and barite lattice, respectively. The highest Sr values are shown by the samples which contain
also appreciable amounts of apatite and barite, therefore suggesting that calcite, apatite and barite
contribute to the concentration of Sr. The low Sr contents in the Pantokrator limestone may be re-
lated to diagenetic loss of Sr, and/or to a calcitic rather than an aragonitic original mineralogy, likely
in an inner platform environment which are typically poor in aragonite and/or the absence of non car-
bonate minerals related to Sr.

9. References 
Aubouin, J., 1959. Contribution a l’ etude géologique de la Grèce septentrional: les confins de l’ épire et

de la Thessalie, Ann. Geol. Pays Hell 10, 403.

XLIII, No 5 – 2550



Bosellini, A., and Morsilli, M., 1997. A Lower Cretaceous drowning unconformity on the eastern flank
of the Apulian Platform (Cargano Promontory, southern Italy), Cretaceous Research 18, 51-61.

B.P. Co. Ltd., 1971. The geological results of petroleum exploration in western Greece. The Geology of
Greece, Institute for Geology and Subsurface Research, Athens, 73p.

Carr, D. D., Rooney, L. F., and Freas, R. C., 1994. Limestone and dolomite, Industrial Minerals and
Rocks, AIME Soc, 605-609.

De Wever, P., 1975. Etude géologique des series apparaissant en fenêtre sous l’ alloctone pindique (série
de Tripolitz et série épimetamorphique de Zarouchola). Péloponnèse septentrional, Grèce, Thèse 3eme
cycle, Université de Lille.

Degnan, P.J., 1992. Tectono-Sedimentary Evolution of a Passive Margin: The Pindos Zone of the NW
Peloponnese, Greece. Unpublished PhD thesis, University of Endibourg. 

Degnan, P.J. and Robertson, A.H.F., 1998. Mesozoic-early Tertiary passive margin evolution of the Pin-
dos ocean (NW Peloponnese, Greece), Sedimentary Geology 117, 33-70.

Dunham, R.J., 1962. Classification of carbonate rocks according to depositional texture. In: W.E. Ham
(ed.). Classification of carbonate rocks, Am. Assoc. Petroleum Geologists, Memoir 1, 108-121.

Fleury, J.J., 1980. Evolution d’ un basin dans leur cadre alpin: les zones de Gavrovo-Tripolitze et du
Pinde-Olonos, Soc. Géol. Nord. Spec. Publ. 4, 651. 

Folk, R.L., 1959. Practical petrographic classification of limestones, Bull. Am. Ass. Petroleum Geologists
43, 1-38.

Folk, R.L., 1962. Spectral subdivision of limestone types. In: W.E. Ham (ed.), Classification of carbon-
ate rocks, Am. Assoc. Petroleum Geologists, Memoir 1, 62-84.

IGRS-IFP, 1966. Étude geologique de l’ Epire. Institute for Geology and Subsurface Research, Athens,
306p.

Jones, G., 1990. Tectonostratigraphy and evolution of the Pindos Ophiolite and Associated Units, North-
west Greece, PhD. thesis, University of Endibourg.

Karakitsios, V., 1995. The influence of preexisting structure and halokinesis on organic matter preserva-
tion and trust system evolution in the Ionian basin, Northwestern Greece, AAPG Bullentin 79, 960-980. 

Karakitsios, V., and Kolleti, L., 1992. Critical revision of the age of the basal Vigla limestones (Ionian
Zone, western Greece), based on nannoplankton and calpionellids with paleogeographical conse-
quences. In B. Hamrsmid and J. Young (eds), Proceedings of the Forth International Nannoplankton
Association Conference, Prague 1991, Knihovnicka ZPN, 14a, vol. 1, 165-177. 

Karakitsios, V., Tsikos, H., Van Breugel, Y., Bakopoulos, I., Koletti, L., 2004. Cretaceous oceanic anoxic
events in western continental Greece, Bull of the Geol. Soc. Greece, XXXVI, 846-855.

Katsikatsos, G., 1992. The geology of Greece, University of Patras, 451.

Lumsden, D. N. and Chimahusky, J. S., 1980. Relationship between dolomite nonstoichiometry and car-
bonate facies parameters. In: Concepts and Models of Dolomitization (ED. by D. H. Zenger , J. B.
Dunham and R. L. Ethington) Spec. Publ. Soc. econ. Paleont. Miner. 28, 123-137. 

Mason, B. H. and Moore, C. B., 1982., Principles of Geochemistry, John Wiley, New York, 344.

Morrow, D. W., 1978. The influence of the Mg/Ca ratio and salinity on dolomitization in evaporite basins,
Bull. Can. petrol. Geol. 26, 389-392. 

Morrow, D. W., 1982a. Diagenesis I. Dolomite-part I. The chemistry of dolomitization and dolomite pre-
cipitation, Geoscience Canada 9, 95-107.

Oates, J. A. H., 1998. Lime and Limestone. Chemistry and Technology, Production and Uses. Willey-VCH
Verlang, Germany.

XLIII, No 5 – 2551



Renz, C., 1955. Die vorneogene Stratigraphie der normal-sedimentaren Formationen Griechelan. Inst.
Geol. Susurf. Res. Athens, 637.

Robertson, A.H.F., 1994. Role of the tectonic facies concept in orogenic analysis and its application to
Tethys in the Eastern Mediterranean region, Earth. Sci. Rev. 37, 139-213.

Robertson, A.H.F., Clift, P.D., Degnan, P.J., and Jones, G., 1991. Palaeogeographic and palaeotectonic
evolution of the Eastern Mediterranean Neotethys, Palaeog. Palaeocl. Palaeoecol., 87: 289-343.

Robertson, A.H.F., and Degnan, P.J., 1997. Kerassia Millia Complex evidence of a Mesozoic-Early Ter-
tiary oceanic basin between the Apulian continental margin and the Parnassus carbonate platform in
western Greece, Bull. Geol. Soc. Greece. 

Smith, A.G., Hynes, A.J., Menzies, M., Nisbet, E.G., Price, I., Welland, M.J.P., and Ferrière, J., 1975. The
stratigraphy of the Othris Mountains, estern central Greece: a deformed continental margin succes-
sion, Eclogae Geol. Helv. 86, 463-481.

Smith, A.G., Woodcock, N.H., and Naylor, M.A., 1979. The structural evolution of a Mesozoic continental
margin, Othris Mountains, Greece, J. Geol. Soc. London 136, 589-603. 

Tucker, E. M., and Wright V. P., 1990. Carbonate Sedimentology, Blackwell Science, 482, 370-381. 

Underhill, J. R., 1988. Triassic evaporites and Plio-Quaternary diapirism in western Greece, Journal of the
Geological Society, London 145, 269-282. 

Zelilidis, A., Piper, D. J., Vakalas, I., Avramidis, P., and Getsos, K., 2003. Oil and Gas Plays in Albania:
Do Equivalent Plays Exist in Greece?, Journal of Petroleum Geology 26, 29-48.

XLIII, No 5 – 2552



XLIII, No 5 – 2553

CLAY MINERALOGY OF THE SEDIMENTARY IRON-NICKEL ORE OF
AGIOS IOANNIS, NE BOEOTIA: NEW DATA AND

IMPLICATION FOR DIAGENETIC MODIFICATIONS

Christidis G.E.1, and Skarpelis. N.2

1 Technical University of Crete, Department of Mineral Resources Engineering, 73100 Chania, Greece,
christid@mred.tuc.gr

2 University of Athens, Department of Geology, 15787 Panepistimioupolis Ano Ilissia, Athens, Greece,
skarpelis@geol.uoa.gr

Abstract 

The clay mineralogy of the sedimentary Fe-Ni deposit of Agios Ioannis and a Ni-lateritic profile from
Pavlos, both in Lokris area, Greece, is investigated. The clay fraction of samples from Agios Ioannis
consists mainly of Fe-rich chlorite and Fe-smectite, with minor serpentine, hematite and goethite. Lo-
cally, disordered talc (kerolite and/or pimelite), illite, R1 mixed layer illite/smectite and gibbsite are
identified. The lateritic profile has different composition and contains mainly Fe-rich smectite (non-
tronite and/or ferruginous montmorillonite) with minor serpentine, goethite, magnetite, and talc,
whereas chlorite is absent. It is suggested that in the Agios Ioannis deposit chlorite has formed from
smectite via R0 mixed layer chlorite/smectite with >80% chlorite layers. The source of Al is probably
the diagenetic transformation of pedogenic goethite to hematite during burial. The lack of chlorite in
the lateritic profile of Pavlos is attributed to the limited presence of goethite. Smectite is believed to be
a major mineralogical constituent of the Fe-Ni ores of the broader Lokris area.

Key words: Fe-Ni deposit, Ni-lateritic profile, Fe-smectite, Fe-chlorite, diagenesis, Agios Ioannis,
NE Boeotia. 

1. Introduction 

The Upper Cretaceous Fe-Ni sedimentary deposits of Lokris, have been studied thoroughly over the
last 60 years. It is well established that the principal Ni-bearing phases are phyllosilicates, mainly
chlorite (Ni-chamosite and nimite), talc serpentine (antigorite and nepouite) and garnierite (Au-
goustithis 1962; Siegl, 1954; Albandakis, 1974; 1984; Rosenberg, 1984; Valeton et al., 1987; Ale-
vizos, 1997; Skarpelis, 1997; 1999; 2000; Eliopoulos & Economou-Eliopoulos, 2000; Apostolikas,
2007). Albandakis (1974; 1984) reported the presence of Ni-montmorillonite in the deposit of Agios
Ioannis and Maksimovic et al. (1993) found smectite in the Marmeiko deposit. Alevizos (1997) and
Apostolikas (2007) reported clinochlore in the deposits of Agios Ioannis and Kopais. Ni-free clay
minerals such as kaolinite have been reported in the deposits of Agios Ioannis and Marmeiko (Mak-
simovic et al., 1993; Alevizos, 1997). Similar assemblages of Ni-bearing phyllosilicates have been
recorded in the Fe-Ni deposits of Evia (Andoniades & Vgenopoulos, 1989).

Reactions between clay minerals have been widely used as tracers for mineralogical transforma-
tions during diagenesis. The most commonly studied diagenetic change is the smectite to illite tran-

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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sition via mixed-layer illite/smectite (I/S), which has been studied in several sedimentary basins in
the world including among others the Gulf Coast (Hower et al., 1976; McCarty et al., 2008 among
many others) and several basins in Eastern Europe (Srodon & Clauer, 2001; Srodon et al., 2006). In
contrast, there are fewer references on the smectite to chlorite transition via formation of corrensite.
A typical example of this transition is observed in off-shore Brazilian sediments (Chang et al., 1986).

Although the main Ni-phases present in the sedimentary Fe-Ni deposits of Lokris are clay miner-
als, systematic clay mineralogical study has not been carried out so far. Such a study would be im-
portant not only from the pure mineralogical point of view, but it would also shed light on the
diagenetic processes that have taken place in the Fe-Ni ores. So far only in a limited number of stud-
ies the clay minerals have been distinguished into clastic and authigenic (Valeton et al., 1987). It is
the purpose of this preliminary contribution to present the first systematic study of the clay miner-
alogy of the Agios Ioannis Fe-Ni ore deposit, to compare with the mineralogy of the saprolitic and
clayey horizons of a Ni-laterite profile and to propose possible diagenetic modifications of the Fe-
Ni sediments.

2. Geological setting

Remnants of old weathering crusts on ophiolitic ultramafic rocks are preserved in Lokris area, being
a critical lithology, with significance for interpretation of the geological evolution of the ophiolites
and the Sub-Pelagonian Belt. They provide evidence on the nature and extent of lateritization
processes in pre-Cenomanian - Turonian times. The crusts show large variations in thickness and
continuity, mineralogy and chemistry of individual zones. The following lateritic zones are identi-
fied (bottom to top) (Skarpelis, 2005): a. Bedrock, b. Saprolite, c. Clayey zone, d. In situ limonite
(oxidic zone). Silcrete layers were formed into the clay and goethitic zones. Reworked granular Fe-
Ni ore with angular fragments of silcrete overly the lateritic profiles. The uppermost gravelly fer-
ruginous sector, the clayey and goethitic zones, the silcretes and the saprolite were eroded to a major
extend and the material reworked and redeposited partly on the bedrock and the lateritic crusts or
washed down, transported and redeposited under submarine conditions within mechanical traps on
karstified carbonates, forming sedimentary Fe-Ni ore deposits. This is evidenced by the occurrence
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Fig. 1: Location of the lateritic profile at Pavlos and the Fe-Ni ore deposits at Agios Ioannis, NE Boeotia.



into the sedimentary ore of detrital minerals and particles, identical to typical lateritic weathering
crusts (e.g. detrital Cr-spinel, chromite, Ti-oxides, magnetite, maghemite, nickeliferous chlorite, fer-
ruginous spheroidal particles, detritus of silcrete (Skarpelis, 1999 and references therein). Both the
weathering crusts and the karstic Fe-Ni deposits were transgressively covered by Upper Cretaceous
(Cenomanian-Turonian) limestones.

3. Sampling and experimental methods

Fifteen samples were collected from the Agios Ioannis sedimentary Fe-Ni deposit and the lateritic
profile close to Pavlos village (Fig. 1). Samples collected from the Agios Ioannis deposit belong to
fine-grained (argillaceous) Fe-Ni ore type and were collected from the lowermost part of the un-
derground working face of the deposit, close to the contact with the underlying Jurassic limestones.
Samples do not represent profiles but were collected randomly, because systematic diagenetic
changes in clay minerals due to burial are not expected in the limited thickness of the deposit (4-7
m). In the lateritic profile of Pavlos samples were collected from the saprolite zone and the clayey
(nontronitic) zone.

The bulk mineralogy was determined by X-ray powder diffraction (PXRD) (Siemens D500, CuKa
radiation, graphite monochromator, 35 kV and 35 mA, using a 0.02° step size and 1 second per step
counting time), on randomly oriented samples initially crushed with a fly press and subsequently
ground with pestle and mortar. The clay mineralogy was determined in materials dispersed in dis-
tilled water using an ultrasonic probe (20 seconds). The less than 2 μm fractions were separated by
settling, dried on glass slides at room temperature and then were solvated with ethylene-glycol
vapour at 60°C overnight to ensure maximum saturation. XRD traces of the clay fractions, both air-
dried and after ethylene glycol salvation, were obtained using a 0.02° step size and 4 seconds per step
counting time. The FWHM of the 002 diffraction maximum of chlorite was determined in those
clay fractions which did not contain serpentine.

Infrared (IR) spectra of clay fractions from the Pavlos lateritic profile were obtained using a Perkin
Elmer 1000 Fourier Transform Infrared (FTIR) spectrometer in the range 400-4000cm-1. Each spec-
trum was the average of 50 scans collected at 4 cm-1 resolution. An amount of 1.5 mg of the smec-
tite clay fractions was diluted in 200 mg KBr and pressed in 13mm KBr disks, which were
subsequently dried at 150°C. 

4. Results

The argillaceous samples from Agios Ioannis deposit consist of hematite, goethite, quartz, calcite,
chlorite, serpentine and talc. Locally, gibbsite and gypsum have been identified. In the random ori-
ented samples the presence of smectite is not unambiguous, because the 001 diffraction maximum
coincides with that of chlorite. The samples from Pavlos lateritic profile consist of hematite, dioc-
tahedral smectite, calcite, quartz, serpentine, talc, goethite and magnetite. Representative XRD trace
of ethylene-glycol solvated clay fraction from the nontronite zone of the Pavlos lateritic profile is
shown in Figure 2. The main phase is smectite associated with minor talc, serpentine and goethite,
whereas chlorite is absent. Nevertheless, chlorite has been described in other lateritic profiles in the
broader area (Skarpelis, 2000). The mineralogical composition of the nontronite zone is relatively
homogeneous. Identical XRD traces were obtained from clay fractions in the saprolite zone (not
shown). The rational sequence of the higher order basal reflections indicates that mixed-layering is
not present. 
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The FTIR spectrum of the smectite from the nontronite zone is shown in Figure 3. The spectrum is
typical for Fe-rich smectites. The presence of the bands at 870 cm-1 and 3600 cm-1 (AlFeOH defor-
mation and stretching vibrations respectively) (Fig. 3a), suggests that the smectite may not be true
nontronite but ferruginous montmorillonite (Gates, 2005). Nevertheless, the shoulder at 3546 cm-1

is indicative of Fe2
3+OH linkages. Allocation of the band at 674 cm-1, which could suggest the pres-

ence of nontronite, is not unequivocal, because except for Fe-rich dioctahedral smectites, trioctahe-
dral minerals like talc and serpentine, which are present in the sample (Fig. 2), have also their main
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Fig. 2: Glycolated XRD trace of clay fraction from the nontronite zone, Pavlos lateritic profile. Sm= smectite,
S= serpentine, Tc= talc, G= goethite, Qz= quartz.

Fig. 3: FTIR spectrum of the smectite from the nontronite zone, Pavlos lateritic profile. a) lattice vibrations, b)
–OH stretching vibrations.



M3OH deformation band in the same area. In the Fe-rich dioctahedral smectites the M-O deforma-
tion band at 674 cm-1 suggests that at least 75% of the octahedral cations are Fe3+. Note that some
of the spectra (not shown here) strongly suggest the presence of nontronite. In any case the results
suggest that the smectite present in this sample is a Fe-rich smectite.

Representative XRD traces of clay fractions οf samples from Agios Ioannis deposit are shown in Fig.
4. Opposite to the lateritic profile chlorite is the most abundant phase. Nevertheless, most samples
are rich in smectite, as it is verified by the shift of the 001 diffraction maximum after exposure in
ethylene-glycol vapour. Serpentine, talc and calcite are also present. Finally, goethite and hematite
are observed in most of the clay fractions examined. From the relative intensities of the basal re-
flections it is suggested that chlorite is Fe-rich (odd-order diffraction maxima have considerably
lower intensity than even-order diffraction maxima).

In most samples the full width at half maximum (FWHM) of chlorites in the ethylene-glycol solvated
clay fractions is comparable to that of the air-dried samples (Fig. 5). In two exceptions the ethylene-
glycol solvated samples have greater FWHM (the observed difference is statistically significant)
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Fig. 4: XRD traces of clay fractions of representative samples from the Agios Ioannis deposit. Sm= smectite,
Tc= talc, Chl= chlorite, S= serpentine, G= goethite, H= hematite, Cc= calcite.

Fig. 5: FWHM of chlorites in ethylene glycol sol-
vated and air-dried clay fractions. Open circles de-
note samples in which the FWHM of the ethylene
glycol solvated samples is significantly greater
than the air-dried samples.



and the diffraction maximum of the 002 maximum shifts to lower angles (i.e. higher d-spacings), sug-
gesting random interstratification (R0) with smectite. In these clay fractions the proportion of smec-
tite in the mixed layer phase does not exceed 20% (Moore & Reynolds, 1997). 

Locally, the Agios Ioannis deposit has unusual mineralogical composition and contains also illite,
R1 mixed layer illite/smectite, gibbsite and disordered talc (Fig. 6). These samples are smectite-
free. Note the differences in talc between the samples from the lateritic profile and those from Agios
Ioannis deposit. The former is well crystallized, whereas the latter is disordered. It is thus consid-
ered that the talc from Agios Ioannis is kerolite or/and pimelite. Also, the distribution of peak heights
of the basal reflections indicates that illite is Al-rich. Had Fe-rich illite been present then the ratio
of the odd/even basal diffraction maxima would have been higher than the Al rich illite. Based on
the XRD traces the illite-gibbsite bearing samples are rich in Al.

5. Interpretation and discussion

The lateritic profile in Pavlos has significantly different mineralogical composition from the clayey
sector of the sedimentary Fe-Ni deposit at Agios Ioannis. The main difference is the predominance
of Fe-rich smectite (ferruginous montmorillonite and nontronite) in the former compared to Fe-rich
chlorite present in the Fe-Ni deposit. Other important difference is the presence of well crystallized
talc in the lateritic profile and kerolite/pimelite and Al-rich minerals (except for chlorite), such as
gibbsite, illite and mixed layer illite/smectite (I/S) in the clayey ore. Considering that the weather-
ing of lateritic profiles was the source for the Fe-Ni ores (Skarpelis, 1999), it follows that the ob-
served differences reflect diagenetic modifications or/and additional sources. 

An important finding of this contribution is that the clayey Fe-Ni ore contains abundant smectite.
The significance of smectite as a critical diagenetic mineral had not been understood and recog-
nized in previous studies, since they were focused mainly on issues on the origin and geochemistry
of the ores. Convincing evidence for the presence of smectite has been presented only in Marmeiko
deposit (Maksimovic et al., 1993). Moreover the shift from Fe-smectite as main phase in the lateritic
profile to Fe-chlorite which is a main phase in the Fe-Ni ore, suggests conversion of smectite to
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Fig. 6: Illite-gibbsite bearing ethylene glycol solvated clay fraction from the Agios Ioannis Fe-Ni deposit. I=
illite, I/S= R1 mixed layer illite smectite, K= kerolite, Chl= chlorite, Gib= gibbsite, G= goethite, H= hematite.



chlorite after deposition. Diagenetic transformation of smectite to chlorite via intermediate corren-
site has been reported in marine sediments off-shore Brazil (Chang et al., 1986). Evidence for this
diagenetic transformation in the Fe-Ni deposit of Agios Ioannis is provided by the R0 mixed layer
chlorite/smectite (Fig. 5). 

Nevertheless, it is surprising that this transformation did not take place in the Fe-smectite of the la-
teritic profiles. Different depth of burial does not seem to be the main reason for this difference, be-
cause the whole area has similar geological evolution. The difference in altitude between the lateritic
profiles and the mechanical traps on Jurassic limestones where the laterite-derived material was de-
posited, does not exceed 200-500 m. Moreover after the Cenomanian-Turonian transgression both
areas had the same burial history. It is expected that maximum depth of burial did not exceed 1500-
2000 m after deposition of the Upper Cretaceous limestones and the Paleocene flysch. Diagenetic
conversion of smectite to chlorite requires temperatures in excess of 150°C (Chamley, 1989), which
certainly were not experienced in this area. Similarly, the presence of R1 mixed layer I/S suggests
temperatures of 100-110°C. Considering a maximum burial depth of ~2000 m, average surface tem-
perature of 20°C and geothermal gradient 25-30°C per km of burial, the temperature at maximum
burial depth should not exceed 70-80°C.

Since burial depth was not the main reason for the observed differences in mineralogy, it follows that
the diagenetic transformations in the Fe-Ni ore in Agios Ioannis were triggered by a different geo-
chemical environment. In order for abundant chlorite to form at the expense of smectite a) there
must be abundant Al in the system and b) Fe-smectite must be destabilized. Iron in nontronite and
ferruginous montmorillonite can be readily reduced with simultaneous change from trans-vacant to
cis-vacant configuration (Manceau et al., 2000; Stucki, 2006). After deposition and burial of the
smectite-bearing sediments the Eh decreases with depth and the depositional environment gradually
changes from aerobic at the sea floor, to suboxic and finally anaerobic at shallow depths close to the
sea floor, even within the area affected by storm reworking (Taylor & Curtis, 1995). This decrease
of Eh may well cause reduction of Fe (Rozenson & Heller-Kallai, 1978) and destabilize Fe-rich
smectite. 

The presence of abundant Al, must be looked for in the source material which was deposited in the
karstic cavities along with the weathered lateritic mantles. There is evidence for deposition of
bauxitic material in the nearby Fe-Ni deposit of Nissi (Andoniades & Vgenopoulos, 1987). The
main Al-oxyhydroxide in the deposit of Nissi is boehmite, associated with hematite, kaolinite and
lesser gibbsite. The clayey horizon of Agios Ioannis contains only gibbsite (Fig. 6), the presence of
which is attributed to diagenetic mobilization of Al. Aluminum can be mobilized either during dis-
solution of kaolinite or during conversion of Al-bearing goethite to hematite. Aluminium substitu-
tion in goethite - detected by XRD on the basis of (111) reflection - was estimated to be ca 13 mol%
(Skarpelis, 2005). However, scarce kaolinite has been reported in Agios Ioannis deposit (Alevizos,
1997) and its limited abundance cannot explain the predominance of chlorite. In contrast, the Fe-Ni
deposits contain mainly hematite, whereas the original weathered lateritic profiles are expected to
have been goethite-rich. Hence transformation of goethite to hematite during diagenesis is a plausi-
ble explanation as a source of Al. The lack of a similar Al-source in the lateritic profiles, which nev-
ertheless contain both goethite and hematite, is attributed to the erosion of the uppermost
goethite-rich horizons of the lateritic profile (ferruginous zone) which was transported and deposited
in the karstified Jurassic limestones. 

Finally, the presence of Fe-poor illite and mixed layer I/S is another interesting observation, which is
not compatible with the geochemical characteristics of the studied sediments. The fact that these
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phases are not widespread in the Fe-Ni sediments strongly indicates that they are diagenetic. Authi-
genic illite is a common diagenetic phase in argillaceous sediments (Meunier, 2005 and references
therein). Both phases may have been formed at the expense of precursor Al-rich phyllosilicates such
as kaolinite with supply of K from sea water. This specific topic is currently under investigation.

6. Conclusions

The sedimentary Fe-Ni deposit of Agios Ioannis in Lokris contains Fe-smectite as a main clay min-
eral phase along with Fe-chlorite. It seems therefore that Fe-rich smectite is a widespread mineral
in the Fe-Ni deposits of the broader Lokris area. Although clastic grains of chlorite have been rec-
ognized in the past by previous workers, the majority of chlorite is diagenetic and has formed at the
expense of smectite via a R0 mixed layer chlorite/smectite with >80% chlorite layers. The source
of Al was probably Al-goethite which was converted to hematite after burial. 

The lateritic profiles recognized in the broader Lokris area, have a different mineralogical assem-
blage and consist mainly of Fe-rich smectite (nontronite and/or ferruginous montmorillonite). The
lack of authigenic Fe-chlorite in these lateritic profiles is attributed to the erosion of the higher lat-
eritic horizons, which contained abundant Al-goethite. It is not known if these diagenetic miner-
alogical transformations were associated with mobilization of Ni and REE which has been reported
in several Fe-Ni deposits and has been considered as epigenetic (Valeton et al. 1987; Maksimovic
et al. 1993). 
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Abstract 

In this contribution we examine the rheological properties of palygorskite rich clays from the Ventzia
Basin, W. Macedonia, Greece. The clays consist of palygorskite and/or dioctahedral Fe-rich smec-
tite (nontronite) and quartz as main components, and serpentine, amphibole and sepiolite as minor
constituents. The apparent and plastic viscosity and yield point increase with increasing concen-
tration of clay in the suspension. Flow is Newtonian for 1% suspensions, becoming gradually Bing-
ham plastic (3% clay suspensions) and then pseudoplastic with yield point described by the Herschel
Bulckley flow model. In the case of suspensions cf smectite-free clays Bingham plastic flow behav-
iour was not observed. Addition of 1M NaCl electrolyte deteriorates the rheological behaviour of
the smectite-bearing palygorskite clays but it does not affect significantly the smectite-free, paly-
gorskite rich clays. The different rheological properties of the palygorskite compared to smectite is
due to the different morphological and crystal-chemical properties of these two minerals. It is sug-
gested that the palygorskite-rich clays can be used successfully as drilling muds in seawater based
drilling fluids, in which smectite-based drilling muds tend to flocculate.

Key words: palygorskite, nontronite, viscosity, yield point, electrolyte, Herschel Bulckley flow,
Ventzia Basin, W. Macedonia.

1. Introduction 

Palygorskite is an Mg-rich clay mineral, forming crystals with characteristic fibrous or lath-like
habit, which is attributed to their ribbon-like structure. It is considered special clay characterized by
microfibrous morphology (Murray, 2007). The term attapulgite is often used as synonymous to pa-
lygorskite, although it is not recommended by the nomenclature committee of AIPEA. In the USA
the term fuller’s earth, which describes sorptive clays includes also palygorskite rich clays, although
in the UK this term describes mainly Ca-rich bentonites.

The rheological properties of suspensions of industrial clays such as bentonites and kaolins have
been studied extensively in the past and it is well known that it is affected by particle size and shape,
clay concentration, type of exchangeable cation, pH, electrolyte concentration and layer charge
(Heath and Tadros, 1983; Brandenburg and Lagaly, 1988; Lagaly, 1989; Permien and Lagaly, 1995;
Keren, 1988; 1989). In contrast the rheological properties of palygorskite suspensions have been
studied to a lesser degree. In a limited number of studies it has been established that the type of ad-
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sorbed ions, pH, clay concentration, fibre length and electrolyte addition influence the rheological
properties of a series of palygorskite suspensions (Neaman and Singer, 2000; 2004)

In this contribution we study the rheological properties of a series of palygorskite-rich samples from
a palygorskite deposit which was recently discovered in Ventzia Basin, Western Macedonia (Kas-
tritis et al., 2003). The deposit formed in a lacustrine environment and displays zonation, with pa-
lygorskite occurring at the centre of the basin. Palygorskite is Fe-rich and formed via diagenetic
alteration of detrital smectite which originated from the nearby ophiolite complex of Vourinos and
the smectite-bearing sands of the Mesohellenic trench (Kastritis et al., 2003). The parameters which
were examined are the clay concentration and electrolyte addition. We also examined the influence
of smectite in the rheological properties of the suspensions.

2. Theoretical background

Clays are often used in suspensions. For example suspensions of kaolins are used in the slip casting
processes during the manufacture of ceramics and in coating paper, whereas smectite and paly-
gorskite are used in drilling fluids. In these applications the flow properties of the suspensions are
of primary importance. The science of the deformation and flow of matter is known as rheology
(Hiemenz & Rajagopalan, 1997). The viscosity of a liquid is a measure of the internal resistance of-
fered to the relative motion of different parts of a liquid. Clay suspensions can display Newtonian,
Bingham plastic, shear thickening (dilatant) or shear thinning (pseudoplastic) behaviour and may de-
velop yield stress (Fig. 1) (Lyckham & Rossi, 1999). The equations which describe the rheological
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Fig. 1: a) Different types of flow curves observed in clay suspensions. b) Typical flow curves for concentrated
thixotropic clay suspensions.

Table 1. Rheological models which describe the rheological behaviour of clay suspensions

Type of suspension Equation Type of flow 

Newtonian
Bingham Plastic
Power low
Herschel-Bulkley

τ =  η γ
τ = τβ + ηpl γ
τ = Κ γη

τ = τy + Κ γη

Newtonian
Plastic
Shear thickening or shear thinning
Shear thinning  or shear thickening

Where η = viscosity, τ = shear stress, γ = shear rate, τβ = Bingham yield stress and τpl = plastic viscosity.
In the Herschel Bulkley (HB) model, τy= HB yield stress and K = HB consistency index 

25 (5)



behaviour of various types of suspensions are shown in Table 1. Moreover they can develop time-
dependent phenomena such as thixotropic or rheopectic (antithixotropic) behaviour (Brandenburg
& Lagaly, 1988; Lagaly, 1989; Lyckham & Rossi, 1999) (Fig. 1b). The term thixotropy refers to the
ability of a suspension to form a gel upon standing and to become fluid when subjected to shear
stress i.e. under stirring or agitation. 

3. Sampling and experimental methods

Ground palygorskite-rich clayey samples were obtained from Geohellas SA. The received powders
were less than 75 μm in size. Bulk mineralogy was determined by X-ray powder diffraction (PXRD)
(Siemens D500, CuKa radiation, graphite monochromator, 35 kV and 35 mA, using a 0.02° step
size and 1 second per step counting time), on randomly oriented samples, which had been previously
gently ground with pestle and mortar in acetone. After grinding the samples were dried at 60°C. The
final particle size of the powders was ~10μm. According to the type of clay mineral present (paly-
gorskite or/and smectite) the clay samples were classified in three groups: clays containing only pa-
lygorskite, clays containing only smectite and clays with both minerals. 

In as much as only one sample was palygorskite-free, experiments were focused on determination
of the rheological properties of clay suspensions of samples containing palygorskite and palygorskite
+ smectite. Rheological properties (apparent viscosity, plastic viscosity, yield point) were deter-
mined with a Couette-type Fann 35S viscometer at 20°C according to the API specifications (API
13A, 1993). Fann viscometers are standard instruments for determination of viscosity of drilling
fluids containing bentonite, palygorskite or sepiolite. 

The suspensions were prepared according to the API specifications by adding certain amounts of clay
to distilled water. The clays were disaggregated with an ultrasonic probe for 20 s prior to stirring with
a Hamilton Beach® mixer (see below). 1%, 3%, 5% and 6.42% w/v suspensions were prepared.
The 6.42% suspension corresponds to the concentration suggested for industrial drilling fluids (API
13A, 1993). The suspensions were stirred for 20 minutes at 11000 rpm and were left to age for 16
hours. After aging the suspensions were stirred again for 5 min before determination of rheological
properties. The measurements were carried out at pH 8. For all samples we constructed complete
rheograms (plots of shear rate vs shear stress). No modeling of the rheological curves was attempted
using any of the rheological models shown in Figure 1. 

4. Results

4.1 Mineralogy

Representative XRD traces of the palygorskite rich samples are shown in Figure 2. The clays con-
sist mainly of palygorskite, smectite, serpentine and quartz. Minor amphibole and sepiolite are pres-
ent in places. Quartz is biogenic and is related with diatom frustules. The mineralogical composition
of the clays varies between palygorskite-free and smectite-free samples. The position of the 060 dif-
fraction maximum is 1.51-1.52 Å, suggesting either the presence of di-trioctahedral phyllosilicates
or Fe-rich phases (the 060 diffraction maximum of nontronite is 1.52 Å, Moore and Reynolds, 1997).
Note that the diffraction maximum at 1.535 Å belongs to serpentine and indeed it is more intense in
trace b which is richer in serpentine. Recent FTIR data of palygorskite-free, smectite bearing sam-
ples clearly prove the existence of nontronite (data not shown). Briefly the FTIR spectra are char-
acterized by OH-stretching band at 3548 cm-1 and 819 cm-1 (FeFeOH stretching and bending
respectively), the existence of a Si-Fe-O band at 492 cm-1 and the lack of the dominant OH-bend-
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ing band at 670 cm-1 characteristic for trioctahedral phyllosilicates. The Si-Fe-O band at 492 cm-1 is
indicative of tetrahedral Fe. It is therefore concluded that the predominant smectite present is a Fe-
rich smectite dioctahedral smectite (nontronite) not a trioctahedral smectite (saponite). 

4.2 Rheological properties

The rheological properties of the representative clays containing palygorskite and palygorskite +
smectite are listed in Table 2. In the electrolyte free suspensions viscosity and yield point increases
with increasing clay content. Palygorskite suspensions in general develop higher apparent viscosity
and yield point than their smectite-bearing counterparts, but the plastic viscosities of the two clay
suspensions are comparable (Table 2). In the smectite-bearing clay plastic viscosity decreases for sus-
pension concentration 6.42%. In electrolyte bearing suspensions the two clays display different be-

Fig. 2: Representative XRD traces of the palygorskite rich clays from the Ventzia basin. a) Smectite-bearing
palygorskite clay, b) Smectite-free palygorskite clay. P= palygorskite, Sm= smectite, S= serpentine, Q= quartz.

Table 2. Rheological properties of the different clay suspensions (according to API 13A, 1993)

Type of clay Rheological properties
Suspension concentration

1% 3% 5% 6.42% 6.42% + 1M NaCl

Clay with
smectite + paly-
gorskite

Apparent viscosity (cp) 1.13 3.13 8.13 15 6.25

Plastic viscosity (cp) 1 1.75 4 2.5 4.5

Yield point (Pa) 0 0.25 2.5 7 1.5

Clay with  paly-
gorskite

Apparent viscosity (cp) 1.88 4.88 17.75 23.75 24.5

Plastic viscosity (cp) 1.25 1.75 2.25 2.25 6

Yield point (Pa) 0.1 1.75 14 13.9 10



haviour. Palygorskite suspensions are not affected or their rheological properties are improved (e.g.
plastic viscosity) after addition of 1M NaCl, whereas smectite-bearing suspensions flocculate and
display inferior rheological properties (Table 2). 

Therefore palygorskite suspensions are affected to a lesser degree from the presence of electrolytes
in accordance with previous reports (Galan, 1996). Finally, yield point is correlated with apparent
viscosity but not with plastic viscosity (Fig. 3). This relationship is better expressed for smectite
bearing suspensions than for pure palygorskite suspensions. 
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Fig. 3: Relationship between apparent viscosity and yield point for the different clay suspensions. The arrows
indicate NaCl suspensions with concentration 6.42%.

Fig. 4: Rheograms of smectite-bearing clay suspensions with different concentrations. See text for discussion.



Representative rheograms of smectite-bearing clay suspensions with different concentrations are
shown in Fig. 4. The XRD trace of this clay sample is shown in Figure 2a. Electrolyte-free clay sus-
pensions have essentially Newtonian characteristics at 1% concentration (yield point is not ob-
served), which become Bingham plastic for 3% concentration (development of yield point) and
Herschel Buckley (shear thinning behaviour with yield point) at higher concentrations. The clay
concentration affects both flow resistance (viscosity) and yield point (Table 2, Fig. 4). Both increase
with increasing clay concentration. Addition of electrolyte affects the behaviour of the suspension
which displays Bingham plastic characteristics. Also the rheogram of the 6.42% suspension with 1M
NaCl is between the suspensions with concentration of 3 and 4% clay. Addition of electrolyte de-
creases both the viscosity and the yield point of the clay suspensions.

Representative rheograms of suspensions of the palygorskite clay with different concentrations are
shown in Figure 5. The XRD trace of this clay sample is shown in Figure 2b. The flow is essentially
Newtonian for suspension concentration 1%, becoming Herschel-Bulckley type at higher concentra-
tions (Fig. 5). Bingham flow behaviour was not observed at any concentration. Viscosity and yield point
increases with increasing suspension concentration, the latter being essentially constant at concentrations
higher than 5%. Addition of 1M NaCl to the 6.42% palygorskite suspension does not affect its rheo-
logical characteristics significantly. The flow behaviour is described better by the Herschel-Bulkley
model, but the plastic viscosity and the yield point are greater than the electrolyte-free suspension. In
summary the palygorskite suspensions display better rheological characteristics than their smectite-
bearing counterparts and they are affected to a lesser degree by the addition of electrolytes.

5. Discussion

The flow behaviour of suspensions containing palygorskite and mixture of smectite and palygorskite
displays some similarities and some important differences. The similarities include the increase of
viscosity and yield point with increase of suspension concentration and the Newtonian flow behav-
iour for suspension concentration 1%. The differences include response in the addition of electrolyte
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Fig. 5: Rheograms of palygorskite clay suspensions with different concentrations. See text for discussion.



and the flow characteristics of the suspensions and are attributed to different structures of the sus-
pended clay particles. This in turn is due to the different morphological and structural characteris-
tics of smectite and palygorskite.

Palygorskite forms fibrous crystals often larger than 2 μm in size (Jones & Galan, 1988), whereas
smectites form flakes usually smaller than 0.5 μm (Grim & Güven, 1978; Christidis, 1995). Al-
though, nontronite often form ribbon-like crystals (Grim & Güven, 1978; Christidis et al., 1995),
their size is considerably smaller than palygorskite fibres. Palygorskite crystals have low layer charge
and the viscosity of their suspensions is due to the formation of networks of aggregated fibres. These
networks are also responsible for the development of yield point especially at higher clay concen-
trations. In contrast smectite crystals at this pH form edge-to-edge band-like aggregates rather than
card-house structures (Brandenburg and Lagaly, 1988). These aggregates are responsible for the de-
velopment of viscosity in smectite suspensions. 

Palygorskite suspensions develop different flow characteristics than their smectite-bearing counter-
parts. The rheograms are described by the Herschel-Bulkley model, even at suspension concentra-
tions as low as 3%. This model indicates complex linkages between palygorskite fibres even at low
concentrations, at which smectite-bearing clays display Bingham-plastic behaviour. The fact that
smectite-bearing suspensions develop Herschel-Bulkley flow characteristics at higher concentra-
tions is in accordance with the complex particle associations and formation of networks between pa-
lygorskite fibers.

The different rheological behaviour of the smectite-bearing suspensions in electrolyte bearing sus-
pensions is due to the compression of the diffuse double layers of the smectite particles. In fact the
decrease of the rheological properties reflects the presence of smectite. Compression of the double
layers causes flocculation of the smectite particles, thus decreasing viscosity. Moreover in cases in
which smectite quasicrystals form networks with palygorskite fibers, formation of larger aggregates
of smectite crystals is expected to weaken the palygorskite-smectite neworks leading to lower yield
points. On the other hand, palygorskite has lower layer charge and is expected to develop less ex-
tended diffuse double layers, the thickness of which is not affected significantly by the presence of
electrolytes. Therefore viscosity and yield point are not affected by the presence of electrolytes.
Similar results were obtained from sepiolite suspensions after addition of electrolytes (data not
shown). It is not known if the addition of bivalent electrolytes (e.g. CaCl2 or MgCl2) will affect the
rheological properties of the palygorskite suspensions in a similar manner.

In summary the palygorskite from the Ventzia Basin, Grevena, develops suspensions of high vis-
cosity which meet the API specifications even at concentration of 5%. These suspensions are not af-
fected by the addition of electrolytes. In this manner they perform better than bentonites in seawater
based drilling fluids. 
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Abstract 

Aeolian dust sediments, which were deposited by spring rainstorms or directly by the dust cloud
were collected in the Technical University of Crete during the interval 2004-2009. The samples dis-
play remarkable mineralogical homogeneity and consist of illite, quartz, calcite, albite, kaolinite, pa-
lygorskite and dolomite. Chlorite or/and smectite is present in samples collected in 2006 and 2009.
Gypsum is present in the collected from the airborne dust in 2009, but not from the sample which
precipitated from rain in the same day. Mirabilite was traced in the sediment collected in 2005. The
presence of palygorskite and dolomite in all samples and gypsum and mirabilite in two of the col-
lected sediments implies formation of the original material in an arid environment characterized by
alkaline pH. The mineralogical composition coupled with back trajectory analysis on similar dust
clouds indicate that the clouds originated in areas of Western Sahara or/and southern Morocco and
that major mixing with fine-grained material from Europe is less probable. The possibility for a
Central Algerian source for the airborne dust clouds is rejected because of the lack of smectite. 

Key words: Airborne dust, Crete, Sahara, Sahel, palygorskite, illite, quartz, dolomite, arid alkaline
environment. 

1. Introduction 

Every year, especially in spring and autumn Greece receives significant amounts of Aeolian dust
from Africa. This phenomenon is widespread in all South European countries of the Mediterranean
region (Bücher and Lucas, 1984). The dust clouds originate from the Sahara desert and are typically
observed as yellowish-brown clouds that are washed out by rains mostly against topographic barri-
ers, which cause uplift of the of the transporting air-masses (Prodi and Fea, 1979; Nihlen and Matts-
son, 1989). It is interesting that dust clouds from the Sahara have been traced as far as north Europe
namely Germany (Littmann and Steinrücke, 1989) and Scandinavia (Franzén, 1989) as well as in
North and South American continent (Prospero, 1999; Stuut et al., 2009). Mineral dust aerosols from
desert regions contribute significantly to the total atmospheric aerosol load (Linke et al., 2006). For
this reason they have been studied considerably in various places in the world such as the Middle
East (Abdul-Wahab et al., 2005) China (Yi et al., 2007). 

An Aeolian dust system is described by particle formation (P), particle transportation (T) and parti-
cle deposition (D) events, known as the PTD scheme (Smalley et al., 2005). Particle formation events
include both determination of the locality of and mechanisms of formation. Determination of the lo-
cality of formation is difficult because the exact transportation paths are often not known with cer-
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tainty and multiple sources are often involved in the formation of the cloud. More recently back tra-
jectory analysis and direct satellite image data have been used to determine the sources of the Aeo-
lian Saharan dust (Stuut et al., 2009). Notwithstanding the small deviations between the various
authors there is general consent for the existence of a main source in Western Sahara including Mo-
rocco and Mauritania, and two additional sources, one in South Libya and Chad and one in Egypt
and North Sudan (Fig. 1). The latter two sources located south of the 30o N can be classified as “Sa-
helian” (see below). 

Due to the frequency of the Saharan airborne dusts over Greece including Crete, they have been
studied extensively during the past few years. The studies are focused on the optical and physical
properties of the airborne clouds (e.g. Fotiadi et al., 2006; Balis et al., 2006 among others). In con-
trast the mineralogical composition of the dusts has not been studied in the past. In this contribution
we present the mineralogical composition of different airborne Saharan dusts which were deposited
in the Technical University of Crete, Chania in spring time during the years 2004-2009. Moreover
important conclusions about the type of the dust source (single over variable sources) are drawn.

2. Types of Saharan airborne dust

The Saharan dust has been classified according to its particle size into small dust and large dust
(Livingstone and Warren, 1996). According to this classification scheme, large dust has coarse silt
(16-31 μm) and very coarse silt (31-63 μm) size, it consists predominantly of quartz crystals and it
travels short distances and forms loess deposits. Large dust deposits have been recognized in prox-
imal deposition areas to Sahara such as Sicily, southern Italy and Crete (Corregiari et al., 1989;
Guerzoni et al., 1996; di Sarra et al., 2002). Fossil large-dust deposits have also been recognized
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Fig. 1: Source areas and deposition sites of dust clouds, which originate in Saharan and Sahelian areas of North
Africa. P denote particle formation areas, T denote transportation and D denote areas of deposition (modified
from Stuut et al., 2009).
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across the European continent. In contrast small dust deposits have been traced not only in central
and northern Europe but in the American continent and the Middle East and Central Asia as well
(Prospero, 1999). 

Small dust includes both Saharan and Sahelian inputs (Stuut et al., 2009). The term Sahelian includes
origin from basins in peri-Saharan areas, south of the 30th parallel. Two main types of airborne par-
ticles have been recognized in small dust, clay mineral agglomerates (CMA) and monominerallic
fragments, mainly quartz and feldspar. The CMA are in fact fine grained lake deposits, which con-
sist of quasicrystals of different clay minerals. Several Sahelian basins have been considered as
sources of fine dust, the most important being Lake Chad and areas of Western Sahara and south-
ern Morocco. However, due to the complex trajectories of the dust clouds, which pass over extended
Ergs (large desert areas consisting of sand dunes known as sea sands) most of them contain both large
dust and small components, due to mixing. 

3. Sampling and experimental methods

Five airborne dust samples were collected in canisters in spring of 2004, 2005, 2006 and 2009. The
first 3 samples were deposited in the canisters by rain. In 2009 we collected two samples, one di-
rectly from the dust cloud and the second after rain the same day. Therefore these two samples rep-
resent materials which were transported with the same mechanism but were deposited via a different
process. The samples are denoted according to the type of deposition (rain or cloud) and date of col-
lection. For example LB5_5_04R indicates that the sample was collected in 5th May 2004 after rain
and LB5_3_09D denotes that the sample was collected in 5th March 2009 from the dust cloud. No-
tation of the samples and sampling dates are listed in Table 1. The deposited dust clouds were col-
lected the next day. The samples were filtered to remove rain water, dried at 105°C and stored in
plastic bags.

Bulk mineralogy was determined by X-ray powder diffraction (PXRD) (Siemens D500, CuKa ra-
diation, graphite monochromator, 35 kV and 35 mA, using a 0.02° step size and 1 second per step
counting time), on randomly oriented samples initially gently ground with pestle and mortar in ace-
tone. Since all samples were mainly fine grained (fine dust samples) minimum grinding was ap-
plied. Quantitative analysis was carried out using Autoquan software using Rietveld refinement and
standardless profile fitting. The relative error of the quantitative estimations is ± 5% for minerals
present in amounts greater than 50% and ± 10% for minerals present in amounts less than 10%.

Table 1. Mineralogical composition of the airborne dust samples

Sample Quartz Illite Albite Kaolin-
ite

Paly-
gorskite

Dolomit
e

Calcite Chlorite/
smectite

Gypsum TCM** 

NLB  5_5_04R 19.3 30 9.3 8.2 6.3 5.8 21.2 - - 44.5

LB 17_4_05R* 19 29.8 7.4 4.8 4.9 4.7 28.7 - - 39.5

LB 21_4_06R 15 38.6 12 5.1 3.5 3.2 17 4.6 - 47.2

LB 5_3_09R 25.8 28.7 14 6.9 3.5 4.3 12.7 4.5 - 39.1

LB 5_3_09 D 24.5 30 10 8 3 3.5 13 3 5 41

*Sample LB17_4_05 contains traces of mirabilite (Na2SO4(H2O)10)
**TCM = Total Clay Mineral content.



4. Results

The mineralogical composition of the samples is listed in Table 1. Representative XRD trace is shown
in Figure 2. In general the composition of dust remains constant through time. The main change in
the mineralogical composition is the decrease of carbonates and palygorskite and the increase of
quartz content towards present. The most widespread phase is illite, the abundance of which remains
essentially constant with time and so is the total clay mineral (CM) content. This is expected, be-
cause the clay fraction is dominated by illite. Kaolinite is the second most abundant clay minerals,
whereas chlorite or/and smectite are present only in the samples from 2006 and 2009 sediments.

The mineralogical composition of samples displays certain mineralogical trends. A clear negative re-
lationship holds between illite and quartz (Fig. 3a). Similar trend is observed between quartz and total
clay mineral content (not shown). In contrast a distinct positive trend is observed between dolomite
and palygorskite (Fig. 3b) and suggests a possible common origin of the two minerals. This is typ-
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Fig. 2: Representative XRD of Aeolian dust sample LB_5_5_04.

Fig. 3: Compositional trends in the Aeolian dust samples. 



ical of alkaline soils frequently found in arid areas, such as the Sahara desert. The composition of sam-
ples LB5_3_09R and LB5_3_09D is essentially identical except for the presence of gypsum in the lat-
ter (Table 1). The lack of gypsum from sample LB5_3_09R is attributed to the conditions of deposition
of the two samples. Deposition from rain water dissolved the small amounts of gypsum initially pres-
ent in the dust cloud. Dissolution took place in the canister, which was used to collect the samples,
because gypsum was in contact with rain water for several hours before collection. 

5. Discussion

The Aeolian dust sediments, which were collected over a period of 6 years, display remarkable com-
positional homogeneity both in terms of the type of minerals present and their abundances. This ho-
mogeneity reflects common source areas and transportation paths. The collected sediments have
two major characteristics a) they are rich in clay minerals (39.1-47.2 wt %) and b) they contain pa-
lygorskite. Potential sources of palygorskite are areas of Western Sahara and southern Morocco
(Molinaroli, 1996). Although the northern sectors of Sahara are closer to Crete it seems that the Ae-
olian clouds follow a different route. The possibility for a source in the Western part of North Africa
is supported by the back trajectory analysis of an Aeolian dust cloud, which was traced in August
2003 in northern and central Greece and Crete (Balis et al., 2006). This analysis clearly indicates a
Western Saharan source for the cloud, which practically coincides with area P2 (Fig. 1), and trajec-
tory route over Corsica, South Italy and Central Greece.

The well expressed positive relationship between palygorskite and dolomite implies a common ori-
gin for the two minerals. Mg-silicates and carbonates are common phases in soils formed in arid or
semi-arid climates (Meunier, 2005). In such environments intense evaporation increases signifi-
cantly the concentration of alkalis and alkaline-earth elements. Salts precipitate a precise soil levels
controlled by capillary forces. Soils with crusts of salt or gypsum occur in schots or sahkhas. In such
environments the pH is alkaline (~9) favouring precipitation of palygorskite and dolomite. Mg-rich
silicates in these environments form at the expense of detrital Al-rich phyllosilicates such as kaoli-
nite, illite or smectite. Both illite and kaolinite, which can act as precursors of palygorskite are pres-
ent in the samples. Moreover the presence of gypsum and mirabilite in two of the collected sediments
strongly suggests an alkaline environment.

In general the presence of quartz, kaolinite dolomite and calcite is considered a good indication of
Saharan origin (Chester et al., 1984; Avila et al., 1997). Also palygorskite has been considered as
tracer of desert dust. With the exception of calcite, the abundances of these minerals are in accor-
dance with their corresponding abundances in soils from the Moroccan Atlas and Western Sahara
(Avila et al., 1997). Calcite is particularly enriched in the dust samples of the present study, although
its abundance decreases towards present. This enrichment in calcite may indicate mixing with other
soil source areas rich in this mineral. Note that calcite is not systematically related to the precipita-
tion of palygorskite and this is indicated also in the data of our study (Table 1).

An important difference with previous studies on Aeolian dust samples which originated in the West-
ern part of North Africa is the lack of smectite which is virtually absent from our samples or it may
be present in trace amounts (Table 1). The reason for the lack of smectite is not known with the ex-
isting data. Note that all possible sources in the broader Western North Africa contain smectite, with
Central Algeria being richer in this mineral (Avila et al., 1997). This suggests that the Central Al-
gerian soils must be excluded as source materials for the Aeolian dusts. Finally, the lack of chlorite
indicates that important mixing with other soils rich in this mineral, such as the Iberian soils (Avila
et al., 1997) has not taken place.
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6. Conclusions

Aeolian dust sediments which were collected from Crete during spring storms in the interval 2004-
2009 display remarkable mineralogical heterogeneity. They are rich in clay minerals and their ori-
gin must be sought for in the areas of Western Sahara and/or south Morocco. The lack of smectite
from the samples precludes the possibility for origin from Central Algeria. The consistent miner-
alogical composition over this time interval suggests that the air circulation in the air which is re-
sponsible for the transportation of the dust clouds remain essentially unchanged during this time
interval. Although mineralogy points towards certain origin for the dust clouds, the study should be
complemented with back trajectory analysis, using weather data available for the periods of sampling
for verification of the mineralogical data. This will be performed in the near future.
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Abstract

Ultramafic massif of Bulqiza belongs to Eastern Jurassic Albanian ophiolite belt of IAT-BSV- type.
This massif is the most important chromite-bearing ore. The mantle ultramafics have extremely re-
fractory nature. This is due to the high partial fusion of upper mantle which is depleted in CaO and
Al2 O3 . The chromitite is situated to different parts of ultramafic pile, from bottom Cpx-harzburgites
up to massive dunites and cumulate ultramafic but the mainly chromite potential belongs to mantle
harzburgite –dunite level and to transition dunites partly. The chromite is chiefly of Cr-rich metal-
lurgical type. The atomic ratios of chromite , Fo of olivine and some physical properties of them vary
according to the chromitite setting and reflects the evolution of Ol-Sp equilibrium process depended
of the chromite concentration, from baren dunitic lenses towards dunite envelops of the ore bodies
and the interstitial and inclusions of olivine within chromite grains. Two particular chromite de-
posits are the Bulqiza- Batra tabular folded ore body and Shkalla, pencil –like ore body. 

Key words: Chromitite mineralogy, ultramafic, massif Bulqiza Albania.

1. Introduction

Widespread ophiolitic rocks in Albania occur along two ophiolitic belts, the Western and the East-
ern ones characterized by individual petrological, geochemical and metallogenic features .The West-
ern belt comprises ophiolitic rocks of Jurassic age and MOR-type affinity and includes high – Ti
basaltic rocks. On the contrary, the ophiolitic rocks of Eastern belt show IAT type geochemical char-
acter and comprise of low-Ti basalts. This belt suggested that it is formed over a subduction zone
(SSZ) (Alliu et al., 1994; Shallo et al., 1995; Kodra et al., 1995). This ophiolitic belt is composed
by some massifs, with them, the Bulqiza massif is most important for its high chromite- bearing.
Many chromite occurences and some big and very big deposits are situated in this massif related
chiefly to harzburgite –dunitic mantle part and partly with super MOHO- dunites. The ore body are
folded tabular, podiform, banded – layered and pencil – like even. The principal rock constituent are
mantle harzurgites and super MOHO –dunites, whereas the Pl-dunites, lherzolites, wehrlites, py-
roxenites and gabbroic rocks, are less abbundant. The Bulqiza massif, similarly to other Eastern
ophiolitic complexes such the Vurinous and Troodos. (Çina et al., 1986; Econoumu et al., 1986;
Panayiotou et al., 1986), has been affected by intensive partial melting of the upper mantle as it is
implying by depletion in CaO and Al2O3 and enrichment in MgO and Cr2O3 of the mantle rocks. The
chromite is of Cr-rich, metallurgical type, with a few exceptions, for some occurances composed by
Al- rich chromite – type .It is remarkable that olivine as dunite and chromitite – component is two
much forsteritic type. The morphology and textures of ore body as well as the chemical composi-
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tion and some physical properties of chromite are subordinated related to their geological setting,
from Cpx- harzburgite of deeper part to upwords super MOHO-dunites and ultramafite – mafite se-
quences. All the same ,the composition of olivine is variable related to chromite concentration, as
reflection of equilibrium process between ol- sp. The aim of this review is to make known the min-
eralogy of chromitite of one of the most distinguished chromitite-bearing ultramafic massif of
Bulqiza, and wider for the Eastern ophiolitic complexes in general.

1.1 Analyses’ methods and conditions.

The analyses of chromite and olivine are brought out by electronic microprobe CAMEBAX under the
conditions accelerating voltage 15 kV and a current of 10 nA, time of caption 10 sec. The correction
programme ZAF by Honoc and Tong (1978). The analyses have been conducted in MGA-BRGM,
France by Ch. Gilles and D. Ohnenstetter. The parameter of the elementary cell of chromite have
been extracted from the Ro-analyse with 4x time camera of Guinier and Wolff, anticathode Cu- Ka1,
36 kV, 20 mA with the assistance of F. Pillard at MGA-Mineralogy Geochemistry Analyses, France.

2. Geology and chromitite-bearing of the massif.

The Bulqiza ultramafic massif is situated at Eastern ophiolitic belt. It covers a surface of 350 km2,
with a thickness about 5 – 6 km. It is surrounded by different sediments, from Triassic, Triassic –
Jurassic limestones, and partly is covered by Cretaceous limestones and Neogenic molassic sedi-
ments. This massif consists mainly of mantle harzburgites, Eastern and central part, by super –
MOHO dunites ,South – Western and Western parts and by ultramafic – mafic intrusive rocks at
Western side (Fig.1). This massif is remarkable for its high chromite- bearing mineralization. About
100 occurances and 15 deposits occur. Among them, some are big and very big as Bulqiza – Batra,
Shkalla, Thekna, Ternova, Lugu Gjat, and Krasta deposits. The most important chromite mineral-
ization is situated at central part of massif related to harzburgite – dunites, and partly at South -
South – Western part related to super - MOHO dunites. Only from Bulqiza – Batra deposits are ex-
tracted about 20 mega ton high grande chromite ore. The ore bodies have tabular concordant and
semi concordant folded shapes, podiform and banded-layered , even pencil –like morphology. The
exceptional is Bulqiza deposit represented by tabular folded ore bodies, 5000m in strike and 0,5 up
to 5-10 m thick. The ore body came out at the height of 1570 m over the sea level and goes down to
300 m under the sea level. The other particular deposit is Shkalla, pencil – like ore bodies . These
have oval - shaped surface section from 5 to 25 m2 and go up to 1500m downwards. The chromite
is Cr-rich metallurgical high grande type. It is situated at different part of ultramafic pile, from that
related to deep mantle cpx – harzburgites, towards upper harzburgite – dunite and dunite – harzbur-
gite parts, up to super –MOHO dunites, even to ultramafite – mafite and troctolite sequences. The
most chromite –bearing potential is situated at 300 up 1200 m interval below super-MOHO dunites
and only low – grande chromite ores are related at middle – deep dunitic sequence (Fig.2). The
chromite ore grade concerning its geological setting decreases from mantle harzburgite – dunitic
level of high to highest grande from 37% to 45% Cr2O3 even 53% Cr2O3 for pencil –like ore body,
upwards for dunite – harzburgite part (middle grade, from 30% to 35% Cr2O3) and particularly for
super – MOHO dunites (lower grade, from 18% to 25% Cr2O3). 

2.1 Petrography

The most common mineral components of chromitites are chromite and olivine, as well as serpen-
tine. In small quantities occur also the other silicate minerals clinopyroxen, orthopyroxen, amfi-
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Fig. 1: Geological map of Bulqiza ultramafic massif and related mineralization.

1: Mantle harzburgites; 2: Mantle dunites , 3: Super - MOHO dunites, 4: Pyroxenites, 5:Wehrlites, pl - lherzo-
lites ,pyroxenites; gabbros; 6: Gabbro- troctolites.

Chromite mineralization related to:

7: Deep mantle, cpx – harzburgites, Al – rich chromite type. 8: Middle mantle, harzburgite – dunite level, Cr-
rich chromite type; 9: Upper mantle, dunite – hazburgite level, Cr- rich chromite type; 10: Super – MOHO
dunitic transition zone, Cr- rich chromite type; 11: Ultramafite –mafite, cumulate sequences and intrusive rocks,
Al –rich type chromite; 12: Troctolite sequence, Al- rich chromite; 13: Ni and Ni – Cu sulphide mineralization
associated by PGM.

26 (5)



boles, Cr- diopside, Cr –garnet, Cr –chlorite, BMS and PGM. The minute grains of these minerals
are included within host chromite grains and as interstitial forming between them also. It is inter-
esting to point out the presence of uvarovite and kemmererite related to massive chromitite of vein
– like ore body. The sulphide and arsenide of BME as pentlandite, millerite heazlewoodite, nicke-
line, maucherite, pyrrhotite, cubanite as well as of PGE mainly Ru, Os , Ir alloys and their sulphides,
are related to super –MOHO dunites and upper mantle chromitite. The textural features of chromi-
tites of tabular, podiform and vein – like ore bodies are varied, massive, dense dissemination and
nodular. For banded – layered ore bodies disseminated and banded texture are characteristic. Some
textural features of them testify on magmatic plastic deformation processes, and posmagmatic bu-
dinage (Figs 3: a, b, c and d). The chromite grains display euhedral and subhedral shape with 1 to
2mm up to 5mm dimensions (Figs 4: a, b and c). For the disseminated chromitite related to dunites,
euhedral shape and less 1 mm size are more characteristic. The chromite grains contain many dif-
ferent inclusions, opx, cpx, ol, BMS and PMG (Figs 4: d and e). The partly metamorphosed chromite
grains and transformed into Fe – chromite up to magnetite and its veinlets are observed. (Fig 4: f).

3.1 Chemical composition of chromite in the various chromitite types

The Cr# in spinel can be regarded as a sensitive chemical parameter for the degree of depletion as
long as it lies above 15 (Dick and Bullen 1984).The main chromites of Bulqiza massif show high-
Cr character (Cr# vary from 77 to 83.5). The most frequent Mg# ratios is from 64.3 to 78. Only a
few of them are of Al-rich type, with Cr# from 53 to 59. The associated olivine is of the high
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Fig. 2: Geological setting, types, grade ores and some significant chemical ratios of chromitites. Eastern opho-
lite belt, ulramafite massif of bulqiza, Albania.



forsteritic type, Fo from 90 to 96. In accordance with chromite composition the physical properties
are not so variable. So, among them, the elementary cell parameter a0, in average is from 8.285 Å
to 8.326 Å, regardless some exceptions for the chromites related to deep Cpx-harzburgites and for
these relate to ultramafic cumulates (a0=8.25 and 8.239Å) (Fig 2.). Nevertheless, a clear tendency
is evident regarding the correlation between chemical composition and its geological setting, from
bottem Cpx –harzburgites to top super –MOHO dunites and ultramafic – mafic part. So, the Cr# ra-
tios and some physical properties encrease, wereas the Mg# decrease from bottem upwards to top
ultramafic pile. By the contrast, the chromite related to ultramafic– mafic sequence have lower Cr#
and a0 , and high Mg# especially this related to troctolites (Fig. 2). The chemical composition of
chromite for some particular deposits are reported in Table 1. Those compositions are different from
less depleted Western ophiolitic belt of Al- rich nature mainly (Fig. 5). The chromite of Bulqiza
massif is similar with Vourinos massif in Greece. The chromite of its Xerolivado and Skoumtsa de-
posits has Cr# from 0.80 to 0.83 and Mg# from 0.65 to 0.68. (Economou et al., 1986). But the sim-
ilarity to chromite from Troodos (Kokkinoratsos, Kannures and Hadjipavlou) is less evident, because
its chemical indicators are lower, Cr# from 0.72 to 0.76 and Mg# from 0.61 to 0.63. (Panayiotou et
al., 1986; Dick and Bullen, 1984; Dietrich et al., 1987; Migiros et al., 1988; Konstatopoulou et al.,
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Fig. 3: a: The plastic sindeformed chromitite. The foliation plan of isoclin fold is parallel to axial plan of fold-
ing; b: Nodular chromitite, intensively deformed. The nodules are extended and crushed by strong attraction; Fig.
c: The buddined chromitite transformed into banded – like shope. The pull-a- part lineation is expressed clearly;
d: The chromitite intensively deformed ,transformed into lensoide – brekccious up to antinodular – shape.
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Table 1. Chromite deposits: Deep mantle: 1.Takimi Pare, Harzburgit-dunite:2-3 Bulqiza, 4-Batra, 5
Shkalla, 6-Qafe Buall Dunite-harzburgite: 7- Lugu Gjate; 8-Thekna Super MOHO dunite:9-
Krasta; Ultramafic -mafic cumulates: 10-Crruja;Troctolite :11- Stavec ; Pensil -like chromite -
Cr-diopsite :12-Maja Hudres. Cr#= 100x Cr/(Cr+Al) atom.ratio Mg# = 100x Mg/(Mg+Fe2+)
atom ratio.

1990; Georgiou et al., 1990; Gartzos et al., 1990). As is reported by Panayiotou et al. (1986), the vari-
abitity of chromite composition is also evident concerning their geological setting in main dunites,
harzburgite – dunite contact, transition zone and deep harzburgites. 

In the Cr# vs. Mg# diagram (Fig. 5) the chromites of Bulqiza massif are compared to the chromites
from the other Eastern ophiolitic complexes such as Vourinos and Troodos campareble to the spinels
in Tertiary boninites from Western Pacific and Cape Vogel (Papua) and fild for spinels in island are
arc-thoeliites (IAT) (Dietrich et al., 1987).



A great part of the chromites of Bulqiza massif, such as those related to harzburgite- dunitic, dunite-
harzburgitic and super MOHO dunites are characterized by high Cr# ratios similarly to those of
Troodos, chromites from the main dunite and from southern Vourinos massif. All these chromites are
analogues to boninites and IAT environment.

On the contrary, some of the chromites from Bulqiza related to deep Cpx- harzburgites and espe-
cially, these related to ultramafic cumulate have low up to very low Cr# ratios similarly to the oth-
ers from the contact between the harzburgite and the transition zone of Troodos as well as those
from Kissavos and Rodiani are characterized by low Cr# ratios.

Regarding to the Mg# ratios, the difference between these complexes is less evident. This parame-
ter varies between narrow limits, 62 up to 78 in average.
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Fig. 4-a: Perfect euhedral chromite crystals (Cr) within olivine (Ol) groundmass; b: Massive chromitite built
up by compressed euhedral crystals (Cr). Interstites filled by kemmererite; c: Different euhedral and anhedral
chromite grains (Cr) towards olivine ones(Ol); d: The different relation between chromite and olivine: its in-
clusions (Ol) within chromite (Cr) grains and the contrary; e: The lense shaped olivine inclusions (Ol) within
chromite (Cr) grains and the contrary, minute spheric chromite inclusion within bigger olivine inclusion f: The
partly metamorphosed chromite grain (Cr) in to Fe – chromite (fCr) and surrounded by magnetite rim (m).



3.1.1 The composition of olivine and the equilibrium temperature.

The compositional change of olivine is also very interesting, from baren dunitic lenses towards the
dunitic envelops of the ore bodies, interstitial and inclusions of olivine within chromitite, Fo varies
in the range from 90 to 96.5 (Table 2). According to xMg and xFe variations in olivine and spinel,
the temperatures, calculated on the Ol – Sp termometer (by Lehmann, 1981) vary widly, from 650
to 750 C0 for the chromitite, up to 8000C for accessoire chromites (Table 3).

The differences of Fm reflects the evolution of Ol – Sp equilibrium process depended from the grade
of chromite concentration. So the chromitite Ol – Sp equilibrium has been more prolongated and was
interopted in lower temperatures. On the contrary, for schiren and especially for accessorial chromites
this equilibrium has been blocked early, in high temperatures. As suggested by Economou (1984)
the systematic variation of olivine composition is propably a result of subsolidus reaction.

4. Conclusions

The Bulqiza ultramafite massif belongs to Eastern ophiolite belt of Albania. It is the most important
chromite-bearing in Alpin Mediterranean belt.The rock composition of this massif mainly by man-
tle harzurgites and super –MOHO dunites , and by fosteritic olivine and enstatitic orthopyroxen,
rock – forming minerals, is distinguished by high magnesian character. This is due to high partial
melting of upper mantle and intensively mantle –crust interaction . In the consequence, a thick super-
MOHO dunitic sequence is formed. The ultramafic – mafic intrusive rocks are present also. The
consequence of hight partial melting, the upper part of ultramafic pile is high consumptioned and im-
poverished by CaO and Al2O3 and enriched by MgO and Cr2O3. The chromite mineralization is sit-
uated at all ultramafic pile, but the most important chromite potential belongs to harzburgite –dunitic
and partly to super –MOHO dunitic part , about from 300m down super- MOHO level, to 1200m.
The predominant chromitite is of Cr- rich chromite high – grande ore, metallurgical – type. Among
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Fig. 5: Cr# versus Mg# for chromites of B-Bulqiza mas-
sif, Albania and of similarly, V- Vourinos and TR- Troo-
dos with reference to boninitic lavas from Western
Pacific, IAT and MORB environments (Data from Dick
and Bullen, 1984; Economou et al., 1986; Panayiotou
et al., 1986; Georgiou et al., 1990; Konstantopoulou et
al., 1990; Gartzos et al., 1990. Chromite of Bulqiza mas-
sif related to: B1- deep mantle Cpx- harzburgites; B2-
ultramafic cumulates; B3- mantle harzburgite-dunitic,
dunitic-harzburgitic and super MOHO dunitic parts; Vs-
Southern Vourinos massif. 
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Table 2.

Table 3. 

1 to 8;Chromitites; 9; Chromitic dunites; 10 and 11; Harzburgites. FM=Fe2/ (Fe2+ Mg) atom., 
CAF = Cr/(Cr+Al+Fe3+) atom.

1-In harzburgite; 2-In dunite; 3 and 4- interstitial in chromite; 5
and 6- inclusions within chromite.



them the other less important chromitite of Cr-rich metallurgical type also , but low – grande ores
are related to super –MOHO dunites. The different restricted chromite ores, Al-rich, refractory type,
are related to deep cpx –harzburgites and, in countrary at top of ultramafite – mafite sequences.The
intensively partial melting of upper mantle is not fully sufficient argument to explain the high
chromite concentration. As is suggested by Nicolas at al., (1991) the slow spreading, oxygen fu-
gacity and the cool action of overlayered crust have played also their role for this concentration.
The correlation between geological setting and the morphology, chromite –type, ore grande, chem-
ical composition of chromite and textural features of chromitite, and ol – sp subsolidus reaction, are
the arguments for the magmatic origin, complicated by later geodynamic processes.

5. Acknowledgements.

The author would like to express his appreciation to Zdenek Johan , Maryse and Daniel Ohnenstet-
ter for their precious suggestions on chromite mineralization and for assistence with the electron
microprobe analyses at BRGM – France. I wish to express my thank to Maria Economou – Eliopou-
los, Alexander Panayitou and G. Migiros for their data on investigations about Greece and Cyprus
chromite mineralization.

6. References
Alliu, I., Beccaluva, L., Çina, A., Coltorti, M., et al ., 1994. The Skanderbeg and Bulqiza mafic- ultara-

mafic ophiolitic complexes and their relationship with chromititic ore deposits Working group meet-
ing of IGCP project No 256- fild trip B).Ofioliti, 19(1),. 27 – 55.

Auge, T. and Johan Z., 1988. Comparative study of chromite deposits from Troodos, Vurinous, North.
Oman and New Caledonia ophiolites .Mineral Depozits, ed by Boisson as and P.Omenetto, Springer
-Verlag Berlin. 267-288.

Burgath ,K. P., Krauss, U., Mohr,M., 2002 . Chromium ores and plantinum – group. element. occurrences
in Europe and Turkey: Inventory , evolution and possibilities Chron. Rech . No. hors serie,, 55-77..

Çina, A., 1986. Some physical proprieties of the chromitite chromespinels of the ophiolitic ultrabasiic mas-
sif of Bulqiza, Albania.Ofioliti, 11, Nr.1, 51.

Çina, A., Caslli, H. and Goci, L., 1986. Chromites in the ophiolites of Albanides. In:”Chromites”.UN-
ESCO’S -197project, Metallogeny of ophiolites. Theophrastus Pub.S.A Athens, 107-126.

Dick, H.J.Band, Bullen,T.,1984 .Chromian spinel as a petrogenic indicator in abisal and alpine-type peri-
dotites and spatially associated lavas. Contribution to Mineralogy and Petrology, v.86, 54-76.

Dietrich, V.,oberhansli,R.and Marcolli ,I. 1987. A new occurrence of boninite from the ophiolitic mélange
in the Pindus-subpelagonian zone.Ofioliti ,12,83-90.

Economou, M., Dimou, E., Economou, G., Vacandios, I., Grivas E., Rassios, A. and Dabitzias, S.,
1986.Chromite deposits of Greece. In : Chromites UNESCO’S -197project, Metallogeny of ophiolites.
Theophrastus Pub. S.A Athens, 129-159.

Economou, M. 1984. On the chemical composition of the chromite ores from the Chalkidi peninsula,.
Greece ofiolitu, 9(2), 123-134.

Gartzos, E., Migiros, G.and Parcharidis, I. 1990. Chromites from ultramafic rocks northen Evia (Greece)
and their geotectonic significance. Scheiz Mineral. Petrogr. Mitt, 70, 301-307.

Georgiu, E and Xenophontos, C. 1990. Chromite occurrances and associated plutonic rocks in the Akap-
nou Forest. In :Ophiolites,oceanic crustal analogues.Proc.of the Symp”Troodos1987”. Nicosia
Cyprus. 585-592.

Karaj. N., 1992. Repartition des platinoides , des chromites et sulfures dans le massif de Bulqiza,. Alba-

XLIII, No 5 – 2586



nie. Incidence sur les proccesus metallogeniques dans les ophiolites. These, Univ d’Orleans, pp.400.

Kodra, A., Gjata, K. and Bakalli, F., 1995. The Mirdita oceanic basin from rifting to the closure. In::
Workshop on Albanian ophiolites and related mineralizations. Documents du BRGM. 244. Editions
BRGM, France 9-26.

Konstantopoulou, G. and Economou, M-Eliolopoulos 1990. Geochemistry of the Vourinos chromite ores,
Greece. In: Ophiolites, oceanic crustal analogues. Proc. of the Symp”Troodos 1987”. Nicosia,
Cyprus. 605-613.

Nicolas, A., Bondier, F. and Meshi, A., 1999. A slow spreading accretionin the ophiolite of. Mirdita (Al-
bania). Jurnal of Geophysical Reseacher. 104, nr.87, 15155-15167.

Ohnenstetter, M., Karaj, N., Neziraj, A., Johan, Z., Çina, A. 1991: Le potentiel platinifere des ophiolites:
Mineralizations en elements du groupe du platine (EGP) dans les massifs de Tropoja et Bulqiza, Al-
banie. C.R. Acad. Scie. Fr., v .313, ser. II.201-208.

Panayiotou, A., Michaelides, A.E. and Georgiou, E., 1986. The chromite deposits of the Troodos. Ophi-
olite complex, Cyprus. Chromites UNESCO‘S IGCP.197 Project Metallogeny of ophiolites.
Theophrastus Pub. S.A Athens. 161-198

Shallo, M., Çina, A. and Turku, I., 1995. Outline of metallogeny of the Albanian MOR and SSZ- type ophi-
olites. In: Workshop on Albanian ophiolites and related mineralization. Documents du BRGM 244.
Editions BRGM, France, 27-46.

XLIII, No 5 – 2587



XLIII, No 5 – 2588

MANGANESE MINERALISATIONS AT THE BASE OF MIOCENE
SEDIMENTS IN NORTHERN SARDINIA (ITALY)

Fadda S.1, Fiori M.1, Pretti S.2, and Valera P.2
1 Istituto di Geologia Ambientale e Geoingegneria del CNR, 09100 Cagliari, Italy,

sfadda@unica.it, fiori@unica.it
2 Dipartimento di Geoingegneria e Tecnologie Ambientali, Università di Cagliari, Italy.

paolo@paolov.net

Abstract 

During the eastward drift of the Palaeozoic-Mesozoic block formed by Sardinia and Corsica in the
Oligocene-Miocene, calc-alkaline volcanism developed mostly in the western part of the island.
Most Tertiary metallogenic phoenomena are related to hydrothermal activity associated with this vol-
canism. Following volcanic and related hydrothermal activity, sediments were deposited during the
Oligocene-Miocene as a consequence of a marine transgression. The basal part of this series is
clastic and includes elements derived from erosion of unaltered volcanics as well as hydrothermally
altered rocks and hydrothermal vein quartz. Inside the Tertiary volcanics manganese ore-minerals
occur as nodules, veinlets, and stockworks and mainly include Mn and Fe oxides; quartz in differ-
ent forms is the most common gangue mineral. The mineralisations at the contact between volcanics
and Miocene sediments are the most homogeneous, the ore-minerals occur in the cement, but also
as fairly continuous thin beds, nodules and veinlets containing pyrolusite, frequent ramsdellite, less
frequent manganite, psilomelane, cryptomelane-manjiroite, rare ranciéite, and todorokite. The na-
ture of the ore-bearing beds indicate a near-shore clastic environment along the ancient coastal
lines of the Miocene sea. Genetic considerations point to a supergenic transport and redeposition
after erosion of primary dispersion and residual concentrations of Mn in the volcanics.

Key words: sedimentary manganese, volcanism, metallogeny, Sardinia.

1. Introduction 

During the detachment and eastward drift towards Italy of the Sardinian-Corsican massif, extensive
conditions led to an important rifting phase, which opened the presently NS-striking trough, the so
called Fossa Sarda, cutting the entire island of Sardinia (Fig. 1). Related to these conditions, and
within the resultant graben, an intense volcanic activity took place from the Upper Oligocene to the
Middle Miocene in the western half of this island, with mostly extrusive products of calc-alkaline
affinity typical of plate convergence zones (Cherchi and Montadert, 1982). Three main volcanic cy-
cles developed, each characterized by initial, mainly andesitic lavas followed by more acidic pyro-
clastic activity with intervals of epiclastic rocks. The earlier volcanic products occurred in
southwestern Sardinia between 29 and 27 My ago, with episodes of basaltic and andesitic lavas
forming flows, domes, and dikes. The following, mostly explosive phase lasted from 20 to 18 My
ago and developed particularly in central and northern Sardinia with ignimbrites and minor flows

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 



of rhyolitic and dacitic composition. The latest products of this mostly subaerial volcanism, from 14
to 13 My, are represented by intercalated epiclastic and ash flow beds (Coulon, 1977). During the
waning phases of this volcanism, hydrothermal activity developed episodically, producing local al-
teration and precious- and base-metal mineralizations mainly high- and low-sulfidation epithermal
veins and stockworks containing gold, pyrite, sphalerite, galena, and minor chalcopyrite (Garbarino
et al., 1991). Closely linked with this calc-alkaline magmatism, manganese deposits also formed,
mainly within the volcanic products, and subordinately in the Miocene beds immediately resting
upon these volcanics. At the same time, the gradual dipping of the longitudinal trough initiated a ma-
rine trangression progressing from the south to the north across the island, and then continental clas-
tic sediments were deposited. The final submarine Tertiary calc-alkaline volcanic rocks (around 11
My) are interbedded with these sediments, especially within the central part of the rift. The terrige-
nous materials show textural and compositional immaturity, commonly show lenticular bedding and
locally exibit sedimentary structures indicative of low-energy depositional environments, such as
lamination. The basal conglomerates and sandstones of the sequence are characterized by erosion
products that include metals mobilized from unaltered volcanics as well as from hydrothermally al-
tered rocks and the newly formed hydrothermal deposits. Literature records concerning occurrences

XLIII, No 5 – 2589

Fig. 1: Left: Geological sketch map of Sardinia showing the Fossa Sarda trough. Right: Geological sketch map
of the north-western Sardinia showing the distribution of manganese occurrences: 1) Corona de Corvu, 2)
Monte Jorzi, 3) Sos Aghedos, 4) Alghentalzos, 5) Giolzi Moro, 6) Tippiri.



of metallic minerals in Tertiary sedimentary rocks of Sardinia are rare. The best and long-known are
manganese oxides bodies in NW Sardinia, only recently recognised as near-shore deposits, which
were explored and mined to a minor extent.

2. Geological setting and stratigraphy

The sedimentary basins under study represent the northern part of the Tertiary trough cutting the is-
land of Sardinia from north to south (Fig. 1). In this area, the graben filling is formed of ignimbritic
lava flows dipping toward the centre of the trough, with numerous faults connected to tectonic events
of Miocene age. The region is characterized by the presence of volcanic rocks generated during the
calc-alkaline volcanism, and formed of andesites, dacites, rhyolites and ignimbrites (Coulon, 1977).
The sedimentary filling consists of marginal fanglomerates and central lacustrine sediments. Calc-
alkaline volcanics and tuffites are interlayered with continental sediments. The Oligocene-Aquitan-
ian age of the sediments and volcanic rocks confines the development of the basin to this time span.
The post-volcanic sedimentary rocks are mixed siliciclastic-carbonate sequences from terrestrial
and coastal sands, shelf carbonates and marls. Silty marlstones of Late Burdigalian-Early Langhian
age characterize the central part of the main basin, whereas variabile siliciclastic and carbonate se-
quences developed at its margins and at the confluence with the smaller grabens (Martini et al.,
1992). The sedimentary sequence rests unconformably upon volcaniclastic beds (tuff and cinder) in-
terlayered with freshwater limestones and black cherts. At the top, the most continuous sections
have been preserved either under thick carbonates, or under 5 to 30 m-thick Pliocene-Pleistocene lava
flows, which cap the hills. However, the layercake disposition of the strata allows the visual corre-
lation of several Units across the basins and the overall paleosetting of the sediments can be rea-
sonably well reconstructed (Mazzei and Oggiano, 1990). Five informal lithostratigraphic units have
been distinguished: the Lower Sands, of continental fluviatile-deltaic origin are followed upward by
the Lower Limestones which mark the first marine transgression of the whole area during the up-
permost Burdigalian. A sudden deepening of the basin is marked by the Marly Arenaceous unit that
shows features indicative of an environment deeper than that of the Lower Limestones and occurs
primarily in the deepest central part of the main graben; a sandier variety is also present on parts of
the basin-edge area. The Upper Sands, again of deltaic-fluviatile origin, have been ascribed to the
Upper Langhian - Lower Serravallian interval. They rest on the Marly Arenaceous Unit through an
erosional contact. Finally, the Upper Limestone lies unconformably on both the Upper Sands and the
Marly Arenaceous Unit; this lithostratigraphic unit marks a second marine transgression, which
probably occurred during the Lower Messinian.

A major transgression can be established in the lower part of the sequence, from continental sands
to marine marly and algal limestone units. The environment represented by these Lower Sands
ranges from braided fluvial deposits to lowland paralic settings, to fluvio-lacustrine and fluvio-ma-
rine deltas, to barred shores containing fossiliferous banks. The Lower Sands are characterized by
the vertical and lateral transitions of gravel to sandy continental facies grading up into marine sands
and sandy carbonate. These sandstones may be derived from numerous sources, Tertiary volcanites,
Palaeozoic granites, schists and gneisses. Gravel has two types of occurrences: one type consists of
reddish, sandy, pebble-to-small-boulder conglomerate, well cemented and locally showing well de-
veloped fabric; the other consists of sandy, poorly cemented, fairly well-sorted conglomerate, with
plane- and cross-beds. In both cases, the gravels represent braided-stream deposits. Siliciclastic de-
posits vary from coarse, conglomeratic in places, unfossiliferous, massive to locally cross-bedded
lithic sands, to purer quartz-feldsphatic sands. Locally, the sands are calcareous and rarely include
large-scale foresets. These lower continental facies were gradually drowned by a transgressive sea,
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and their topset materials were reworked into bars and plains, and finally a carbonate environment
was established.

3. Mode of occurrence, mineralogy and chemistry of Mn-ore 

All the exploration and mining operations on Mn ores have long ceased, and the old mining works
are seldom accessible. Thus, only a few small excavations and outcrops have been surveyed and
sampled, and most of the samples are from old dumps. The mineralisations inside Tertiary volcanics
are the most widespread, Mn minerals occur as nodules, veinlets, and stockworks. Besides the dom-
inant pyrolusite, ubiquitosus, the ore-mineral assemblages commonly include ranciéite, manjiroite
and cryptomelane. Among the Fe minerals goethite, often accompanied by hematite, is highly fre-
quent. The gangue mineral is quartz, that commonly occurs as chalcedony or jasper, finely dissem-
inated in the ore, or as chalcedony veins impregnated with Mn oxides. 

The mineralisations at the contact Tertiary volcanics - Miocene sediments are the most homoge-
neous: their attitude is always stratiform and concordant. Figure 1 shows the distribution of man-
ganese occurrences at the contact Tertiary volcanics - Miocene sediments in the northern regions of
Anglona - Logudoro and Meilogu – Planargia (Marcello et al., 2004). 

The stratigraphy of the manganese mineralized formations is uniform along the near-shore zones and
coastal lines, with only minor variations. The ore minerals are distributed along the shoreline, with
the bulk contained in a conglomeratic stratiform layer. The most important character common to all
these bodies is their occurrence within clastic (clasts from the underlying volcanics), mainly con-
glomeratic, suites. Their cover (that is missing only at Giolzi Moro) is a Miocene carbonatic platform
series. The ore minerals occur in the cement, but also as fairly continuous thin beds, nodules and
veinlets. The Mn-bearing ore minerals occur both well crystallized, compact and of metallic appear-
ance, and earthy, with loose fabric and deep-black colour. To the earthy strata fossiliferous (fish teeth)
pelitic lenses are commonly associated. Several “burrows” can be observed. Their cilyndric shape is
filled with the ore minerals in fibrous structures with radial symmetry, along with clastic elements.

The ore mineral assemblage is monotonous: ubiquitous pyrolusite (pure MnO2 tetragonal), frequent
ramsdellite (MnO2 orthorombic), less frequent the manganese hydroxide manganite (MnOOH),
psilomelano (Ba, K, Mn, Co)2 Mn5O10 

. xH2O), and cryptomelane-manjiroite (Na, K)1-2 Mn8O16 
.

xH2O), rare ranciéite (Ca, Mn) Mn4O9 
. 3H2O) and todorokite (Na, Ca, K, Mn2+)(Mn4+, Mn2+,

Mg)6O12 
. 3H2O. The nature of the ore-bearing beds indicates a near-shore clastic environment, fol-

lowed by a slightly deeper one. All points to a supergenic deposition controlled by ancient coastal
lines, like in the better known, quite bigger occurrences of Western Europe and Northern Africa.

The tetravalent oxides pyrolusite and ramsdellite are the most common ore minerals for which pre-
cipitation involves oxidation of the Mn2+ in solution to Mn4+ possibly favoured by the presence of a
pre-existing surface of iron oxide or hydroxide. In this model, the dissolved metal carried by surface
waters under oxidizing conditions, precipitated at the shoreline owing to a rise in pH from 6 to 8,
typical of the fresh water to marine transition. The presence of psilomelane, cryptomelane, todor-
okite and rancieite suggests that somehow K, Ba, Ca and Na, originated from the erosion of hy-
drothermally altered volcanic source rocks in the continental drainage area, must have been present
at the time of deposition. However, where slightly more reducing conditions prevailed in the muds
of even shallow marine environments, tetravalent manganese was gradually reduced to the trivalent
state in the manganite-rich ores found in limited parts of these deposits. Trace elements such as Ni,
W, Sn, Ag and others may be adsorbed successfully on to hydrated colloidal MnO2 at pH 7-8. The
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absence of Mn carbonate minerals is notable because it shows evidence of no significant burial and
post-depositional diagenesis in the metalliferous oxide bands. In fact, these minerals have been re-
ported from reducing and high-pH anoxic environments where Mn was first deposited at the sedi-
ment surface as tetravalent oxide and then, during diagenesis, carbonate grew at the expense of the
oxides. Table 1 shows the most common manganese ore minerals as detected by X ray diffractom-
etry (XRD) and some chemical data which only concern the main ore-forming elements, and the
most significant trace elements.

Table 1. Major elements were determined by flame atomic absorption and emission spectrometry
(FAAS/FAES). Trace elements by inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES). For mineral identification, powdered samples were mounted on glass slides
and subjected to X-ray diffractometry (XRD) on a Rigaku Geigerflex fully automated ap-
paratus. The assignments of peaks were from the JCPDS File (1985).

Localities District Type Minerals MnO
%

Fe2O3

%
SiO2

%
Ba
%

Ni
ppm

W
ppm

Sn
ppm

Ag
ppm

Corona
De Corvu

Turritano Stratiform Pyrolusite

Ramsdellite

Manjiroite

Ranciéite 
Psilomelane*

Criptomelane*

50.6
74.36
47.50 
68.68

32.1
33.17

50.59

4.58
0.28
0.85
0.86

4.0
6.14

1.7

18.3
2.4
3.5
6.2

25.8
29.8

35

2.1
0.20
0.51
0.22

1.3
1.5

0.3

55
45
45
110

65
30

18

<50
<50
<50
<50

<50
<50

145

Monte 
Jorzi

Meilogu Stratiform Pyrolusite
Todorokite*

52.1
48.6

1.9
0.68

10.4
6.8

0.45
0.45

103
58

<20
<20

80
75

<1.5
<1.5

Sos Aghe-
dos

Meilogu Stratiform Pyrolusite
Manganite
Groutite*

24.2
65.5

1.9
1.0

32.1
8.6

0.42
0.16

21
96

<20
<20

55
110

<1.5
<1.5

Alghental-
zos

Logudoro Stratiform Pirolusite

Manganite
Groutite*

85.2
66.5
52.3
66

0.14
3.13
1.90
1.2

2.1
5.2
13.2
8.8

0.77
0.09
0.19
0.21

20
330
40
95

<20
<20
<20
<20

15
105
90
100

<1,5
<1.5
<1.5
<1.5

Giolzi
Moro

Bosano
Planargia

Veins and
crustiform

Ranciéite 
Ematite

Pyrolusite
Goethite*

50.33
1.54
52

1.51
12.58
0.3

34.8
61.9
3.4

0.25
0.09
0.6

15
20
30

150
50

<20 70 <1.5

Tippiri Bosano
Planargia

Lentiform Pyrolusite 51.7
45.15

0.2
2.0

3.1
11.9

0.05
0.14

45
20

<20
<20

85
110

<1.5
<1.5

* Only XRD detected



4. The formation of sedimentary manganese

The genetic study of these sedimentary ores investigated possible sources of ore materials, transport-
deposition processes, the paleogeographical conditions and mechanism of ore formation.

4.1 Metal source 

Bulk-rock geochemical concentrations of manganese are the most plausibile primary source of Mn
ions to freshwater and groundwaters of the Logudoro basin. In addition, low-grade, non-economic
concentrations of this metal occur in numerous small hydrothermal veins where strong anomalies of
Mn are known to exist (Redini, 1940); these examples of mineralization are widespread in the sur-
rounding calcalkaline igneous complex. The Authors support this model of metal release from a
“continental” source.

4.2 Transport

After the weathering of primary silicates and disseminated mineralizations in the volcanic and vol-
caniclastic host rocks of the drainage areas, the soluble load of the descending, near-surface, acidic
waters would include metals in ionic solution as well as metals adsorbed on clay particles in colloidal
suspension. Furthermore, mechanical transport of clastic particles is also quite possible owing to
the proximity of the source area. Percolating solutions could have migrated down along the soils and
tectonic structures, faults, fractures, conduits, forming a system of local fluid circulation before and
during the Basal Miocene deposition. The surface- and ground-waters rich in free oxygen played an
important role in the weathering of the rocks above sea level. Under the local paleoclimatic condi-
tions, warm and semiarid climate (Biondi and Filigheddu, 1990), heavy seasonal rainfall resulted in
an acidic and oxidizing medium that promoted metal dissolution and transport into lagoons or bays
or lacustrine environments for the sedimentation in near- shore, low-energy environments (May-
nard, 1983).

A possible type of low-temperature fluid for mobilizing and transporting the metals from the en-
closing rocks to the depositional basins is acid groundwater or streams which commonly arise from
the oxidation of pyritic orebodies or other sulfide mineralization (Jambor & Blowes, 1994). These
acidic, oxidizing conditions, and high sulfate content, are those which optimise solution transport of
both iron and manganese. The principal reactions that generate H+ in the surface- water, with sub-
sequent infiltration in the underlying aquifers, are the oxidation of pyrite and other sulfide minerals
(Lentz, 2003). However, a variety of acidity attenuation reactions occur in the surroundings geo-
logical materials, depending on the availability of acid-consuming mineral phases (e.g., carbonate-
and other base-containing solids) but the widespread presence of disseminated sulfide mineraliza-
tions ensures acid generation in the moving water and simultaneous migration of the metals down-
stream in the direction of ground-water flow. The solubility of manganese is considerably higher than
that of iron for any given Eh and acid Ph and preferential leaching of this metal with respect to iron
may take place because of its larger ionic size and lower ionic potential (Roy, 1981; Sapozhnikov,
1970). Mn-specific soil bacteria may also lead to dissolution and leaching of the element while Mn
organic complexes may form by reaction with humic acid in solution. 

4.3 Depositional environment 

The earliest deposition of the host sediments in the initial rifts was probably subaerial, not far from
the paleocoastal line, and consisted of conglomerates and arkoses. A first marine transgression fol-
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lowed and deposited coarse- to very fine-grained sediments. Clastic deposition, mainly arenaceous,
was slow, with sands and clay minerals being poured into a restricted-circulation water body in shal-
low marine and beach environments. Although overall conditions were transgressive, Mazzei & Og-
giano (1990) record two main regression and transgression phases during Miocene time. The
mineralised lower conglomerate consists of well rounded to sub-angular poorly sorted clasts in a
loose coarse sandstone matrix; this conglomerate is rather discontinuous in beach gravels, also con-
sisting at random of feldspathic to impure clayey sands and lens-shaped beds of coarse-grained
feldspatic arenite. These conglomerate beds are graded locally and commonly are 0.5 to 3 m thick.
The overlying mineralised rock consists of siltite beds containing remnants of plant material (Fig.
2). The sandstones consist of quartz, feldspar, and volcanic rock fragments, thus may be classified
as lithic arkose according to Pettijohn et al. (1972), and represent the first-cycle erosion products of
a calc-alkaline volcano-plutonic complex. The sandstone beds associated with the conglomerates are
texturally immature, first-cycle arkosic wackes, consisting of poorly sorted quartz and plagioclase
feldspar of oligoclase-andesine composition, with accessory alkali feldspar; the smectite-illite ma-
trix content is as high as 30%, thus plotting in the sediment compositional field of arkosic wackes. 

5. Conclusions

The northwestern part of Sardinia includes zones of stratiform manganese mineralization extending
along the margin of the Fossa Sarda rift. Most of these Mn occurrences, although they may be lo-
cally concentrated to ore grades, are of subeconomic size. The major control on mineralized sites was
the paleotopography, as they are located along ancient coastal lines against basement highs, and re-
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Fig. 2: Schematic lithostratigraphic
column of the mineralised series.



lated to permeable sedimentological features. The weathering and erosion of “fertile“ minerals of ig-
neous provenance gives the first link between manganese and the ore occurrences formed in con-
glomerates in restricted paralic environments. 

The main ore-forming event is represented by the arrival of ore constituents released by the conti-
nent and transported by gravity-driven ground- and surface-waters in coastal (subaerial to saturated)
sediments where the mineralization process took place at very low burial depths. However, restricted
locally reducing conditions may indicate temporary subtidal environments or playa flats and lake en-
vironments. The syndepositional history was not too complex; most modifications occurred during
subaerial exposure or fresh-water environments as shown by the scarcity of marine cements. Syn-
chronous with sedimentation, manganese was precipitated in oxidized low-energy lacustrine (fresh
to brackish-water) environments of neutral to alkaline pH values. The regional paleogeographical and
geophysical interpretations of the Logudoro basin and of the broader area of northwestern Sardinia,
allowed us to evaluate the regional controls on the localizations of this type of possibly economic
manganese mineralizations. Constraints on the size of these occurrences include the lateral vari-
ability of the enclosing sedimentary rocks, and their permeabilities. The economic potential of these
small but high-grade deposits may be important. Exploration should take into account areas con-
taining regionally high Mn values. First of all, the paleogeographic and structural conditions de-
scribed in this paper should be confirmed. This may be ascertained through a carefull preliminary
geological mapping program followed by the definition of necessary palaeogeographic and structural
controls. If these first studies identify a favourable situation, geochemical and geophysical studies,
along with the examination of a possible primary source of the metal, should further reduce the ex-
ploration area to one or more prospects. Normal detailed exploration methods would then be applied
to evaluate the individual ore concentrations.
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Abstract 

Treatment of urban wastewaters (pHinitial 8.2), with 6 g of Hellenic Natural Zeolite (HENAZE) of
an grain-size < 1.5 mm, gave overflowed clear water of pH 7.5, free of odors and improved quality
parameters by 87% for the suspended particles, 88% for the color, 91% for the P2O5 content, 93%
for the chemical oxygen demand (COD) and 97% for the NH4 content. Compared to previous ex-
periment, the decrease of the amount of HENAZE by 1.5 g (20%) resulted to the purification wors-
ening only by 1-2%. The HENAZE comes from Ntrista stream of Petrota village of Trigono
Municipality of Evros Prefecture, Northeastern Greece. HENAZE contains 89 wt.% HEU-type ze-
olite and exhibit an ammonia ion exchange capacity (sorption ability) of 226 meq/100g. The min-
eralogical composition and the unique physico-chemical properties, make the HENAZE suitable
material for numerous environmental, industrial, agricultural and aquacultural applications, such
as: Animal nutrition, soil amendment for agriculture, pH soil regulation, greenhouse and flowers
substrates, durability and health improvement of lawn, purification of industrial and urban waste-
waters, treatment of sewage sludge, odor control, fishery and fish breeding, gas purification and
drying systems, oxygen enrichment of aquatic ecosystems, improvement of drinking water quality,
constructed wetlands and wastewater treatment units. The treatment gave as precipitate an odorless
and cohesive zeo-sewage sludge, suitable for safe deposition and also for the reclamation of agri-
cultural soils. The zeo-sewage sludge, produced either from the urban wastewater treatment or from
the mixing of HENAZE and sewage sludge, can be used for the reclamation of agricultural soils. The
presence of HENAZE in the agricultural soils, increases the crops yield by 29-57% and improves
the quality of agricultural products by 4-46%, reduces the use of fertilizers by 55-100%, reduces the
usage of irrigation water by 33-67%, prevents the seepage of dangerous species into the water en-
vironment (e.g., NO3

- by 55-57%), protecting thus the quality of surface and underground waters.
The usage of HENAZE in vivarium units and in the animal nutrition, increases the production and
improves the quality of the relevant products.

Key words: natural zeolite, urban wastewaters, sewage, sewage-sludge, Evros, Greece.

1. Introduction 

Zeolite comprises a special solid crystalline microporous material, with open structure and void
space. Some high quality HEU-type natural zeolites, displays unique physical and chemical features

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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and have a great variety of environmental, industrial, aquacultural and agricultural applications. The
large natural zeolite deposits and the low cost of mining, gave access to large-scale utilization (e.g.,
Pond and Mumpton, 1984; Tsitsishvili et al., 1992; Carr, 1994; Collela and Mumpton, 2000; Filip-
pidis and Kassoli-Fournaraki, 2000; Bish and Ming, 2001; Harben, 2002; Savvas et al., 2002; In-
glezakis and Grigoropoulou, 2004; Inglezakis et al., 2004, 2005; Filippidis, 2008; Filippidis et al.,
2008e-g).

In the Trigono Municipality (Evros Prefecture, Northeastern Greece) and around the villages of
Petrota and Pentalofos, eight different occurrences show varying zeolite contents, on average 39-76
wt. % (e.g., Kirov et al., 1990; Marantos and Perdikatsis, 1994; Filippidis et al., 1995; Arvanitidis,
1998; Stamatakis et al., 1998, 2001; Filippidis and Kassoli-Fournaraki, 2000; Hall et al., 2000; Kas-
soli-Fournaraki et al., 2000; Yannakopoulos et al., 2000; Zorpas et al., 2000a,b; Barbieri et al., 2001;
Moirou et al., 2001; Vlessidis et al., 2001; Koshiaris et al., 2002; Kyriakis et al., 2002; Papaioan-
nou et al., 2002a,b; Savvas et al., 2002; Christidis et al., 2003; Katranas et al., 2003; Krestou et al.,
2003; Perraki et al., 2003; Fokas et al., 2004; Inglezakis and Grigoropoulou, 2004; Inglezakis et al.,
2004, 2005; Perraki and Orfanoudaki, 2004; Kantiranis et al., 2006; Warchol et al., 2006).

In a specific ground of Petrota village (Ntrista stream) has been located a HEU-type zeolite deposit,
the Hellenic Natural Zeolite (HENAZE) of GEO-VET N. Alexandridis & Co O.E. concession (e.g.,
Filippidis and Kantiranis, 2002, 2005, 2007; Deligiannis et al., 2005; Filippidis, 2005, 2007; Filip-
pidis et al., 2006, 2007, 2008a-d, 2009). The purification of urban wastewaters, as well as the pro-
duction of odorless zeo-sewage sludge, using 7.5 g of HENAZE and stirring time 5-60 min, has
been investigated (Filippidis et al., 2008a-d, 2009). The present study investigates the purification
of urban wastewaters, using 6.0 g of HENAZE and stirring time of 5 min.

2. Materials and methods

The Hellenic Natural Zeolite (HENAZE) sample used was selected from a vertical profile of the
Ntrista stream within the GEO-VET’s concession. Petrographic investigation of HENAZE was per-
formed on thin and polished thin sections. The morphology and chemistry of the HEU-type zeolite
were studied by Scanning Electron Microscopy - Energy Dispersive Spectroscopy (SEM-EDS) with
Link-AN 10000 EDS system. To minimize volatilization of alkalis, the electron beam spot size was
enlarged and the counting time decreased. The mineralogical composition was determined by X-Ray
Powder Diffraction (XRPD). Semi-quantitative estimates were performed using external mixture
standards of the identified mineral phases (Filippidis and Kantiranis, 2007). The chemical compo-
sition of the HENAZE was determined by Atomic Absorption Spectrometry. The ammonia ion ex-
change capacity (sorption ability) of the HENAZE was determined according to the Ammonium
Acetate Saturation (AMAS) method. The pH variations and the removal ability of metals and anions
were performed through butch-type experiments at RT (Filippidis and Kantiranis, 2002, 2007; Fil-
ippidis, 2005; Filippidis et al., 2006).

The typical platy crystals of HEU-type zeolite have a grain-size of 5-25 μm (Fig. 1a, Filippidis and
Kantiranis, 2002; Filippidis, 2005, 2007). The chemical formula of the clinoptilolite is
Ca1.5K1.4Mg0.6Na0.5Al6.2Si29.8O72

.20H2O. The minerals content of HENAZE is 89 wt.% HEU-type
zeolite, 3 wt.% mica + clays (92 wt.% microporous minerals), 6 wt.% feldspars and 2 wt.% quartz
(Filippidis and Kantiranis, 2002, 2007; Filippidis, 2005). The chemical analysis of HENAZE gave:
68.62 wt.% SiO2, 11.80 wt.% Al2O3, 2.92 wt.% K2O, 2.14 wt.% CaO, 1.13 wt.% Na2O and 0.75
wt.% MgO. HENAZE shows a remarkable ammonia ion exchange capacity of 226 meq/100g, as well
as an ability to neutralize the pH of basic water (pH 9.5) from the lake Koronia (Prefecture of Thes-
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saloniki) and of acidic stream mine water (pH 5.5) from NE Chalkidiki Prefecture, exhibiting an am-
photeric character (Filippidis and Kantiranis, 2002, 2007; Filippidis, 2005). Also found to remove
from their aqueous solutions 74 % of Pb, 79% of Ag and 55-57% of NO3

- (Filippidis and Kantira-
nis, 2002, 2007; Filippidis, 2005; Filippidis et al., 2006).

Kilkis City (Northern Greece) urban wastewaters of pH 8.2, were treated at room temperature with
< 1.5 mm grain-size HENAZE (Fig. 1b), in butch-type experiment. In 300 ml municipal sewage 6.0
g of HENAZE was added, the whole was stirred for 5 minutes and polyaluminium chloride as well
as cationic polyelectrolyte was added. The overflowed clear water and the precipitated zeo-sewage
sludge were separated by filtering. The zeo-sewage sludge was dried overnight at room temperature
(RT). The starting urban wastewater and the overflowed clear water, were analyzed for (method): pH
(electrometric), color (photometric), suspended particles (filtering and centrifugation), COD (method
of K2CrO6), P2O5 and NH4 (molecular absorption spectrophotometry).

3. Results

Microscopic examination of thin sections reveals a fine-grained vitroclastic texture containing glass
shards (Fig. 2), angular to subangular quartz and feldspar, as well as tabular mica crystals.

The lath- or tabular shaped crystals of HEU-type zeolite are very abundant as interstitial cements or
as polycrystalline replacements of glass shards. The peripheral zone of the altered glass shards is
often a rim containing clay minerals (Fig. 2).

The treatment of urban wastewater of pH 8.2 with the HENAZE gave overflowed clear water (Fig.
3a) of pH 7.5, free of odors and improved quality parameters by 87% for the suspended particles,
88% for the color, 91% for the P2O5 content, 93% for the chemical oxygen demand (COD) and 97%
for the NH4 content (Table 1).

Treatment with 7.5 g of HENAZE resulted to pH of 7.3 for the clear water and to improvement by
89% for the suspended particles, 90% for the color, 93% for the P2O5 content, 94% for the chemi-
cal oxygen demand (COD) and 98% for NH4 content (Table 1, Filippidis et al., 2009).

Simultaneously, the treatment gave as precipitate odorless and cohesive zeo-sewage sludge, dried
overnight at room temperature (Fig. 3b).
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Fig. 1: a) SEM microphotograph of typical platy crystals of HEU-type zeolite of the HENAZE. b) The grain-
size < 1.5 mm of HENAZE, used for the butch-type experiments.
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Fig. 2: Photomicrograph of thin section, al-
tered glass shards (discontinuous line), lath-
tabular shaped crystals of HEU-type zeolite
(Z), angular-subangular quartz crystal (Q)
and the peripheral rim of the shards contain-
ing clay minerals (Cl).

Fig. 3: a) Left: Starting urban wastewater (SUW), Right: Overflowed clear water (CW) after the HENAZE
treatment. b) Odorless and cohesive zeo-sewage sludge, dried overnight at RT.

Table 1. Chemistry of starting urban wastewater (SUW) and overflowed relevant Clear Water treated
with 6.0 g (CW-6) and 7.5 g (CW-7.5) of HENAZE at RT.

* Filippidis et al., 2009.

Quality parameters (detection limit) SUW CW-6 ± % CW-7.5* ± %

pH (0.1) 8.2 7.5 - 9 7.3 - 11

Suspended Particles, mg/L (5) 210 28 - 87 23 - 89

Color, mg/L, Pt scale (5) 1180 143 - 88 119 - 90

Chemical Oxygen Demand (COD), mg/L O2(15) 410 29 - 93 26 - 94

P2O5, mg/L (0.02) 9.24 0.80 - 91 0.66 - 93

NH4, mg/L (0.02) 30.52 0.79 - 97 0.51 - 98



4. Discussion and Conclusions

The natural zeolites show a remarkable ability to remove inorganic, organic, organometallic com-
pounds, gas species, metals and radionuclides from their aqueous solutions. The sorption of the dif-
ferent species from their solutions by the micro- meso- and macroporous of natural zeolite can be
attributed to absorption (mainly ion exchange), adsorption and surface precipitation processes (e.g.,
Tsitsishvili et al., 1992; Misailides et al., 1993, 1995; Godelitsas et al., 1999, 2001, 2003; Collela and
Mumpton, 2000; Bish and Ming, 2001). The sorption of gas phases results to oxygen enrichment of
the air and to the remarkable decrease of the malodour. Also, they show an ability to neutralize the
pH of acidic and basic waters, acting either as a proton acceptor or donor, exhibiting thus an am-
photeric character (e.g., Filippidis et al., 1996; Charistos et al., 1997).

The Hellenic Natural Zeolite (HENAZE) is of very high quality (> 85 wt.% HEU-type zeolite), re-
moves inorganic, organic, organometallic, gas species, metals, cations and anions from their aque-
ous solutions. The mineralogical composition and the unique physico-chemical properties, make
the HENAZE suitable material for numerous environmental, industrial, agricultural and aquacultural
applications, such as: Animal nutrition, soil amendment for agriculture, conditioning of acid and
basic soils, greenhouse and flowers substrates, durability and health improvement of lawn, purifi-
cation of industrial and urban wastewaters, treatment of sewage sludge, odor control, fishery and fish
breeding, gas purification and drying systems, oxygen enrichment of aqua ecosystems, improve-
ment of drinking water, constructed wetlands and wastewater treatment units (e.g., Collela and
Mumpton, 2000; Harben, 2002; Filippidis, 2007; Filippidis et al., 2007, 2008a-g).

The HENAZE treatment of urban wastewater (pH initial 8.2) gave overflowed clear water of pH 7.5,
free of odors and improved by 87% for the suspended particles, 88% for the color, 91% for the P2O5
content, 93% for the chemical oxygen demand (COD) and 97% for the NH4 content. Treatment with
7.5 g of HENAZE resulted to pH of 7.3 for the clear water and to improvement by 89% for suspended
particles, 90% for color, 93% for P2O5, 94% for COD and 98% for NH4 (Filippidis et al., 2009). The
decrease of the amount of HENAZE by 1.5 g (20 %) resulted to the purification worsening only by
1-2 %. These final values of the pH and of the previous mentioned quality parameters, measured in
the overflowed clear water, are fulfilling the requirements for disposition as downstream, irrigation,
swimming and fish waters.

The HENAZE treatment gave also as precipitate, odorless and cohesive zeo-sewage sludge, suitable
for safe deposition but also for the reclamation of agricultural soils. The same stands for the odor-
less and cohesive zeo-sewage sludge produced by mixing the sewage sludge and the HENAZE. The
presence of HENAZE in the agricultural soils, increases the yield by 29-57% and improves the qual-
ity by 4-46% of agricultural products, reduces the use of fertilizers by 55-100%, reduces the usage
of irrigation water by 33-67%, prevents the seepage of dangerous species into the water environment
(e.g., NO3

- by 55-57%), protecting thus the quality of surface and underground waters. The usage
of HENAZE in vivarium units and in the animal nutrition increases the production and improves the
quality of their products (e.g., Filippidis, 2005, 2007; Filippidis et al., 2006, 2007, 2008c).
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Abstract

The sediments analyzed are in general coarse grained gravelly sands to slightly gravelly muddy
sands poor in mud content and texturally and mineralogically immature to submature. They have
been deposited in a fluvial environment. They are feldspathic and in all samples detrital minerals
of metamorphic origin are found along with minor amounts of detrital calcite. These sediments are
deposited rapidly near their source which comprises the Vertiskos Unit. The mineral constituents of
the samples show that Vertiskos Unit is rapidly weathered under a seasonably wet and warm climate.
All the samples may be considered as constituting one sedimentary petrologic province, comprised
of one mineral association, namely the amphibole-garnet.

Key words: Vertiskos Unit, metamorphic rocks, fluvial, modern sands.

1. Introduction 

Five are the basic processes that lead to the formation and release of sand-sized grains (Pettijohn et
al., 1987); weathering (including both disintegration and decomposition), explosive volcanism,
crushing (not including ordinary abrasion), pelletization and precipitation from solution. In general,
sands accumulate in environments of high kinetic energy, such as sections of stream channels, allu-
vial fans and marine environments (Ehlers and Blatt, 1982). Especially the medium of transport and
deposition, along with climate and source areas, are the most important factors for the accumulation
of a sedimentary deposit (Reineck and Singh, 1986).

Studies on modern sand contribute to our understanding of the effects of processes controlling the
composition of sand-size sediment, this information being useful for better paleogeographic inter-
pretations of ancient source area and basin systems (Dickinson, 1985). According to Suttner (1974)
the factors that combine to produce detrital assemblages found in modern and ancient sediments in-
clude source-rock composition, tectonics, climate and relief. These factors grouped together are re-
ferred to as provenance (Dickinson, 1970). In a more descriptive way, Pettijohn et al. (1987) consider
provenance of including the paleogeography of a region, the identification of possible source areas
for the clastic material under study and the revealing of details about the paleocurrents and the pa-
leoslope. The above mentioned authors also state furthermore that the study of the mineralogy of
modern sands may disclose valuable minerals and if the provenance is understood, we may prospect

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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them more accurately. Also, sand petrology is helpful in developing a systematic quantitative ap-
proach to the problem of optimizing sampling procedures in sedimentary petrography (Weltje, 2004).

Modern sediments from Doirani Lake (NW margin of Vertiskos Unit) are coarse to medium grained
and poorly sorted feldspathic wackes and arkoses, deposited in a lacustrine environment with little
transportation, since they contained ferromagnesian minerals (Tsirambides, 1997). Drilling cuttings
(fluvial sand gravels to gravel sands) from Herso, Kilkis (West margin of Vertiskos Unit) are also
minerallogically immature, litharenites to feldspathic litharenites or orthoquartzites, formed under
intense physical weathering with rapid transport and deposition, under semi-arid climate or under
the influence of a high relief (Georgiadis, 2006; Georgiadis et al., 2007). All the above detrital sed-
iments have as exclusive source, the metamorphic basement of the Unit.

The detrital sediments studied are deposited onto the Vertiskos Plateau, overlying the alpine gneis-
sic basement. These are soil profiles along with generally loose alluvial, fluvial and some lacustrine
formations. This study considers the detailed textural, petrological and mineralogical study of mod-
ern sands from the Vertiskos Unit. Using mechanical, petrographic and mineralogical techniques it
is attempted to indicate the processes under which these sediments were formed, the petrology of the
source areas and the current state of weathering of the Vertiskos Unit, Serbomacedonian Massif.

2. Geological setting

The study area belongs to the Serbomacedonian Massif and more specifically comprises the North-
ern and major part of the Vertiskos Unit. The Vertiskos mountain is located in the centre of this Unit,
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Fig. 1: Petrographic sketch map of the study area (Vertiskos Unit). 1=Quaternary and Neogene gravels, sands
and sandy muds, 2= Neogene molassic sediments, 3=Quartzites (Examili Formation), 4=hornblend-quartz dior-
ite, 5=biotite-quartz diorite to granodiorite, 6=two-mica and biotite granite and 7=Alpine metamorphic basement.



XLIII, No 5 – 2608

with an altitude of approximately 1,103 m. This mountain is drained from several rivers and torrents.
This complex drainage system is generally of dendritic pattern, discharging its detrital load to Gal-
likos and Strymon Rivers (West and East ends of the Massif, respectively), to Doirani and Kerkini
Lakes to the North and to Koronia and Volvi Lakes to the South (North and South ends of the Unit,
respectively) (Fig. 1).

The Alpine basement of the Vertiskos Unit is mainly comprised of Paleozoic metasediments and
metabasic rocks, along with Eocene to Miocene granites. The Unit has been metamorphosed during
the Paleozoic to the amphibolite facies, followed by a Cretaceous retrograde metamorphosis to the
greenschist facies (Mountrakis, 2002). In detail the petrographic types that consist the Unit (ex-
cluding granites, pegmatites and marbles), are (Kourou, 1991; Sidiropoulos, 1991; Chatzidimitriadis
et al., 1993): A) Amphibolites, amphibolitic gneisses and banded amphibolites. B) Medium grained
pelitic to semi-pelitic mica schists. C). Fine grained meta-arkosic rocks. D) Fine-grained and mas-
sive meta-sandstones in bands with migmatitic gneisses. E) Calsic silisic rocks with no typical com-
position, developed between the contact of the marbles and the semi-pelitic schists. F) Augen
gneisses and banded gneisses. G) Medium to coarse grained garnet mica gneisses. H) Small eclogitic
bodies. I) Ultrabasic rocks (typical serpentinites and talc-chlorite schists) and J) Poorly sorted Ter-
tiary massive graywackes along with poorly sorted and massive arkoses.

3. Materials and Methods

From different locations of the Vertiskos Unit samples of modern sands were taken. They were an-
alyzed in detail mineralogically by the use of powder X-ray diffraction (PXRD). The samples when
moisten were left to dry at room temperature and then separated into consecutive size fractions by
sieving in order their textural properties to be studied. Powder X-ray diffraction was performed on
a Philips diffractometer with Ni-filtered CuKα radiation. Randomly oriented mounts of the untreated
sand sized fraction of the samples were scanned over the interval 3-63o 2θ at a scanning speed of
1.2o per minute. Semi-quantitative estimates of the minerals present are based on peak heights and
intensity factors of XRD patterns (Table 1), using the methods described by Hower et al. (1976),
Moore and Reynolds (1997) and Tsirambides (2008). In addition, polarizing microscopy analysis was
performed by the use of thin sections prepared from grains of the fractions 1Φ, 2Φ, and 3Φ of sam-
ples R1 and G1. In this way the shape of the grains along with the distribution of minerals in each
fraction was examined.

Table 1. Peak heights used for mineral semi-quantitative determination (Tsirambides, 2008).

Mineral Angle (2θ) d (Å) Counts/second

Quartz 20.8 4.26 765

Plagioclase 28.0 3.18 1350

Alkali feldspar 27.5 3.24 1350

Calcite 29.4 3.04 1370

Pyroxene 29.9 2.99 1250

Amphibole 10.5 8.45 1250

Garnet1 34.7 2.57 1250

Micas 19.7 4.50 260

1d-value varies slightly according to composition.
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4. Results

4.1 Texture and Lithology

Macroscopically all the modern sand samples are generally brown and grey coloured coarse grained
loose sands, showing a sandy gravel to gravely sand texture, with little or no mud. Exceptions are
the samples R1 and R5, which demonstrate a muddier suite.

All grains macroscopically present low sphericity and are angular to subangular, with easily identi-
fied more rounded lithic fragments of metamorphic origin, usually schist, along with some round
shaped granite pebbles. The statistical parameters of grain size populations of the modern sand sam-
ples analysed are presented in Table 2.

The equations adopted for their calculation along with their interpretation are according to Folk
(1974). In figure 2 the lithological classification of the modern sand samples is shown, according to
Folk (1974). 

According to the variation amplitude of the inclusive graphic standard deviation, the modern sands
appear to be moderately sorted to very poorly sorted. The degree of sorting along with the content
of mud in the samples, designates them as texturally immature to submature (Weller, 1960; Folk,

Mo=mode, Md=median, MZ=graphic mean, σI=inclusive graphic standard deviation, SkI=inclusive
graphic skewness and KG=graphic kurtosis.

Table 2. Statistical parameters of grain size populations for the modern sand samples, according to
Folk (1974).

Sample Mo (Φ) Md (Φ) Mz (Φ) σΙ (Φ) SkI KG
E1 -1.0 & 2.0 -0.8 -0.49 1.82 0.17 0.83
E2 -1.0 & 2.0 -1.0 -0.41 1.82 0.21 0.92
E3 0.1 -0.5 -0.59 1.33 -0.07 1.06
E4 -0.3 -0.8 -0.62 1.69 0.08 0.88
E5 -2.0 & 0.0 -0.9 -0.93 1.68 0.02 0.86
E6 -2.8 & -0.7 -1.2 -1.35 1.52 -0.02 1.04
E7 0.6 -0.2 -0.21 1.59 0.00 0.97
X1 -2.9 & 0.9 -0.1 -0.41 1.68 -0.29 1.11
A1 -0.1 -0.7 -0.55 1.30 0.10 1.08
S1 -2.0 & 1.0 0.0 -0.17 1.64 -0.18 0.91
S3 -1.1 & 2.0 1.0 -0.75 1.84 0.22 0.93
S4 1.9 -0.2 0.94 1.79 -0.10 1.00
F1 0.1 -0.6 -1.12 1.11 0.16 1.18
F2 -0.1 -0.5 -1.64 0.97 -0.02 1.04
F3 0.0 -0.3 -0.44 1.02 0.07 1.00
N1 0.4 -0.5 -0.26 1.04 0.00 0.98
D1 0.0 0.5 -0.50 0.99 0.05 1.05
R1 5.0 2.1 2.19 2.17 -0.11 0.74
R5 1.0 0.5 0.13 1.83 -0.01 0.95
G1 1.8 1.1 0.94 1.35 -0.30 1.54



1974). The inclusive graphic skewness implies that they have grain size curves from coarse skewed,
to symmetrical and fine skewed. Modern sands have graphic kurtosis with positive value, ranging
from 0.74 to 1.54, so being platykurtic to leptokurtic.

According to Folk (1974), the modern sand samples analyzed are classified as sandy gravels to
gravely sands, with the exception of the sample R1 which plots to the field of gravelly muddy sand.

4.2 Mineralogy and Petrology

The powder X-ray diffraction semiquantitative mineralogical composition of the modern sand sam-
ples is shown in Table 3. The petrographical classification adopted is that of Pettijohn (1957) and
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Fig. 2: Textural classification of modern
sand samples, according to Folk (1974).
G=percentage of gravel, S=percentage of
sand, M=percentage of silt+clay, 1=gravel,
2=muddy gravel, 3=muddy sandy gravel,
4=sandy gravel, 5=gravelly mud, 6=grav-
elly muddy sand, 7=gravelly sand,
8=slightly gravelly mud, 9=slightly grav-
elly sandy mud, 10=slightly gravelly
muddy sand and 11=slightly gravelly sand.

Fig: 3: Ternary diagram for the classifica-
tion of detrital sediments according to
Stewart et al. (1959). 1=orthoquartzite,
2=feldspathic orthoquartzite, 3=arkose,
4=subgraywacke, 5=greywacke (phyl-
larenite), 6=pelite, Q=quartz, F=feldspars
and M=micas (+chlorite).
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Stewart et al. (1959), shown on figure 3. These authors use the percentages of quartz, total feldspars
and micas, avoiding the use of rock fragments, thus making this scheme suitable for bulk X-ray
analyses.

In the petrographical classification scheme adopted in this study, the term greywacke is used for
sandstones rich in micaceous material. Depending though on the textural examination of the sam-
ples which revealed that they are poor in muddy matrix, the term phyllarenites should be adopted
according to Folk (1974). Accessory minerals which participate in the assemblage of the samples
with percentages greater than 3%, are included as prefixes to the rock naming.

In the modern sand samples analyzed the quartz content varies significantly, ranging from 6% to
61%. The same variation width is observed also in the plagioclase content (13-66%) and the alkali
feldspar content (3-49%), with the mica content being also diverse (1-47%). Accessory ferromag-
nesian minerals (amphiboles and pyroxenes), along with detrital garnet and calcite, are almost al-
ways present in the composition of the above samples, sometimes in great amounts.

Table 3. Mineralogical composition (wt. %) of the modern sands analyzed.

Sample Q Pl Kf M Am Px Grt Cc Qn Fn Mn

E1 22 23 49 tr 6 nd nd tr 23 77 0

E2 19 33 nd 47 nd nd 1 nd 19 81 0

E3 55 23 11 tr 10 nd 1 nd 62 38 0

E4 33 37 20 7 nd 2 nd 1 34 59 7

E5 37 49 4 6 2 nd 2 nd 39 55 6

E6 44 26 5 9 7 2 nd 7 52 37 11

E7 61 31 4 3 1 nd nd nd 62 35 3

X1 30 18 6 7 33 2 4 nd 53 4 43

A1 45 25 9 4 12 1 1 3 54 41 5

S1 59 13 24 5 nd nd nd nd 58 37 5

S3 17 29 4 6 43 nd nd nd 30 60 10

S4 27 42 8 1 19 3 nd nd 35 64 1

F1 13 63 3 5 15 tr nd nd 16 80 4

F2 39 41 9 4 3 3 2 nd 43 53 4

F3 33 40 21 4 3 nd nd nd 34 62 4

N1 51 35 8 4 nd 2 nd nd 52 44 4

D1 54 20 20 3 2 2 nd 1 56 41 3

R1 21 33 15 3 21 1 6 nd 29 67 4

R5 6 66 8 14 3 1 2 nd 7 78 15

G1 57 19 9 4 9 2 nd nd 64 31 5

Q=quartz, Pl=plagioclase, Kf=alkali feldspars, M=micas including chlorite, Am=amphibole, Px=pyroxene,
Grt=garnet, Cc=calcite, Qn=normalized percentage of quartz, Fn=normalized percentage of total amount of
feldspars, Mn=normalized percentage of micas, tr=traces and nd=not detected.

28 (5)



All of the samples presented in this study are mineralogically immature according to Weller (1960)
since they contain feldspars, ferromagnesian and heavy minerals (i.e. micas, amphibole, pyroxene
and garnet). Their high content in lithic fragments and feldspars, is indicative of an adjacent source
of the clastic load (Tucker, 2001). From the petrographic examination of the samples it is obvious
that the modern sand samples demonstrate controversial composition. This can be attributed to rapid
erosion and mixing of sand populations from different but adjacent sources.

According to petrographical classification scheme adopted in this study, the samples may be distrib-
uted under seven clans of rocks, namely: A) Arkose: samples E2, E4, E5, A1, S1, F1 and D1, all being
rich in feldspars. B) Amphibole arkose: samples E1, E3, E6, E7, S3, F3, N1 and G1 due to their con-
tent in amphiboles and feldspars. C) Pyroxene amphibole arkose: samples S4 and F2. D) Garnet am-
phibole arkose: only the sample R1 is included as being rich in amphibole and garnet. E) Amphibole
greywacke: the sample R5 due to its content in amphibole and mica and F) Garnet amphibole
subgraywacke: X1 is the only member of this clan, being rich in amphibole and moderately rich in mica.

From the polarized microscopy study (Fig. 4) it is found that the assemblage of the 1Φ fraction of
samples R1 and G1 is mainly constituted of monocrystalline and polycrystalline quartz, plagioclase
always altered to sericite, few alkali feldspar usually found as orthoclase and individual euhedral
crystals of muscovite and biotite or along with quartz. Quartz is present with undulatory extinction
and when present in fine quartzose aggregates it shows characteristic lobe sutures. Single crystals
of quartz and feldspar are generally angular to subangular. Opaque minerals are always present in
small amounts. Rock fragments are generally subangular to subrounded and composed of quartz, bi-
otite, muscovite, amphibole, plagioclase, epidote, kyanite, sillimanite, orthopyroxene and zoisite.
Other accessory minerals found are garnet and kyanite in single euhedral crystals and single crys-
tals of orthopyroxene and rutile.

In the fraction of 2Φ the amount of rock fragments decreases and they become more angular, main-
taining though their mineral constitution. This fraction is rich in single angular to subangular crys-
tals of muscovite, orthopyroxene, epidote, biotite, kyanite, plagioclase (altered in sericite), quartz,
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Fig: 4: A) Microphotograph of fraction 1Φ from sample R1. 1=rock gragment with undulatory quartz, biotite
and garnet, 2=rock fragment with undulatory quartz and biotite, 3=rock fragment with quartz and biotite crys-
tal showing extinction, 4=monocrystalline biotite and 5=rock fragment with quartz and amphibole. Nicol+. B)
Microphotograph of fraction 0Φ from sample G1. 1=rock fragment with undulatory quartz and garnet, 2=rock
fragment with undulatory quartz, fine biotite and fine white mica, 3=fragment with fine white mica, 4=rock frag-
ment with biotite and quartz, 5=polycrystalline fine quartz with minor white mica, 6=muscovite fragment and
7=polycrystalline quartz.



orthoclase, clinopyroxene, garnet, rutile and some amphibole. Fraction 3Φ is mainly constituted of
single angular crystals of the above mentioned minerals, plus minor amounts of zoisite.

5. Discussion

The samples analyzed in general demonstrate unimodal patterns of grain size distribution, except
samples E1, E2, E5, E6, X1, S1 and S3 with bimodal pattern. Samples F2 and D1 are moderately
sorted, R1 is very poorly sorted, whereas the rest of the samples are poorly sorted. The previous
designates them as being immature to submature (Folk, 1974). Folk (1974) and Tucker (2001) in-
terpret this feature as being distinctive of sediments accumulated in loci of the source (rapid depo-
sition), or the current action was weak (i.e. detrital material deposited from a viscous flow, such as
a mud flow). The above acceptation also implies that these sediments were deposited under intense
to mild tectonic activity (Folk, 1974). Taira and Scholle (1979) studied the origin of bimodal sands
in modern environments and found that this feature of sediments in fluvial channels could be at-
tributed to the mixing of two sorting processes, which have different sorting tendencies.

According to Friedman (1961) all samples are fluvial deposits. Fuchtbauer and Muller (1970) sug-
gest that fluvial sediments demonstrate σI>1.2Φ (or sometimes >1.3Φ) and SkI<1 (rarely >1),
whereas flood plain sediments demonstrate mostly σI>2Φ and always SkI<1. This rule is not always
followed by the samples studied. In general, the samples studied are poor in mud content (except
sample R1), so they have arenitic character.

From the petrographic analysis of the samples it is found that quartz is present in all samples, but
its content varies greatly. Its presence is due to its abundance in the surrounding metamorphosed
rocks and granites and to its mechanical resistance (Blatt, 1992). When plotting the values acquired
for inclusive graphic skewness versus the quartz content, a general trend is obvious with quartz con-
tent diminishing with increasing skewness. This is indicative that the bulk of the quartz content is
accumulated in the coarse fraction of the sediment. Blatt et al. (1972) consider the mean size of de-
trital quartz to be approximately 2Φ in sandstones. The texture of the quartzose rock fragments, as
revealed from the polarized microscopy, is indicative of a metamorphic gneissic and acid plutonic
source: Quartz crystals show undulatory extinction and intercrystalline suturing in polycrystalline
grains. Also, assuming a first-cycle origin of the modern sands, the fine monocrystalline quartz
grains must have originated from foliated metamorphic rocks (Blatt et al., 1972).

In the modern sands, the content of feldspars follows an increasing trend along with the increase in
the values of inclusive graphic skewness, showing that the former mainly contribute to the finer
fractions of the samples. According to Blatt et al. (1972) the most altered feldspars in feldspathic sed-
iments are the calcic ones and the freshest are the potassic, a general rule that seems to apply to all
the samples studied. According to Pittman (1969) feldspar grains diminish in size by fracture along
twin crystal planes, as they are transported in streams of high gradient. In the samples studied,
feldspars do accumulate in the finer sand fractions but they also contribute to the coarser ones; this
observation also favours the assumption of the accumulation of these sediments near their source.

Micas almost always contribute to the assemblage of the samples but in minor amounts, except sam-
ple R1 where it attributes a wacke character. Their abundance is due to the mica presence in the
metamorphic parent rocks. Chlorite was also detected in traces in some of the samples along with
some kaolinite. Their presence is associated with the alteration of micas and feldspars, respectively.

Detrital calcite was detected in some samples, its content ranging from traces to 7%. This can be at-
tributed to minor contribution in carbonate clastic load from the carbonate rocks outcropping in the
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Vertiskos Unit. Pyroxene when detected, always participate as a minor constituent of the samples an-
alyzed. Garnet is a more common accessory mineral in the modern sands. The same is also true for
amphiboles. All the three previous mentioned minerals are indicative of a metamorphic source and
belong to the metastable group of heavy minerals (Folk, 1974). Morton and Johnsson (1993) showed
that the abundances of garnet and pyroxene tend to decline with increased alluvial storage. Morton
and Hallsworth (1999) consider heavy mineral assemblages in sandstones to be affected by physi-
cal sorting, mechanical abrasion and dissolution. These authors also note that source-area weather-
ing does not significantly affect the diversity of heavy mineral suites prior to incorporation of
sediment into the transport system, with the degree of enrichment of stable heavy minerals being
greatest in transport-limited erosional regimes.

Suttner et al. (1981) and Suttner and Dutta (1986) correlated the framework composition and com-
positional maturity of fluvial sandstones with the climate setting, the more feldspathic (immature)
being deposited near the source under a warm and dry climate and the more quartzose and mature
being deposited under a wet climate. Girty (1991) showed that under semi-arid to mediterranean
(hot summer) climate plutoniclastic sands produced are less ultered than under temperate and humid.
Our samples due to their quartz content, may be considered to have been deposited under a wet cli-
mate, where chemical weathering readily acts, whereas according to von Eynatten (2003) the sam-
ples studied were deposited under a semi-arid climate with the effect of strong relief. The feldspar
and heavy mineral content is more in agreement with the latter hypothesis (temperate and season-
able climate with the action mainly of physical weathering). Tsirambides (1999) also showed that
the presence of amphibole and pyroxene in modern sediments is correlated with mild climatic con-
ditions. The presence of unstable minerals (i.e. pyroxene, plagioclase) along with semistable ones
(i.e. amphibole, orthoclase) also indicate the absence of chemical weathering (Garzanti et al., 2004).

According to Blatt et al. (1972) all the modern sand samples constitute a distinct petrologic province,
correlated by age (modern), origin (the metamorphic basement) and distribution. This province could
be furthermore mainly characterized by an amphibole association which includes all the modern
sand samples.

6. Conclusions

The majority of the samples are coarse grained gravelly sands.

All samples are poor in mud content, demonstrate arenitic character and are texturally and miner-
alogically immature to submature. They have been deposited in a fluvial environment.

The sorting degree of the samples, along with their composition, is distinctive of sediments accumu-
lated near the source under intense to mild tectonic activity. Especially, the bimodality of grain size
in some of the samples is indicative of rapid weathering and mixing of different detrital populations.

Their assemblage is constituted mainly from quartz, feldspars and micas, along with accessory min-
erals of metamorphic and granitic origin. The studied sands are feldspathic and rich in heavy min-
erals. The latter feature verifies that these sands are deposited near their source. All the samples
have as source the rocks comprising the Vertiskos Unit.

The mineral abundances described above designate Vertiskos Unit as being rapidly weathered under
a seasonably wet and warm climate, with intense physical weathering. It is noticed a general trend
of the samples becoming more quartzose and depleted in accessory minerals as they are transported
from their source.
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All the samples constitute a distinct sedimentary petrologic province on the Unit, comprised of an
amphibole-garnet association.
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Abstract 

Scarce intensely epidotised doleritic dykes, up to 1.5 m thick, penetrate in sharp contact serpentinised
peridotites of the remnant ophiolite nappe of the Iti ophiolite. They are generally whitish rocks char-
acterised by distinct and irregularly distributed, olive-green areas within the rock mass. Petrographic
evidence reveals that their assemblage is dominated by quartz and epidote. Albite, chlorite and titanite
occur as accessory phases. Minor opaque minerals are represented by magnetite, pyrite and chal-
copyrite, as well as relic Cr-spinel,. The mineral assemblage of the studied rocks comprises replace-
ment products of the original phases under greenschist facies conditions. Moreover, the almost
exclusive bi-mineralic (quartz + epidote) assemblage of the altered doleritic rocks, as well as oblit-
eration of the original doleritic textures imply extensive recrystallisation, controlled by hydrothermal
circulation. The compositions of the phases in these dykes mark the most alteration-resistant chemi-
cal components that have the potential to remain in their original associations, during such extensive
recrystallisation.

Key words: epidotised dykes, dolerite, hydrothermal activity, Iti ophiolite, Central Greece.

1. Introduction

Ophiolites provide significant information on the geological, petrological and hydrothermal
processes taken place beneath ocean ridges. A major difference between hydrothermal alteration in
ophiolites and modern oceanic crust is that the former invariably exhibit evidence of extensive epi-
dotisation relatively to the latter. Various aspects of epidosite-type alteration have been described
worldwide from the Troodos (Bettison-Varga et al., 1992; Gillis, 2002; Cann and Gillis, 2004; Jowitt
et al. 2007), the Semail (Stakes and Taylor, 1992), the Josephine (Alexander et al., 1993), the Tonga
(Banerjee and Gillis, 2001) and the Mirdita (Muehlenbachs et al., 2004) ophiolite complexes. Sev-
eral studies have also been devoted on the hydrothermal alteration in the Pindos and Othris ophio-
lites of Greece (Valsami, 1990; Valsami and Cann, 1992; Valsami-Jones and Cann, 1994;
Valsami-Jones and Ragnarsdóttir, 1997).

The aim of this study is to describe the evolution of hydrothermally altered dolerite dykes in the Iti
ophiolite.

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. Geological setting

The Iti Mountain lies to the south of Othrys Mountain and the Sperchios River, in continental Cen-
tral Greece. It belongs to the “Pelagonia terrane” (Stampfli, 1996; Stampfli et al., 1998) a carbon-
ate platform, equivalent to the “Internal carbonate platform” of Papanikolaou (1989). The geological
structure of the Iti Mountain includes four westward verging tectono-stratigraphic zones, repre-
senting different paleotectonic domains. They comprise, from west to east: the Pindos, Parnassos,
Beotian and Pelagonian zones (Wigniolle, 1977). The Iti Mountain (Fig. 1) is composed of a stack
of nappe units. From bottom to top, they include: (1) the flysch of the East-Pindos syncline, (2)
Mesozoic platform carbonates along with flysch of the Parnassos zone, (3) the Beotian flysch, (4)
the Jurassic platform carbonates of the Pelagonian zone, and the overthrust ophiolite unit (Celet,
1976; Celet et al., 1977; Richter et al., 1997). The latter includes a lower ophiolite mélange, which
is locally, tectonically overlain by a sub-ophiolitic metamorphic sole (s). Both formations are over-
thrust by a remnant ophiolite nappe of upper mantle tectonites (harzburgite and lherzolite; Karipi,
2004; Karipi et al., 2006; Karipi et al., 2008). The ophiolite unit is transgressively overlain by Upper
Cretaceous formations (Celet, 1962; Wigniolle, 1977).
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Fig. 1: (a): Simplified geological map of the Iti Mountain; asterisk (*) marks the location of the epidotised do-
leritic dykes, (b) outcrop of the epidotised doleritic dyke within serpentinised peridotite of the remnant ophio-
lite nappe.



Rare epidotised dykes, up to 1.5 m thick, trending NNE-SSW crosscut variably serpentinised peri-
dotite, in an area northwest of the Pyra village (Fig. 1a; Mavri Tsouma). The epidotised dykes are
in sharp contact with the peridotite host that belongs to the remnant ophiolite nappe (Fig. 1b). They
are generally whitish rocks, characterized by distinct and irregularly distributed olive-green patches
due to the presence of epidote. 

3. Petrography

The epidotised dolerite is mainly composed of quartz, epidote and accessory albite, chlorite and ti-
tanite. Minor opaque minerals are represented by magnetite, pyrite, chalcopyrite and relic Cr-spinel.
Original textures are obliterated by granoblastic, poikiloblastic and locally cataclastic textures. Typ-
ically poikiloblastic epidote forms in a granoblastic matrix of quartz and epidote crystals of variable
size (Figs. 2a, b); epidote also shows aggregates of tiny, embryonic crystals filling the quartz inter-
stices (Figs. 2c, d). The poikiloblastic epidote crystals are either homogeneous or inhomogeneous
with irregularly distributed rich and poor in pistacite component areas (Figs 3a, b). Local relics of
dolerite with subophitic plagioclase and altered clinopyroxene have been observed.

4. Analytical Methods

Electron microanalyses were carried out at the Laboratory of Electron Microscopy and Micro-
analysis, University of Patras. All elements were analyzed by an electron-dispersive X-Rays (EDX)
using EDS and WDS detectors attached to a JEOL JSM-6300 SEM. Operating conditions were ac-
celerating voltage 15 kV and beam current 3.3 nA with 4 μm diameter beam. EDS and WDS spec-
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Fig. 2: (a-d): Photomicrographs (XPL) of epidotised dolelitic dyke from Iti showing the main mineral consti-
tutes, quartz (qz) and epidote (ep), developing granoblastic (qz, ep) and tiny, embryonic crystals (ep). 



trum information with the ZAF correction software information was used. The total counting time
was 60 sec and dead-time 40 %. Synthetic oxides and natural minerals were utilized as standards for
our analyses. Detection limits are ~0.1 % and an accuracy better than 5 % was obtained.

5. Mineral Chemistry

Representative microanalyses of epidote, chlorite and plagioclase from the epidotised doleritic dykes
of Iti are given in Table 1. The analysed epidotes show variable contents of Fe3+ (stoichiometric cal-
culations assuming total Fe as Fe3+) and AlVI (see Table 1 and Fig. 3a). Pistacitic (Ps) contents range
from 11.9% to 34.4% (Table 1).

The analysed chlorites plot in the pycnochlorite and clinochlore fields on the classification diagram
of chlorites (after Hey, 1954; not shown) and they display a rather broad Fet/(Fet+Mg) variation
(Table 1).

The analysed plagioclases are albites with An contents ranging up to 6.8 and negligible Or (Table 1).

6. Hydrothermal alteration of the Iti ophiolite: Discussion and Conclusions

Hydrothermal systems beneath ocean ridges have been summarized by Alt (1995). Hydrothermal cir-
culation beneath ocean ridges is a fundamental process governing the heat transfer and chemical
compositions of ocean crust. It was generally considered that penetration of seawater into fast-spread
ocean crust is rapidly decreased beneath sheeted dike complex due to closing of fractures by pre-
cipitation of minerals (Lister, 1974; Mevel and Cannat, 1991). Chloritisation, sericitisation, silicifi-
cation, and pyritisation are well-known alteration features associated with volcanogenic massive
sulphide ore deposits related to ophiolites and other submarine and non-oceanic contexts (Honnorez
et al., 1998). Our knowledge of the deep portions of hydrothermal upflow zones only comes from
ophiolites, where epidosites are thought to indicate the root zones of upflow zones at the base of the
sheeted dyke complex (Richardson et al., 1987; Schiffman et al., 1987; Harper et al., 1988; Nehlig
et al., 1994). Epidosites are well documented in suprasubduction-zone ophiolites (Richardson et al.,
1987; Schiffman et al., 1987; Harper et al., 1988; Nehlig et al., 1994) whereas they are rare in rock
collections from modern oceanic setting. According to Banerjee et al. (2000), epidosites discovered
from the Tonga forearc representing the first documented suite recovered from a modern oceanic set-
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Fig. 3: Back-scatter-electron images (SEM) of inhomogeneous epidote crystals in epidotised doleritic dykes.
In (a), line-scan analysis across the different compositions mainly shows variability in Al and Fe contents.
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ting that may represent a modern analogue for the tectonic setting in which suprasubduction-zone
ophiolites formed.

The Iti epidosites are characterised by metasomatic replacement of primary igneous minerals by
granoblastic and poikiloblastic assemblages of quartz + epidote ± albite ± chlorite ± titanite ± mag-
netite ± sulfides. Mineral chemistry reveals that epidote, chlorite and plagioclase from the Iti epi-
dosites have a range in composition similar to that of ophiolite-hosted epidosites (e.g. Schiffman and
Smith, 1988; Nehlig et al. 1994) and Tonga forearc ones (Banerjee et al., 2000). The above-men-
tioned mineral assemblage indicates that the Iti dolerites underwent hydrothermal alteration under
greenschist facies conditions. According to Banerjee et al., (2000), epidosites formed by pervasive
alteration of basalt at greenschist facies conditions and at high water-rock ratios. The Iti epidosites
could be characterised as true epidosites as they are mainly composed of quartz and epidote with
minor albite and other phases. According to Cowan (1989) and Schiffman et al. (1990), the trans-
formation of basalt to a true epidosite involves considerable chemical change. On the scale of an epi-
dosite zone, the sheeted dykes are consistently depleted in Na and K and are enriched in Si. The
extent of Mg and Ca mobility is more variable, such that chlorite-rich epidosites are enriched in Mg
and depleted in Ca, whereas chlorite-poor rocks show the opposite trends. In terms of chemical com-
ponents, the Iti epidosites are dominated by quartz and Ca-rich minerals such as epidote ± titanite
whereas they contain only minor amounts of albite and Mg(Fe)-rich minerals as chlorite. This almost
bi-mineralic assemblage (quartz + epidote) of the Iti epidosites could imply that the hydrothermal
fluids that metasomatically altered precursor dolerite were depleted in Mg and alkalis while en-
riched in Si and Ca. According to other well-documented ophiolitic epidosites (e.g. Richardson et
al., 1987; Nehlig et al., 1994), these highly focused upflow hydrothermal fluids that circulated in the
Iti ophiolite caused intensive alteration at the deeper portion of the dolerite dyke intruded the upper
mantle peridotites. The irregular distribution of variable Ps components in the epidote crystal is pos-
sibly related to changes of the composition of the fluid phase and different fluid pulses that likely
were evolving in composition as they were interacting with the peridotite and the dolerite. Hence,
it is probable that the fluid phase was recirculated through the serpentinite, slightly adjusting its
composition during chemical modifications that were taking place due to fluid-rock interaction.

The Iti epidosite could be thus interpreted as has been formed via extreme geochemical and miner-
alogical transformations at temperatures up to 400°C within reaction zones and deep hydrothermal
discharge zones (epidosite zones). These conditions are also consistent with the frame of epidote for-
mation, as according to Schiffman (1995) and Bird and Spieler (2004), hydrothermal epidote from
ophiolite sequences forms during intense fluid-rock interaction at temperatures between 300 and 400°C.
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Abstract

Santorini is a dominant expression of magma generation and subsequent volcanism in the Meditere-
anean area, where a calk-alkaline, high-alumina, basalt-andesite-dacite type of volcanism was ex-
pressed from eight centres. The volcanics of the Akrotiri peninsula are considered to be the products
of the earliest (Pliocene-Pleistocene) volcanic centre. The present study has investigated the min-
eral chemistry of some major pyrogenic phenocrysts, such as plagioclase and Fe-Ti oxides, of the
Akrotiri pyroclatics unit, which have undergone a notable zeolitization procedure. The results are
compatible with magma mixing mechanism of a primitive mantle derived, saturated, of mafic com-
position component with silicic magma in shallow crustal depths.

Key words: pyroclastics, plagioclase, Fe-Ti oxides, mineral chemistry, magma mixing, Santorini,
Greece.

1. Introduction

The petrographic and volcanological characterisitics of volcaniclastic material are often thoroughly
studied in terms of revealing the magma’s physical properties, eruption mechanisms and deposition
conditions. On the other hand, detailed petrological studies of such type of materials, for example
mineral chemistry of the phases present, are not so usual. Furthermore, in cases where those vol-
caniclastic materials are thought to have gone under a series of alteration procedures, starting from
low grade transformations, such as clay and zeolite alteration, to heavy hydrothermal alteration,
then these materials are usually overlooked. However, the knowledge of the chemical composition
of the pyrogenic mineral phases present, even in altered pyroclastic materials, could lead to notable
conclusions regarding the magma evolution and petrogenetic procedures.

Santorini is situated in the centre of the prominent of the South Aegean Volcanic Arc. Evidence of
the influence of the activity of the Arc are widespread in the eastern Mediterranean area. Bathrellos
et al. (2009) have studied a pumice pebbles-rich sandy horizon, located in Holocene deposits of
western Peloponnesus and they suggested tan origin for the pumice in the South Aegean Volcanic
Arc. It is implied that they related to a paroxysmal event of the arc, floated on the sea and they ar-
rived though the combined action of wind and marine currents.

In Santorini, Greece, the volcanic rocks are the product of a calk-alkaline, high-alumina, basalt-an-
desite-dacite type of volcanism, which was expressed from eight centres (Pichler and Kussmaul,
1972). The majority of the volcanics around the Akrotiri peninsula of Santorini are considered to be

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 first volcanic products in Santorini, with an age of Pliocene to Pleistocene. In this area a pre-
dominant feature is a pyroclastic unit, consisting of tuffs, breccias and conglomerates. The miner-
alogy of the material throughout the outcrop is dominated by zeolite minerals (Tsolis-Katagas and
Katagas, 1989 and Kitsopoulos, 1995, 1996).

The present study has examined the mineral chemistry of the major pyrogenic phenocrysts of the
Akrotiri pyroclatics unit., with the aim to contribute to the knowledge of magma generation mech-
anisms in the earliest known eruption period of Santorini Volcano.

2. Geological setting

The three islands of Santorini (Thera) (Santorini), Therasia and Aspronisi are the remnants of the
Santorini stratocone, while the Old and New Kameni are the products of a much later volcanism.

The complete evolution of the Santorini volcanic complex has been studied by Druitt et al. (1999),
while Nichols (1971) and Huijsmans et al. (1988) focused mostly on the younger volcanic products.
The majority of the volcanics around the Akrotiri peninsula are considered to be the first volcanic
products in Santorini (Pliocene-Pleistocene). They have been studied by Davis et al. (1998) and Di-
etrich et al. (1998). The geology of the Akrotiri Peninsula is given in Figure 1. Two volcanic suites
have been recognised; the silicic Lumaravi-Archangelos and the mafic Akrotiri volcanic suites.

The Lumaravi-Archangelos volcanic suite is composed of submarine domes, coulees, and hyalo-
clastite aprons (Rhyodacites of Akrotiri, rl in Figure 1) intercalating with vitric tuffs, pumice brec-
cias and conglomerates (Tuffs of Akrotiri, rpl in Figure 1).

The pyroclastic materials are the expression of three different centres. The white to pale green tuffs
originally consisted of ash and/or lapilli, which were vitric and crystalline in composition. Ag-
glomerated bands consisting of gray to green dacitic cognate xenoliths up to 15 cm long form tuff
breccia. The exposed thickness is about 160m but some borehole investigations recorded at least 220
m. Fouque (1879) found Pliocene marine fossils indicating deposition in shallow water, although no
evidence of sorting was reported by him. The mafic Akrotiri volcanic suite is composed of small
domes and flows of andesites and basalts.

3. Materials and Methods

3.1 Akrotiri pre-Caldera Zeolitized Pyroclastics

The samples used in this study were collected from the “Tuffs of Akrotiri” unit of Figure 1, which
has undergone substantial zeolitization. 

The zeolitization of the pyroclastics involved the development of heulandite type of minerals and
illite/smectite which have replaced the vitric matrix, forming characteristic pseudomorphs after the
inner parts of glass shards. Authigenic opal-CT and cristobalite, halite, and pyrogenic phenocrysts
of feldspars, amphiboles and Fe-Ti oxides complete the mineralogy. By using thermal tests the
heulandite type of minerals were classified as heulandites type 3, i.e. clinoptilolites.

Tsolis-Katagas and Katagas (1989) proposed that the formation of zeolites resulted from the activity
of interstitial water into the pile of the volcaniclastic material. The different mineralogical assem-
blages and compositions were attributed by the same authors to variations in the heat flow, the ionic
activity in the interstitial waters, and the permeability. Kitsopoulos (1996) suggested that the forma-
tion of heulandite type of minerals did not exactly follow a “glass dissolution” path, but it involved
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a number of continuous reactions. These reactions and their subsequent results were often controlled
in numerous small closed sub-systems, even within the area of individual glass particles. The forma-
tion of zeolites did not proceed through a form of complete dissolution, but a continuous two end-
members equilibrium reaction between the solid and the fluid components of a rather closed system.

The silicic pyroclastics range in SiO2 from 61-75%, with a mean value of 67.2%, therefore, they
could be classified as rhyodacites-dacites to low-Si rhyolites (Kitsopoulos, 1995). Because of the ze-
olitization process that the pyroclastics had undergone, the trace element discrimination diagram
Nb/Y vs. Zr/TiO2, proposed by Winchester and Floyd (1977), were also applied on the Akrotiri ze-
olitized pyroclastics. Kitsopoulos et. al., (2001) concluded, that the formation of the zeolites should
have been mainly facilitated by an acidic precursor, obviously a rhyodacite-dacite type of rock. A
small number of the samples used plotted very close to the rhyodacite-dacite/andesite boundary and
one in the andesite field, indicating a more basic origin of their precursor. It was also found that
there was no change in the alkaline affinity recorded during the eruption of the Akrotiri tuffs, but at
the same time some degree of magma differentiation was evidenced.

3.2 Electron MicroProbe Analysis (EMPA)

EMPA was used to study the composition of the major mineral phases, other than the zeolite min-
erals, in the zeolitized tuffs. Carbon-coated polished thin sections were prepared from impregnated
samples. The instrument used was a JEOL JXA-8600 Superprobe. The specific probe model carries
four wavelength spectrometers (WDS) and is also equipped with a LINK 860 Series 1 Energy Dis-
persive System (EDS) detector with a 158 eV resolution at 5.8 KeV, which is used to analyse crys-
tals with high volatility, and of very small sizes. The beam for the WDS analyses was operated at
15 kV and 30 nA, voltage and current conditions. Wollastonite was used for the standardisation of
Si and Ca, rutile for Ti, jadeite for Al and Na, Fe3O4 for Fe, rhodonite for Mn, MgO for Mg, CH14
(microcline) for K and pure Cr and Ni for Cr and Ni respectively. All the running conditions, crys-
tals and the values of standard used are described in detail by Kitsopoulos (1995) and they are avail-
able in the microprobe laboratory of Geology Department of Leicester University, UK.

4. Data

4.1 Data

More than 600 analyses were taken from plagioclase crystals from the Akrotiri pyroclastics, Some
representative analyses are given in Table 1.

Some representative analysis of Fe-Ti oxides are given in Table 2. The analyses are recalculated to
allow any Fe+3 to be distributed. The magnetite analysis which are given were the best results which
could be achieved and they are taken into account, albeit the consideration of having low totals and
therefore not to be perfectly reliable for interpretation.

5. Discussion - Conclusions

The majority of the plagioclases from the Akrotiri pyroclastics unit are falling within the region of
andesine to labradorite with just a few crystals falling to the oligoclase composition. The plagioclases
seem to exhibit a rather intermediate composition in contrast with the overall acidic geochemistry
of the samples. The Or content in the plagioclases reach values up to 10-12% and in some cases the
percentage is even higher and it can go up to 20-30%. Since a notable number of the analyses con-
sider analyses of crystals’ rims, the fact suggests that some of the crystals apparently have a rim of

XLIII, No 5 – 2628



XLIII, No 5 – 2629

Table 1. 

SiO2 56.59 56.61 54.22 58.24 43.69
TiO2 0.02 0.01 0.02 0.01 0.04
Al2O3 27.07 26.80 27.70 24.94 34.70
FeO 0.28 0.36 0.36 0.36 0.30
MnO 0.01 0.01 0.02 0.05 0.03
MgO 0.01 0.02 0.04 0.01 0.10
CaO 9.66 9.38 11.08 7.88 19.77
Na2O 6.11 6.17 5.28 5.56 0.59
K2O 0.21 0.23 0.17 2.05 0.03
Total 100.15 99.77 99.22 99.21 99.38

Si 10.183 10.222 9.911 10.581 8.173
Ti 0.003 0.001 0.003 0.001 0.006
Al 5.742 5.704 5.968 5.341 7.651
Fe+2 0.042 0.054 0.055 0.055 0.047
Mn 0.002 0.002 0.003 0.008 0.005
Mg 0.003 0.005 0.011 0.003 0.028
Ca 1.863 1.815 2.170 1.534 3.963
Na 2.132 2.160 1.871 1.959 0.214
K 0.048 0.053 0.04 0.475 0.007

An 46.072 45.054 53.174 38.661 94.713
Ab 52.734 53.360 45.854 49.363 51.150
Or 11.925 13.154 0.9714 11.975 0.1711

cations 20.034 20.031 20.058 19.964 20.106
oxygens 32.000 32.000 32.000 32.000 32.000

Table 2. 

Ilmenite analyses
SiO2 0.00 0.00 0.00 0.00 0.03
TiO2 38.94 40.11 40.07 38.90 37.99
Al2O3 0.27 0.22 0.25 0.32 0.28
Cr2O3 0.03 0.04 0.02 0.01 0.03
V2O3 0.03 0.02 0.09 0.18 0.08
FeO 30.08 30.83 30.63 29.52 29.15
Fe2O3 27.11 24.60 26.56 27.07 28.76
MnO 0.83 0.86 0.82 0.70 0.82
MgO 2.21 2.41 2.49 2.62 2.32
CaO 0.01 0.01 0.01 0.01 0.02
NiO 0.03 0.02 0.02 0.03 0.03
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Ilmenite analyses
ZnO 0.13 0.02 0.11 0.04 0.03
Total 99.67 99.17 101.07 99.40 99.54

Si 0.000 0.000 0.000 0.000 0.001
Ti 0.740 0.763 0.749 0.739 0.722
Cr 0.010 0.001 0.000 0.000 0.001
Fe+2 0.635 0.652 0.637 0.632 0.616
Fe+3 0.515 0.468 0.497 0.514 0.547
Mn 0.018 0.018 0.017 0.015 0.018
Mg 0.083 0.091 0.092 0.099 0.087
Ca 0.000 0.000 0.000 0.000 0.001

cations 2.000 2.000 2.000 2.000 2.000
oxygens 3.002 3.001 3.001 3.001 3.001

Magnetite analyses Magnesiochromite
SiO2 0.05 0.00 0.00 0.03 0.00
TiO2 6.50 7.08 6.64 6.98 0.47
Al2O3 2.15 1.94 1.78 1.94 20.40
Cr2O3 0.04 0.05 0.07 0.03 42.17
V2O3 0.32 0.43 0.41 0.42 0.16
FeO 33.00 33.48 33.88 33.47 15.65
Fe2O3 51.54 50.81 53.33 51.08 7.89
MnO 0.77 0.83 0.76 0.76 0.29
MgO 1.58 1.56 1.46 1.54 12.71
CaO 0.02 0.04 0.03 0.04 0.00
NiO 0.02 0.01 0.04 0.00 0.15
ZnO 0.05 0.03 0.10 0.17 0.05
Total 96.04 96.26 98.50 96.46 99.94

Si 0.002 0.000 0.000 0.001 0.000
Ti 0.191 0.208 0.191 0.205 0.011
Cr 0.001 0.002 0.002 0.001 1.042
Fe+2 1.077 1.092 1.084 1.091 0.411
Fe+3 1.513 1.491 1.535 1.498 0.184
Mn 0.025 0.027 0.025 0.025 0.008
Mg 0.092 0.091 0.083 0.089 0.592
Ca 0.001 0.002 0.001 0.002 0.000

cations 3.001 3.001 3.001 3.000 3.000
oxygens 4.000 4.000 4.000 4.000 4.000

Table 2 (continued). 
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K-rich part surrounding them, indicating residual liquid rich in K during the crystallisation of the pla-
gioclases.

There is no absolute clear evidence of zoning in the crystals, although techniques such as the No-
marski contrast interferometry (Anderson, 1983; Clark et al., 1986) or laser interferometry (Pearce,
1984) which can help the zoning examination were not applied. Seymour et al. (1990) for example
applied these techniques in plagioclases from basalts, andsesites and dacites, which are younger
than the pyroclastic deposits, from the Akrotiri area in Santorini and they concluded that three main
categories of plagioclase occur. Here, wherever a positive, clear zoning was observed that was of an
anorthitic core to an albitic rim.

With the exception of very few samples, where some extremely calcic plagioclase crystals with An
content from An87 up to An95 were found, the overall range of An was recorded in the range An21
up to An72 which is rather wide for the single pyroclastic unit.

From the Fe-Ti oxides analyses two facies were recognised. A magnetite-ulvospinel series and a
hematite-ilmenite series.

The magnetite analyses, which are presented in this study, show low totals (from 95.91 to 98.50),
but they were the best analytical results could be obtained. The TiO2 values range from 6.34 to 7.55
% and despite their low totals, they represent a close relationship to the known solid solution of the
magnetite-ulvospinel facies. They are poorer in Ti than those recorded by Mitropoulos and Tarney
(1992) from the younger Santorini volcanics they have studied, which had a TiO2 content from 13.4
up to 17.2%. Even if the assumption is made, that the amount missing to makeup the present analy-
ses closer to 100 (an amount from 4.09 to 1.50) is all being attributed to Ti, there is still a gap be-
tween the analyses from the younger Santorini volcanics and those from Akrotiri. The
titanomagnetites within the Akrotiri volcanics are clearly more oxidised than the titanomagnetites
in the above volcanic sequence. These Akrotiri magnetite values are only comparable to the amount
of TiO2 present in magnetite crystals from the western parts of the Aegean Volcanic Arc, which ex-
hibit a TiO2 content from 4.4 up to 10.2%. Pe-Piper and Piper (2005) have found that the western
part of the arc, including Aegina, Methana, and the older rocks of Milos and Santorini, has typical
arc-related andesite-dacite volcanism, predominantly of Pliocene age, associated with E-W listric
faulting with slow slip rates.

The TiO2 values of the ilmenite crystals range from 37.94 to 40.80 % and they represent a quite close
relationship to the known solid solution of the hematite-ilmenite facies.

The hematite-ilmenite series is almost absent from studies of younger volcanics of Santorini. Mitropou-
los and Tarney (1992) have recorded just one analysis of ilmenite. The TiO2 content of the analyses of
the present study is 5.14% up to 8% lesser than the values recorded from the younger volcanics.

The Fe-Ti oxides analyses exhibit a positive correlation for the FeO - TiO2, pair values and a nega-
tive correlation for the FeO - Fe2O3 and Fe2O3 - TiO2 pair values. For the hematite-ilmenite facies
the correlation coefficients were 0.96, -0.86 and -0.89 respectively. For the magnetite-ulvospinel fa-
cies the relevant values were: 0.69,-0.17 and -0.72. The lower values for this group are due proba-
bly to the poor analysis available, but this may indicate that the possible analytical problem was due
to the Fe and not to Ti.

The positive correlation of FeO to the TiO2 and the negative corelation of the other two pairs sug-
gests that the increase of ilmenite and possibly of ulvospinel content are related to the decrease of
the f O2 within the lavas gave the Fe-Ti oxide facies.



Karberg and Barton (2006) have calculated the f O2 values from mafic calc-alkaline magmas erupted
from four volcanic centers (Akrotiri, Micro Profitis Ilias, Megalo Vouno, and Skaros) on Santorini,
Greece, based on the olivine-melt equilibrium and by using microprobe analyses of olivine rims and
coexisting groundmass. The f O2 lie in a fairly narrow range (ΔFMQ = 1.06 ± 0.18). By combining
the results with those obtained for other samples (based on mineral equilibria), have found out that
the pre-eruptive oxygen fugacities of the majority of Santorini magmas (including that erupted in the
well-known Minoan event) lie slightly above, but close to, values defined by the NNO buffer (ΔFMQ
= 1.13 ± 0.26; n=86) and thus, have suggested that the redox states of mafic magmas erupted on San-
torini have remained constant over ~ 400,000 to 600,000 years. However, they also stated that a
small number of silicic lavas erupted in the Akrotiri region early in the history of the volcanic field
evolved at higher f O2 (ΔFMQ = 2.11 ± 0.15).

The range of the composition of the plagioclase component, the composition of the Fe-Ti oxides, the
occurence even of magnesiochromite crystals within tuffs of rhyoloitic-dacitic composition can be
accommodated under the effect of magma mixing procedures, more specifically in the Akrotiri case,
of a mixing-mingling mechanism which involves two parts, a mantle derived, saturated mafic com-
position component and a silicic magma part, in relatively shallow crustal depths. Pyle et al (1988)
were among the first, using U–Th isotopic data, to suggest mixing between a crystal mush and a
magma in an andesite from the island of Santorini, in the Aegean arc. The lava contains crystal pop-
ulations from two sources of distinct thorium isotope composition: one from a basic cumulate; the
other phenocrysts from a dacite magma.

Mixing procedures, such as the emplacement of andesite into a voluminous rhyolite magma in a
mid-crustal magma chamber led to the explosive Kos Plateau Tuff super-eruption in the eastern part
of the Aegean Arc (Pe-Piper and Moulton, 2008). Also, evidence of magma mixing for the pre-
caldera deposits of Nisyros has been presented by Seymour and Vlassopoulos (1992). It is accepted
that the injection of mafic magma into a magma reservoir of intermediate composition may trigger
eruption due to the combined effects of increased mass, heat and volatile input (Sparks et al., 1977).
The abundance of mafic enclaves in andesites and dacites from a number of arc volcanoes, and dis-
equilibrium textures in the host lavas, provide support for this model (Zellmer et al., 2003).

Nevertheless, it has been proved that the understanding of the petrogenetic history of some inter-
mediate arc magmas appears to be rather complicated. Recently, Bailey et al. (2009) have suggested,
by using elemental and Sr–Nd–Pb isotopic data, that three main (and a fourth, less prominent) mag-
matic series with sub-parallel trace element patterns for basalts can be distinguished in northern
Santorini. The long-lived histories of the three main magmatic series imply repetitive melting of
isolated mantle regions, ascent of magmas through independent feeder systems, and their residence
in separate crustal magma chambers. It becomes apparent that further investigation of the elemen-
tal, mainly of traces, and of the isotopic characteristics of the entire Akrotiri volcanic suite can only
unfold a more detailed of the magma evolution and eruption mechanism of the earliest volcanic cen-
tre of Santorini.
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Abstract

Sanitary landfill facilities are essential to modern societies as repositories for municipal solid wastes.
However, they always entrain a certain risk of environmental impact. For this reason monitoring is es-
sential to their operation. In the present work, the environmental impact of such a landfill is studied.
Soil samples were collected in and around the landfill and their mineralogy was studied. Top layers of
stream sediments were collected to examine possible dispersion of pollutants in the environment. Chem-
ical analyses showed enrichment in As, Cu, Zn, and Pb in the stream sediments compared to uncont-
aminated samples. The presence of anions such as chloride, sulphate and phosphate adsorbed on clay
minerals suggest the interaction of stream sediments with run-off water from the landfill.

The groundwater near the landfill site was characterised as not potable and not suitable for irriga-
tion purposes, because some parameters such as NO3

- and Cl- were close or exceeded the permis-
sible limits given by EE, EPA and WHO.

Key words: sanitary landfill, clay minerals, groundwater, heavy metals, stream sediments.

1. Introduction

Waste management policies concerning municipal landfills play an important role on preventing the
emissions of contaminants, eliminating potential health hazards and preserving the environment.
Landfills should hold no risks for the environment and that means that the transport of contaminants
should be confined and restricted from reaching the natural environment. As stated by the Swiss
Waste Management Standards of 1986 and the legislation in most European countries (Council Di-
rective 99/31/EC), municipal waste deposits have to be compatible with the environment. Sanitary
landfills require that a composite liner comprising a geomembrane and a clay mineral liner accord-
ing to the multi-barrier system should be used at the bottom of the waste disposal site (Stief, 1986;
Technical Instructions Hazardous Wastes, 1991; Hermanns Stengele and Plötze, 2000; Kalbe et al.,
2002). This concept is essential for the avoidance of leachate migration from the landfill boundaries
and its release into the surrounding environment, which may cause ground water pollution and other
environmental impacts. Compacted clayey soils are widely used as landfill liners in order to isolate
waste materials from surrounding environments, and to prevent the heavy metals commonly found
in landfill leachate from migrating into groundwater (Chalermyanont et al., 2009). However, vari-
ous studies have reported elevated concentrations of metals in stream sediments originating from
landfill contamination sources. Studies of increased Cu, Pb, Zn, Cd, Ag, and Ba concentrations in
stream sediments from landfills and water treatment facilities have been reported (Mantei and Coon-
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rod, 1989; Mantei and Foster, 1991; Gonçalves et al., 2004). In the latter study the contamination of
the stream sediments was a result of run-off waters from the landfill. Infiltration of water through
the top cover of the landfill can also lead to surface and groundwater contamination (Kjeldsen et al.,
1993; Fatta et al., 1999).

In the present work, clay materials from an operating waste disposal facility in Patras, NW Pelo-
ponnese, Greece, were collected in order to determine the different clay minerals present and to
evaluate the consequences of solid waste disposal in the landfill. Stream sediments were examined
for the presence of contaminants to examine possible dispersion of pollutants in the environment.
Moreover, the extent of the leachate adverse impacts on the groundwater of the area, and the pollu-
tion level of groundwater were investigated. 

2. The sanitary landfill of Patras

The sanitary landfill of Patras is located near Ano Sihaina village, approximately 10km southeast of
the city of Patras (Fig. 1). The total available area of the plant is 400,000m2, of which 70,000m2 are
developed as landfill area.

The geological and hydrogeological conditions of the landfill area are characterized by the presence
of thick sequences of Plio-Pleistocene fine sediments (clayey marls, marls and siltstones) with
lensoidal intercalation of sandstones and conglomerates, which do not sustain a considerable ground-
water table (Zelilidis et al., 1998; Doutsos et al., 1988).

The studied area is located in the southern flanks of the Rio Graben (Fig. 1), which is an extensional
structure controlled by ENE-WSW trending normal faults and the main direction of the extension
is almost N-S (Doutsos et al., 1985). The landfill has been developed in a natural depression with
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Fig. 1: The location of the sanitary landfill of the Municipality of Patras: 1. limestone, flysch, chert, 2. alluvial
deposits, 3. fluvial deposits, 4. undivided Plio-Pleistocene 5. recent deposits (Doutsos et al., 1985).



general axial direction N-S and slope of 10˚ to the N, bounded to the west by a steep hillslope and
to the east by a seasonal stream (Fig. 2).

The filling of the landfill is phased, divided in the areas A1, B1, A2 and B2. Prior to the construction
of the new sanitary landfill, the Municipality of Patras preceded to the preparation of a part of the
available area covering 15,000m2 (phase A, Fig. 2). The filling of this phase, which is lined only with
compacted clay for the protection of ground and groundwater, was completed in September 1995,
when the operation of the new landfill commenced. Phase A is now restored and the landfill gas
from the existing waste is extracted and flared.

The new landfill is sealed with a composite lining system that consists of a bottom clay lining layer
of compacted clay, and an overlying geomembrane (HDPE) protected by geotextile. The protection
of the landfill from surface water run-off and the subsequent decrease in leachate volume was ac-
complished by the construction of a reinforced concrete tunnel along the riverbed of the stream en-
tering the site from the west in order to collect the streamwater off the site, the diversion of the
stream bordering the site from the east and the construction of a drainage trench upgradient (south)
and perimetrically of the whole area (KORONIS S.A, 1996).
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Fig. 2: Sectional plan and sample locations of the landfill of Patras. The boundary of the waste disposal site is
outlined by the indication of the perimetrical road. 



3. Materials and methods

3.1 Sampling

The landfill is located in clay-rich Pliocene-Pleistocene sediments (Fig. 2). Samples were collected
from the material used as capping (samples 1, 2, 3, 4), liner (samples 5, 6) and from the downstream
area of the landfill in order to determine the mineralogy and examine possible dispersion of pollu-
tants in the surrounding area (samples 7, 8, 9). One sample was collected from the top layers of a
run-off water path since these layers correspond to the volume of sediment which is kept in direct
contact with contaminated water for longer time periods (stream sediment – sample 7) (Fig. 2). Fi-
nally, a groundwater sample was collected from a downgradient-monitoring borehole in order to
detect changes in water quality that may be caused by infiltration of run-off waters or the escape of
leachate from the landfill.

3.2 Methods

The mineralogical composition of the clay material was determined by X-Ray Diffraction (XRD),
using a Philips diffractometer PW1050/25, with Ni-filtered CuKα radiation. Briefly, oriented powder
mounts of bulk samples were prepared by gently pressing the powder into the cavity holder and were
scanned at 1o 2θ/min from 3 to 60o 2θ. The clay minerals were identified from three XRD patterns (i.e.,
after air-drying at 25o C, with ethylene glycol treatment, and after heating at 490oC for 2 hours).

Clay minerals morphology and chemical composition of coexisting minerals were examined with
Scanning Electron Microscopy (SEM), using a JEOL 6300 SEM equipped with an Energy Disper-
sive Spectrometer (EDS). The chemical composition of the minerals was determined using natural
and synthetic standards and 20kV accelerating voltage with 10nA beam current. Microanalyses were
performed on epoxy resin-impregnated polished and gold or carbon coated thin sections, and sam-
ple powders mounted directly on the sample holder.

Chemical analyses for major and trace elements were carried out in all samples by Instrumental
Neutron Activation Analysis (INAA) and by Inductively Coupled Plasma (ICP-MS), using a Thermo
Jarrell-Ash ENVIRO II ICP, and a Perkin Elmer Optima 3000 ICP, with the 4-acid (HF, HClO4,
HNO3 and HCl) digestion technique (Activation Laboratories, Canada). 

Finally, chemical analysis of major and trace elements of the groundwater sample were carried out
by Flame Atomic Absorption Spectrometry (FAAS) GBC AVANTA® using a HACH DR 4000 Spec-
trophotometer, and by ICP/MS using an ELAN 6100 Perkin Elmer® ICP.

4. Results

4.1 Mineralogy

X-ray diffraction patterns of oriented powder mounts revealed the presence of quartz, calcite, albite
and clay minerals in all samples. The clay minerals are chlorite, smectite, illite, kaolinite and mixed-
layer chlorite-smectite. Mixed-layer chlorite-smectite is identified by a peak at 14 Å in the air-dried
sample, which shifts to 15.5 Å after treatment with ethylene glycol and at about 12 Å after heating
at 490o C for two hours. Chlorite is characterised by the presence of peaks at 14.2 Å, 7.1 Å, 4.74 Å
and 3.55 Å which are not affected after ethylene glycol treatment and remain essentially unchanged
after heating. Smectite is identified by a reflection at about 16.6 Å after ethylene glycol solvation
that collapses to 10 Å after heating. Illite is identified by the presence of peaks at 10 Å, 5 Å and 3.3
Å which remain unaffected by ethylene glycol solvation and heating (Moore and Reynolds, 1989).
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Kaolinite is present in the material used as lining in the landfill and is identified by the (001) and
(002) reflections at 7.15 Å and 3.58 Å respectively. The XRD patterns of representative bulk sam-
ples collected from the capping material, the lining and the stream sediment are presented in Fig. 3.

Clay minerals and especially smectite and mixed layer chlorite-smectite are more abundant in the
material used as a liner in the landfill compared to the samples collected from the capping material
and the stream sediment.

4.2 Geochemistry

Bulk sample chemical analyses for major elements were performed in all samples and are listed in
Table 1. Samples 5, and 6 used in the liner have the highest K2O, Na2O, Al2O3, Fe2O3 and SiO2 con-
tent and the lowest CaO and Loss on Ignition (LOI) content, reflecting the abundance in clay min-
erals and calcite respectively. Trace elements analyses (Table 2) showed that the As, Cu, Zn, Pb and
Ni content is higher in the stream sediment (sample 7) compared to the uncontaminated samples.
Since stream sediments are in contact with run-off waters from the landfill this could be an indica-
tion of contamination from the landfill. Trace elements Ba and Sr are mainly correlated with the
presence of calcite and their relatively high content is attributed to the increased calcite content. 

The minerals present in the stream sediment were also examined by SEM-EDS. Traces of Cl-, SO4
2-

and PO4
3- were detected in many ED spectra of clay minerals. SEM-EDS analyses also revealed

traces of Cu in clay minerals, associated with Cl-.
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Fig. 3: X-ray diffraction patterns of representative bulk samples: a) material used as capping in the landfill, b)
material used as lining in the landfill, c) stream sediment. Chl-S: chlorite-smectite, I: illite, Chl: chlorite, K:
kaolinite, Q: quartz, C: calcite, A: albite, S: smectite.
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4.3 Groundwater Chemistry

Chemical analyses of major and trace elements of the groundwater sample from the downgradient-
monitoring borehole are presented in Tables 3 and 4. The water sample is characterized by a signif-
icant enrichment of Ca2+, alkalis, HCO3

-, NO3
- and Cl-. As a result, the groundwater has the

characteristics of (Ca2+ + Na+) - HCO3
- - type water. This type of water is renewed due to continu-

ous dilution by the addition of sporadic precipitation waters (Gibbs, 1970). 

The concentrations of potential contaminants such as SO4
2-, NO3

- and Cl- were analyzed in order to
identify possible human induced contamination. The concentration of SO4

2- is quite high for ground-
water that is not related to mining operations but is still below drinkable limits. The NO3

- concen-
tration of the water sample is slightly below the drinking water standard (10 mg/L) and Cl-

concentration is quite high for water that is not characterized by seawater intrusion. The concentra-
tions of most toxic elements such as As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se and U were in very low
values except for Zn which is slightly below drinking limits (95ppb) and could be attributed to
human activities (Table 4). Ba and Sr concentrations are also relatively high but this is probably due
to the mineralogy of the host rock.

5. Discussion

Fine-grained top layers of stream sediments have been used to study metal contamination in the

Table 1. Bulk sample chemical analyses for major elements (wt%).

sample SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total

1 46.82 0.24 4.44 1.92 0.08 0.80 23.07 0.75 0.69 0.06 20.14 99.00

2 38.94 0.29 5.11 2.14 0.08 0.99 26.47 0.77 0.78 0.08 24.52 100.18

3 54.05 0.35 6.42 2.35 0.09 1.09 16.95 1.12 0.99 0.07 16.69 100.18

4 62.41 0.47 8.30 3.55 0.07 1.37 9.29 1.39 1.26 0.07 11.57 99.75

5 59.20 0.59 9. 79 4.27 0.08 1.77 9. 68 1.40 1.46 0.13 11.74 100.11

6 59.97 0.56 9. 56 4.20 0.10 1.75 8. 88 1.46 1.43 0.11 10.76 98.79

7 49.89 0.54 9.33 4.14 0.09 1.98 14.28 1.20 1.63 0.11 16.44 99.63

8 64.34 0.45 7.32 2.77 0.09 1.17 9.72 1.32 1.18 0.08 10.35 98.79

9 46.79 0.25 4.22 1.89 0.07 0.79 23.73 0.83 0.62 0.06 20.38 99.63

Table 2. Bulk sample chemical analyses for trace elements (ppm).

sample As Cu Zn Pb Ni Cr Ba Sr

2 <0.5 20 30 11 57 150 135 318

4 3.5 23 47 20 90 260 187 154

5 4 32 61 24 106 292 196 136

6 4.6 34 50 24 96 299 196 163

7 6.5 39 82 18 117 252 420 151
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vicinity of landfills, since metals generally accumulate on smaller grain fractions of sediment because
of the higher surface area-to-grain size ratio (Gibbs, 1973; Harding and Brown, 1978; Ramamoor-
thy and Rust, 1978; Sinex and Helz, 1981; Rule, 1986; Yanful et al., 1988; Mantei and Coonrod
1989). Therefore, the mineralogy of the material used in the landfill controls the possibility of pol-
lutant escape in the environment (Hermanns Stengele and Plötze, 2000). The material used in the
landfill is characterized by the presence of quartz, calcite and clay minerals: chlorite, smectite, illite
and the mixed-layer chlorite-smectite. Kaolinite is also present, especially in the samples collected
from the liner in the landfill, and in the stream sediment. 

The results of the geochemical analyses show the abundance of SiO2 and A12O3 especially in the
samples used as a clay liner and the stream sediment. Samples 5 and 6 (clay liner) are slightly richer
in SiO2 than the stream sediment (sample 7) with SiO2 ranging to about 60% due to the presence of
quartz. The higher percentage of total iron and MgO in the same samples could be ascribed to the
presence of chlorite and the mixed layer chlorite-smectite. This was supported by SEM-EDS analy-
ses of chlorite and chlorite-smectite, which showed Mg2+ and Fe2+ as the commonest divalent cations. 

Table 3. Selected cation and anion constituents (mg/l) of groundwater).

cation (mg/l) groundwater
(mg/l)

drinkable limits
(mg/l)

anion
(mg/l)

groundwater
(mg/l)

drinkable limits
(mg/l)

(Na+) 47.5 150 (HCO3
-) 377 -

(K+) 1.7 12 (SO4
2-) 44 250

(Mg2+) 15.9 50 (NO3
-) 9.68 10

(Ca2+) 192 - (NO2
-) 0 0.1

(NH4
+) 0 0.5 (PO4

3-) 0.08 -

(Cl-) 100.4 10

Table 4. Trace elements (μg/l) in groundwater

element concentration
(μg/l)

drinkable limits
(μg/l)

element concentration
(μg/l)

drinkable limits
(μg/l)

(As) 0 6 (Pb) 0.088 15/0

(Ba) 147.313 - (Rb) 0.404 -

(Be) 0 4 (Se) 0.772 50

(Cd) 0.044 5 (Sr) 565.13 -

(Cr) 1.113 50 (U) 0.715 30

(Cu) 2.338 - (V) 0.691 -

(Fe) 0 200 (Zn) 95.965 100

(Ga) 5.936 - (B) 35.632 1000

(Li) 7.882 - (Co) 0.57 -

(Mn) 4.625 50 (Mo) 0 -

(Ni) 5.638 50



The stream sediment is abundant in most trace elements (As, Cu, Zn, Pb, Ni, Ba) (Table 2). To our
knowledge no leakage from the clay barrier has occurred since the operations of the landfill com-
menced. However, during rainy periods, run-off waters that interact with waste being prepared for
storage may flow out downstream. Stream sediments are in direct contact with contaminated water,
especially when the flux is low enough (as in the present case), and could show some degree of con-
tamination. 

The different clay minerals present, determine the preferential adsorption for cationic heavy metal
ions (Churchman et al., 2006) and this adsorption is strongly affected by the pH and the presence of
anions in the solution (Cavallaro, 1982; McBride, 1985; Undabeytia et al., 2002). The presence of
inorganic ligands such as Cl-, SO4

2- and PO4
3- may increase metal retention or strongly increase

metal mobility depending on the type and amount of metal and ligands present, soil surface proper-
ties, soil solution composition, pH and redox conditions (McLean and Bledsoe, 1992). Specific ad-
sorption of ions, such as Cl-, on the surface with variable charge, could increase the negative charge
of the surface, thus enhancing Cu adsorption (Wang et al., 1987; Doula and Ioannou, 2003). In our
case, SEM-EDS analyses revealed the presence of Cl-, SO4

2- and PO4
3- adsorbed on clay minerals in

the stream sediment. The presence of Cl- and other anions seem to have enhanced the adsorption of
Cu deriving from run-off waters from the landfill. 

Groundwater is enriched in Ca2+ and HCO3
- and can be characterized as fresh water since it is re-

newed from precipitation waters causing dissolution of salts. The decreasing order of the abundance
of major cations in the water is Ca2+ > Na+ > Mg2+ > K+. A comparison between the chemical com-
position of the groundwater and the catchment rocks indicates that the bedrock types may affect the
water chemistry. The high concentration of Ca2+ may result from dissolution of calcite, which is one
of the main components of the bedrock. Moreover, albite could be a source of Na+, and the mixed
layer chlorite-smectite for Mg2+ and Na+. An additional source of Na+ may also be the landfill. Illite
may also be a source of K+.

The groundwater is not a source of domestic or drinking water in the area. However, it is used for
agricultural irrigation in one case that we are aware of. The high concentrations in NO3

- in the
groundwater sample imply that nitrates could derive from agricultural chemicals or fertilizers in the
soil. Nitrate is a naturally occurring chemical that is an important plant nutrient often used in fertil-
izers. Most human exposure arises from food, and drinking water. Nitrate ends up in drinking water
due to agricultural run-off from fertilizer use, erosion of natural deposits, or from animal and human
waste via septic tanks and sewage systems. Bacteria in the gut convert nitrate to nitrite, which is
mostly responsible for any toxic effects observed (California Environmental Protection Agency,
1997; National Toxicology Program (NTP), 2002).

Chloride is relatively abundant in the water sample and suggests contamination through human ac-
tivities. Chloride concentration in unpolluted waters is often below 10 mg/litre and sometimes below
1 mg/litre (Department of National Health and Welfare Canada, 1978). In groundwater Cl- could
originate from anthropogenic sources, such as landfill leachate and the use of inorganic fertilizers,
since potassium chloride is used in the production of fertilizers (Department of National Health and
Welfare Canada, 1978). The mean Cl- concentration in several rivers in the UK was 11–42 mg/litre
during 1974–81 (Brooker and Johnson, 1984). Evidence for a general increase in chloride concen-
trations in groundwater and drinking-water has been found (WHO, 1978). In the USA, aquifers
prone to seawater intrusion have been found to contain chloride at concentrations ranging from 5 to
460 mg/litre (Phelan, 1987), whereas contaminated wells in the Philippines have been reported to
have an average chloride concentration of 141 mg/litre (Morales, 1987).
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According to drinking water standards, the concentrations of all trace elements in the studied wa-
ters were below the maximum contaminant level (MCL) values given by European Council Direc-
tive (1980), U.S. EPA (1990) and WHO (1991, 2003). However, the concentration of Zn is quite high,
just below drinking limits, and could be a result of contamination from the landfill. 

6. Conclusion

Top layers of stream sediments seem to interact with chemically modified run-off waters from the
landfill. Trace elements analyses showed that the content of As, Cu, Zn, and Pb is higher in the
stream sediment than the uncontaminated samples. Since stream sediments interact with run-off wa-
ters from the landfill this is an indication of contamination from the landfill. SEM-EDS analyses re-
vealed the presence of Cl-, SO4

2- as well as Cu in clay minerals, indicating that clay mineral surfaces
adsorb pollutants.

The concentrations of SO4
2- and NO3

- in groundwater are attributed to agricultural chemicals or fer-
tilizers in the soil. Cl- concentration is quite high in the groundwater sample and is also attributed to
human activities. The Zn content is also high, although just below drinking limits, and is a result of
human induced contamination from the landfill.

Special concern should be given during the environmental monitoring of the landfill to ensure that
no contaminants that may affect public health and the surrounding environment are released from
the landfill.
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Abstract

Manganese mineralization is hosted by a marine monomictic, lithic volcaniclastic breccia, possibly
an andesitic in situ hyaloclastite, and shallow-marine or subaerial epiclastic conglomerates, in the
Korakies area, NE Kimolos, active south Aegean volcanic arc. Old mine workings (in the form of
rubble, adit and shaft), and abandoned rail and ship loading facilities, exist in the area. Mineral-
ization occurs as a quartz/chalcedony vein system filling extensional NNE-SSW–trending faults and
fractures, of Pliocene age. Maximum vein width reaches 5 m; length may extend to 250 m. The ore
shares strong textural analogies with volcanic-hosted epithermal-style deposits, i.e. crustiform band-
ing, vugs, hydrothermal breccias, cockade and comb textures. Vein wall rocks are hydrothermally
altered to quartz-adularia±illite, chlorite and barite. Pyrolusite, hollandite, cryptomelane, and coro-
nadite are the main ore minerals, with quartz, chalcedony, jasper and barite gangue. Ore samples
contain up to 25.8 % MnO2, 14.7 % FeOTOT, 2860 ppm Zn, 1132 ppm Pb and 136 ppm Cu; Mn and
Zn show mutual positive correlation (r2=0.61). Trace element enrichment (i.e. Zn, Pb, and Cu) may
suggest a proximal base metal sulfide mineralization. Concentrations of 4.3 % Na, 0.09 % Mg and
barite presence may suggest genetic involvement of sea water. The mineralization studied is similar
to volcanic-hosted low-sulfidation epithermal ore deposits deposited from neutral pH fluids. This is
a rare example of a vein-type epithermal-style hydrothermal manganese deposit formed in a marine
environment.

Key words: epithermal manganese, Kimolos, South Aegean Volcanic Arc, hollandite, pyrolusite,
cryptomelane, epithermal textures.

1. Introduction

Kimolos volcanic island (36 km2) shares a common geological evolution with Milos, Polyegos and
Antimilos the Milos Group of the Pliocene-modern South Aegean volcanic arc (SAVA) (Pe-Piper and
Piper, 2002). To date, metallic mineralization has only been reported from Milos, a dormant volcano
that documents the transition between the submarine and terrestrial volcanic environments (Fytikas
et al., 1986, Stewart and McPhie, 2006). Milos is host to a large inventory of volcanic–hosted metal-
lic deposits (e.g. Hauck, 1984; Plimer, 2000; Liakopoulos et al., 2001; Kilias et al., 2001; Naden et
al., 2005; Alfieris and Voudouris, 2007; Glasby et al., 2005) as well as industrial mineral deposits
(Christidis, 2001, and references therein). Recent research on Milos has identified a new metallo-
genic environment—namely hybrid volcanic-hosted massive sulfide and continental magmato-hy-

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: Geological map of Kimolos Island showing the main structural features and the location of the Mn ore
deposit in the Korakies area (black dot) (modified from Francalanci et al., 2007).



drothermal mineralization (i.e. Profitis Ilias–Chondro Vouno Au–Ag–Cu deposit, Naden et al., 2005).
In addition, epithermal and sea-floor exhalative textures have been documented in the Vani–Kon-
daros–Triades Mn–Ba–Pb–Zn–Ag hydrothermal field (Kilias et al., 2007, and unpublished data).

Published reports on the geology and hydrothermal mineralization on Kimolos are very scarce (Fytikas
and Vougioukalakis, 1993, Pe-Piper and Piper, 2002; Francalanci et al., 2007); this is the first report
on hydrothermal manganese mineralization that occurs in the Korakies area, NE Kimolos. 

2. Geological setting

Volcanic centres of the Milos Group are positioned along NE-SW trending regional tectonic linea-
ments (Francalanci et al., 2007; Pe-Piper and Piper, 2002). Both Kimolos and Milos consist of ma-
rine and terrestrial lithologies with composition belonging to the calc-alkaline and high-K
calc-alkaline series (Pe-Piper and Piper, 2002; Francalanci et al., 2007, and references therein). Vol-
canic activity occurred in two periods separated by a long serenity phase. Basaltic to rhyolitic lavas
and voluminous pyroclastic rocks were erupted during the first period (3.5–2.0 Ma) in association
with NE-SW-trending lineaments, whereas rhyolitic pyroclastic deposits and perlitic lava domes
tied to NW-SE structural features, characterize the second period of activity (2.0–0.9 Ma) (Fig. 1).
Structurally controlled NE-SW trending, active low-T (~55 ºC) geothermal activity, NW Kimolos
is recharged mainly by seawater (Pe-Piper and Piper, 2002, Fytikas and Vougioukalakis, 1993). 

The host rocks of the manganese mineralization form part of the Korakies-Alikes pyroclastic-epi-
clastic formation (Fig. 1). This formation consists of a mixture of shallow marine and subaerial py-
roclastic and epiclastic lithologies, such as pyroclastic breccias and debris flows, sandstones and
siltstones, and epiclastic conglomerates (Fytikas and Vougioukalakis, 1993). The mineralized struc-
tures crosscut an ENE-WSW trending monomict, andesitic volcaniclastic lithic breccia, and locally
unconformably overlying epiclastic conglomerates. The volcanic rocks show a conspicuous flow tex-
ture with individual 2-3 m thick flow-beds trending ENE-WSW. Wallrocks constitute: (1) a clast-
supported lithic breccia which contains angular to subangular andesite lava fragments with an average
diameter of 20-30 cm, and a matrix of fine grained lava fragments of the same composition (Fig. 2C);
this formation is topographically controlled and shows maximum thickness of 30 m best seen along
paleo-valleys (Fytikas and Vougioukalakis, 1993). These rocks represent possibly submarine, lithic-
rich, volcaniclastic mass-flow deposits, or andesitic in situ hyaloclastites; (2) shallow-marine or sub-
aerial epiclastic sediments which have clasts consisting of basaltic to andesitic Sklavos lavas (see
Fig. 1) and Kastro volcaniclastics (see Fig. 1) cemented by hydrothermal silica. Host rocks come to
a faulted N-S trending contact with the Kastro volcaniclastics to the east (Fig. 1).

3. Manganese ore: occurrence and textures

Abandoned mine workings (in the form of rubble, adit and shaft) and ship loading facilities, attest
to past exploitation of the Mn deposit at Korakies. The deposit occurs in veins hosted exclusively
by the Korakies pyroclastic/epiclastic formation. The exploited vein fills NNE-striking normal faults
and related extensional fractures within a structural corridor of the regional Pliocene NE trend (Pe-
Piper and Piper, 2002). It has maximum width of 5-6 m, a length of at least 250 m and, dips 70˚ to
90˚ to the SW; the depth of the vein is unknown (Fig. 2A). The vein displays complex and multi-
episodic filling with epithermal-style textures characteristic of open-space precipitation such as crus-
tiform banding, vugs, hydrothermal breccias, and cockade and comb textures (Figs. 2D&E&F, Fig.
3A); breccia mainly occurs on the vein margins (Hedenquist et al., 2000) (Fig. 2E). These textures
suggest that vein opening and filling was episodic, with several episodes of fault movement related
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Fig. 2: A. Photo of the Korakies vein in which the banded texture, the width of the mineralized structure and an
old mining gallery can be seen. B. Photo of abandoned mine workings close to the vein, where a number of sam-
ples were collected. C. Photo of the host rock of Mn mineralization which is a monomict volcaniclastic lithic brec-
cia. Blocky hornblende— and feldspar—phyric andesite clasts (And) are separated by small amounts of
millimeter to submillimeter-sized granular matrix (Mx) of the same composition. The matrix includes splinters
of andesite and scattered crystal fragments. Group of clasts in the matrix display jigsaw-fit texture. Lithic frag-
ments are surrounded by pinkish jasper. D. Epithermal vein texture displaying: crustiform banded quartz-chal-
cedony-jasper intergrown with bands of manganese mineralization, and, cockade texture. E. Transitional
relationship between banded quartz-Mn ore texture and hydrothermal breccia (Bx) F. Enlargement of (Bx) in pre-
vious photo. Hydrothermal fault-breccia structure consists of angular vein material and matrix with Mn-ore.
(And: andesite; Mx: matrix; Bx: breccia).

to brecciation and mineralization. Primary Mn ore forms part of these textures. Banding may be re-
lated to cyclic pulses of fluid caused by a feeder mechanism in which fluid overpressure caused
faulting events during low effective normal stress conditions. A supergene oxidation zone exists of
Fe-Mn-oxy-hydroxides, affecting at least 5 m of the upper and exposed parts of the vein. 



4. Methods

Thirty two mineralized, host rock and vein wallrock samples where collected both in-situ and from
old nearby mine rumble (Fig. 2B). The samples were examined under transmitted and reflected light
microscopes, and analysed by SEM-EDS, AAS and XRD methods in the laboratories of the Dept.
of Economic Geology and Geochemistry, University of Athens. We used an SEM-EDS Jeol Jsm-
5600 (Oxford ISIS 300 microanalysis system) with 20 kV voltage, current of 0.5 nA, analysis time
of 50 sec and bundle diameter <2 μ. For the XRD studies, a Siemens D5005 CuKα radiation dif-
fractometer was used, with 1.54 Å wavelength and 40 kV voltage. The concentrations of K and Na
were measured with a Jenway PFP7 flamephotometer.

5. Mineralogy and mineral chemistry

Hydrotermal alteration: Due to overprint of supergene oxidation, hydrothermal alteration of the
host rocks is not easily discernible. It seems that it is limited to the vicinity of the main vein, to an
unknown extent. The most common minerals present in altered wall rock are quartz, adularia, Ba-
adularia, illite (sericite), chlorite, and Fe-oxides. The main alteration type is quartz-adularia+chlo-
rite±illite. Quartz is mainly present as a pervasive replacement of the volcanic host rock matrix,
whereas adularia, illite and chlorite grow over feldspar and hornblende clasts and crystal fragments
of the groundmass (Fig. 3B). Traces of Mn-ilmenite were also found. 

Manganese minerals: Primary manganese ore essentially consists of pyrolusite and intermixed hol-
landite-group Mn-oxide minerals (hollandite-cryptomelane-coronadite). Gangue minerals are quartz,
chalcedony, jasper, barite, minor adularia and illite. Supergene minerals are iron oxides and hydrox-
ides, and Mn-Fe wad. Formation of manganese, and iron, minerals may have been controlled by Eh
changes, under either hypogene and/or supergene oxidizing conditions, or both (i.e. ascending and/or
descending fluids) (see Figure 3C&D); temperature and Eh (oxidized sulfur) changes, may have caused
gangue precipitation, and barite, respectively (e.g. Leal et al., 2008). Pyrolusite appears as masses of
well-formed rhombohedral to prismatic and needle-like crystals that may reach a few millimeters in
size. Hollandite-group minerals occur mainly as repetitive colloform microbands with variable grain
size and porosity that commonly follow the same succession of precipitation (Fig. 3C), or vug filling
wad (Fig. 3D&E). Goethite is the most common iron oxide; it is present as a botryoidal aggregate and
usually occurs with hematite. Electron microprobe analyses of Mn minerals are shown in Table 1. 

6. Geochemistry

Whole rock chemical analyses of manganese ores are shown in Table 2. The ore samples may con-
tain up to 25.83% Mn, 14.7% Fe, 2860 ppm Zn, 1132 ppm Pb, 136 ppm Cu and 3780 ppm Ba, while
concentrations in Ni and Co are very low. In addition, concentrations of 4.3 % Na, 0.75 % K, 0.77%
Ca, and 0.09 % Mg have been measured. According to the correlations between all elements, they
can be subdivided into different groups; Mn and Zn show mutual positive correlation (correlation
coefficient r2=0.61) indicating that Zn is associated with the manganese oxide phase; Fe-Pb-Cu-Zn
and Cr show mutual positive correlation (r2=0.74-0.99), suggesting that some of these elements may
be adsorbed onto supergene goethite and hematite, however, association with Mn minerals cannot
be excluded. Na, K, Al and Ca show positive mutual correlations but do not have a statistically sig-
nificant correlation with Fe, Mn, or Si-Al. These elements are probably partitioned among all those
phases, but predominantly with an aluminosilicate phase. The high Na content may suggest in-
volvement of seawater (Hein et al., 2008); Mg does not correlate with any other element and may
also originate from seawater. The Ca content probably reflects a carbonate sediment source. 
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Fig. 3: Α. Polished section showing Mn-ore forming part of epithermal-style crustiform banding, vugs and
cockade structures. B. Back-scattered electron image of hydrothermally altered wallrock. Equant to cuneiform
andesite clasts are packed in a matrix that contains scattered crystal fragments. The clasts consist of feldspar
and hornblende altered to Ba-adularia, chlorite, illite, and quartz; groundmass comprises fine-grained silica
and altered feldspar and hornblende. C. Microphotograph of colloform hollandite (light grey) cut by hematite
and goethite.  D. Microphotograph of hollandite wad and pyrolusite within an older elongate barite crystal;
goethite-hematite are the supergene phase E. Back-scattered electron image illustrating primary assemblages
of pyrolusite (P) and hollandite/coronadite (H). F. Back-scattered electron image of finely laminated bulbous
and smooth undulating aggregates of Fe-rich (goethite-hematite) phases, of possible biogenic (microbial) ori-
gin (P:pyrolusite; H:hollandite/coronadite; B: barite; F: goethite-hematite)
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Table 1. Electron microprobe analyses (wt%) of selected manganese oxides from Korakies. Samples
1-13: hollandite – cryptomelane, 14-17: hollandite – coronadite, 18-26: pyrolusite, 27-36:
goethite – hematite (n.d= not detected).

MgO Al2O3 SiO2 K2O CaO MnO2 Fe2O3 ZnO BaO PbO As2O3 TOTAL
1 0.5 n.d n.d 4.5 n.d 80.4 1.7 n.d 5.8 n.d n.d 93.3
2 1.0 n.d 0.3 1.5 0.2 81.1 n.d 0.7 6.2 n.d n.d 91.1
3 n.d n.d 0.4 2.8 n.d 76.9 2.2 n.d 7.2 0.6 n.d 90.5
4 3.2 n.d n.d 2.4 0.3 81.9 n.d n.d 7.2 n.d n.d 95.3
5 1.0 n.d n.d 2.3 n.d 79.0 n.d n.d 7.2 n.d n.d 90.4
6 3.3 n.d n.d 2.5 n.d 83.1 n.d 0.6 7.3 n.d n.d 97.3
7 n.d n.d n.d 2.0 0.2 80.3 n.d n.d 7.4 n.d n.d 90.8
8 1.1 n.d n.d 1.3 n.d 79.7 n.d 0.8 7.5 0.1 n.d 90.5
9 3.2 n.d n.d 2.5 0.4 82.5 n.d n.d 7.5 n.d n.d 96.7
10 n.d n.d 0.8 0.7 0.6 65.2 3.6 0.8 10.8 n.d n.d 82.6
11 n.d n.d 0.3 1.7 0.3 75.9 1.9 n.d 9.9 n.d n.d 91.2
12 n.d n.d n.d 1.0 n.d 77.6 n.d 0.8 12.5 n.d n.d 92.8
13 n.d n.d n.d 1.2 n.d 76.8 0.9 n.d 12.7 n.d n.d 92.5
14 n.d n.d 0.8 0.3 n.d 68.3 n.d 0.8 1.5 28.0 n.d 99.7
15 n.d n.d 0.7 0.2 n.d 68.0 n.d 0.7 1.5 28.1 n.d 99.2
16 n.d n.d 0.8 n.d n.d 66.1 n.d 0.9 1.3 28.5 n.d 97.8
17 n.d n.d 0.8 n.d n.d 65.8 n.d 0.8 1.1 28.7 n.d 97.2
18 n.d n.d 0.7 0.2 0.3 87.0 n.d 0.7 2.2 n.d n.d 91.7
19 n.d n.d 1.2 0.2 n.d 87.2 0.6 n.d 1.7 n.d n.d 91.7
20 0.4 n.d 0.6 n.d n.d 89.2 n.d 0.6 n.d n.d n.d 91.4
21 n.d n.d 0.5 n.d n.d 89.3 n.d n.d n.d n.d n.d 90.3
22 n.d n.d 0.7 n.d n.d 89.4 n.d 1.1 n.d n.d n.d 91.6
23 n.d n.d n.d n.d n.d 89.9 n.d n.d n.d n.d n.d 91.1
24 1.1 n.d 0.8 n.d n.d 90.0 n.d n.d n.d n.d n.d 92.7
25 n.d n.d 0.7 0.0 n.d 90.6 n.d 0.7 n.d n.d n.d 92.7
26 n.d n.d 1.1 n.d n.d 90.7 n.d 0.9 n.d n.d n.d 92.3
27 n.d n.d 3.0 n.d n.d 3.5 87.3 n.d n.d n.d 1.0 95.2
28 n.d n.d 5.7 n.d 0.2 21.1 58.2 3.0 0.5 n.d 1.7 90.8
29 n.d 0.4 6.5 n.d 0.2 18.2 61.3 2.9 0.5 n.d 2.2 91.8
30 n.d n.d 2.8 n.d 0.8 4.1 73.7 1.1 n.d n.d 4.8 87.7
31 1.4 n.d 6.5 n.d n.d 1.7 74.4 2.0 n.d 0.2 n.d 86.5
32 n.d n.d 7.5 n.d 0.2 2.5 74.7 1.2 n.d n.d n.d 85.7
33 n.d n.d 5.2 n.d n.d n.d 73.8 1.2 n.d n.d n.d 83.0
34 1.2 n.d 6.5 n.d n.d 1.4 74.7 1.4 n.d n.d n.d 85.6
35 n.d n.d 6.7 n.d 0.4 2.9 67.1 1.5 n.d n.d n.d 79.7
36 n.d 0.5 4.2 n.d n.d 0.7 79.5 1.3 n.d n.d n.d 86.1
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The relatively high amount of some elements, such as Pb, Zn, Cu, and Ba, provides evidence of the
genetic role of hydrothermal solutions (Nicholson, 1992). Some of the elements permit differentia-
tion between manganese oxides formed in fresh water, shallow-marine and marine environment,
whereas others distinguish between manganese oxides formed under surface conditions and those
precipitated at deeper levels (Nicholson, 1992). For the manganese deposit described in this paper,
the oxides must have precipitated under hydrothermal conditions (Fig. 4B), from fluids with a ma-
rine component, possibly in a sub-seafloor environment (Fig. 4A).

Hydrothermal enrichment of Zn in manganese deposits has been mentioned from the Galapagos
area (Moore and Vogt, 1976, Cronan, 1986, Rogers, 1996), the Mariana-Bonin arc (Hein et al., 2008)
and the Tonga-Kermadec Ridge and Lau Basin (Rogers et al., 2001). According to Cronan (1986),
Hein et al. (2000), and Rogers et al. (2001), Zn enrichment in manganese deposits may represent the
proximity of sulfide deposits that may be located near or below the Zn rich zones. 

In terms of the geological, geochemical and mineralogical characteristics, Kimolos shares similar-
ities with volcanic-hosted epithermal systems (Hedenquist et al., 2000). This is a rare example of a
vein-type epithermal-style hydrothermal manganese deposit formed in a submarine environment
(Roy, 1968, 1997; Canet et al., 2005; Leal et al., 2008).

Table 2. Major element (wt%) and selected trace element (ppm) content with the resulting Mn/Fe ra-
tios of the Mn ore samples.

Sample 1 2 3 4 5 6 7 8 9 10 11 12

(wt %)

Mn 4.88 9.57 4.49 3.76 17.08 25.75 18.02 1.18 17.91 25.83 10.20 10.97

Fe 2.68 3.06 5.33 1.57 14.70 4.84 4.79 1.64 1.93 3.97 1.82 7.77

Na 4.30 2.07 1.26 1.78 2.09 1.25 3.02 0.87 1.99 0.35 0.46 0.33

K 0.53 0.35 0.24 0.31 0.50 0.17 0.75 0.13 0.29 0.28 0.14 0.21

Al 2.29 0.91 0.56 0.79 0.85 0.50 1.13 0.23 0.22 0.24 0.23 0.12

(ppm)

Zn 860 651 1045 336 2860 2835 1962 202 488 1047 657 1796

Pb 296 375 136 69 1132 174 189 87 60 626 121 447

Ni 57 79 39 30 70 48 47 77 50 20 30 49

Co 48 30 19 20 60 48 94 38 40 29 30 29

Cu 29 49 39 40 119 29 75 29 30 78 61 136

Cr 96 108 194 59 447 183 160 58 70 127 71 252

Mg 783 335 261 633 715 646 547 366 507 695 848 330

Ca 7727 740 823 742 1549 1080 3745 558 617 1321 646 553

Ba 2259 2395 1983 1294 3780 1995 1894 1629 1450 2458 1970 2109



8. Conclusions

As a result of the present study the following conclusions can be drawn:

1. Base metal-rich manganese oxide mineralization is hosted by a possibly subaqueous monomic-
tic andesitic volcaniclastic lithic breccia, possibly an andesitic in situ hyaloclastite, and shallow-
marine or subaerial epiclastic conglomerates, in the Korakies area in NE Kimolos. The deposit has
been exploited in the past. Exploitation was centered in a main vein that fills extensional NNE-
SSW tectonic lineaments; it has maximum width of 5-6 m, extends for ~250 m, and has unknown
depth. The distribution of the mineralized structures coincides with Pliocene NE-SW regional
tectonic lineaments, along which the volcanic centres of the island were developed.

2. The vein displays complex and multiepisodic filling with textures characteristic of epithermal
open-space precipitation such as crustiform banding, asymmetric banding, vugs, hydrothermal
breccias, and cockade and comb textures. The Mn ore forms part of these textures. Ore formation
occurred by hydrothermal solutions at shallow depths and at low temperatures. 

3. Hydrothermal alteration associated with the mineralization is weak and confined to less than 2 m
around the vein, and includes silicification (quartz-adularia and quartz-illite) and propylitization
(chlorite-illite). Metallic ore minerals include basically primary pyrolusite and oxides of the
isostructural series hollandite-cryptomelane-coronadite, and supergene goethite and hematite.
Gangue minerals include quartz, chalcedony, jasper, barite and adularia. 

4. The ore contains up to 25.83 % Mn, 14.7 % Fe, 2860 ppm Zn, 1132 ppm Pb, 136 ppm Cu, and
3780 ppm Ba. In addition, concentration of 4.3 % Na, 0.75 % Κ, 0.77% Ca and 0.09 % Mg has
been measured.

5. Seawater together with subordinate contribution of meteoric sources could have been the source(s)
for the mineralizing fluids, which formed the deposit in a subseafloor environment. 

6. All geological, geochemical and mineralogical evidence compiled in this paper indicate that the
Mn deposit of Korakies is similar to volcanic-hosted low-sulfidation epithermal ore deposits, de-
posited by neutral pH fluids. This is a rare example of a vein-type epithermal-style hydrothermal
manganese deposit formed in a marine environment (Canet et al., 2005, Leal et al., 2008).
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Fig. 4: A. Geochemical signature of manganese oxides from Korakies. A. Marine signature. B. Hydrothermal
signature (after Nicholson, 1992). 
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Abstract

Mineral constituents, particle size and chemistry of ceramic raw materials may control the way ce-
ramic products are formed and fired. Three compound (combined mixtures of 20 raw samples) clay
samples from Chanakia area, Pelloponnese (S. Greece), were mineralogically and chemically inves-
tigated and their utilization as raw materials for the ceramic industry was evaluated. These samples
come from different clay  formations, they have red, blue and green colors and constitute the raw ma-
terials for a local brick plant. Particle size distribution analysis showed that the percentage of clay
size fraction (d<2μm) ranges from 28.3 to 36.3 wt.%. X-ray diffraction analysis revealed that the
main mineral constituents are quartz, micas, feldspars (plagioclases, orthoclase), calcite (except the
red - clay) and clay minerals (discrete illite, mixed - layered illite/smectite, chlorite and traces of
smectite and vermiculite). Projection of their bulk chemistry on some triangular discrimination dia-
grams has aided us to evaluate their suitability for ceramics production, namely majiolica (earthen-
ware), cottoforte, gres and bricks were evaluated. In conclusion, all the studied materials are proved
unsuitable for high quality ceramic products. Specifically, the blue and green clays were found suit-
able for earthenware ceramics as are high porosity building bricks, roofing tiles and similar products,
while the red clay is appropriate for gres ceramics as are the low porosity tiles and bricks.

Key words: Clays, mineralogy, chemistry, bricks, tiles, ceramics.

1. Introduction 

A ceramic product is a material that has been fired to at least 468.3° C (Mitchell, 1983). In addition
to being one of our earliest manufacturing and construction materials, ceramic products are among
the earliest records of civilization (Austin, 1994). At present, many ceramics are manufactured from
mixtures of earth materials which are shaped by compaction and sintered at high temperature. 

A wide range of such materials can be transformed into ceramic products, although relatively only
few of them make up most of the available resources used for the production of the ceramics offered
in today’s markets (Burst, 1991). The utilization of specific and well defined materials is a prereq-
uisite for the production of high quality ceramic products (Kromer, 1982; Buhmann et al., 1988;
Nakagawa, 1994). Natural clays having specific properties are used for the production of earthen-
ware (faience), semigres (cottoforte) and gres ceramics, as these products are described by the In-
ternational Association for the study of clays (Veniale and Palmonari, 1974). Water absorption (WA)
is the parameter which, according to EN 100 (AFNOR  EN 100, 1982), defines the class to which
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any ceramic ware belongs. Thus, the fired ceramics (end products) are classified as “faience” with
16-22 wt.% WA, “semigres” with 12-19 wt.% WA and “gres” with WA<4 wt.%. In the category of
faience and semigres ceramics, are included, among other products, building bricks as well as roof
and floor tiles, while in the category of gres, the low porosity tiles and bricks. 

Clays and shales are the most widespread ceramic materials in terms of both occurrence and num-
ber of mines and plants. Clays that are commonly used for building ceramic products (bricks, roof
and floor tiles etc) and coarse earthenwares are usually lean continental sediments, containing dif-
ferent proportions of silt and fine sand, while their clay fraction is usually less than 25% of the total
material (Veniale and Palmonari,1974). The characteristics of clays for building ceramics are not eas-
ily defined since they have wide tolerances in their chemical and physical properties. Although the
range of natural clays is wide, there are certain requirements concerning their ingredients, in rela-
tion to their application. To select the appropriate raw materials, users are always looking for spe-
cific criteria, which are related either to the behaviour during the various stages of manufacturing
and/or to the overall mineral and chemical composition. Generally, clay-based ceramic raw materi-
als must contain a certain proportion of clay minerals to develop the required plasticity, a propor-
tion of filler (or skeleton formers) materials as quartz, clay, or large fragments of feldspars to prevent
excessive shrinkage on drying and firing, and a proportion of fluxes (or glass formers) as are some
minerals containing alkalies, magnesium, calcium or iron as fine particles (Mitchell, 1983). 

Each ceramic product requires clays having particular and appropriate characteristics. They must not
contain a swelling phase and their loss of weight and shrinkage, after drying and firing, have to be
low (Austin, 1994; Nahdi et al., 2001). The knowledge of the mineralogical phase composition and
especially the clay fraction of the raw materials used for the preparation of ceramic mixtures is of
paramount importance for understanding of the technological properties of ceramic products and
optimization of firing cycles in production (Teixeira et al., 2001,2004; Aras, 2004; Ferrari and
Gualtieri, 2006) 

The mineral content of natural ceramic raw materials controls the way ceramic products are formed
and fired. Besides, both the chemical content and crystallite size of constituent minerals affect the
response of materials to the firing process, while the elemental composition and the distribution of
these elements within raw materials affect the nature of fired products. During the firing process of
ceramic raw materials, a series of transformations occur on mineral that will be decisive for estab-
lishing the final properties of the ceramic products (Burst and Hughes, 1994; Jordán et al., 2001).
Thus, mineral constituents, particle size and chemistry of ceramic raw materials may control the
way ceramics are formed and fired (Teixeira et al., 2001). For this purpose, different diagrams have
been empirically established on the basis of the grain size or the bulk chemistry to discriminate the
suitability of a raw material for the production of various ceramics (Sandrolini and Palmonari, 1974;
Vincezini and Fiori, 1976; Schmidt-Reinholz and Schmidt, 1985).

As a function of the extraction process, several raw materials, stemming from different sites of the
clay deposits are mixed together in the formulation of ceramic pastes. This may originate a wide
range of technical, and industrial problems, since the properties of green bodies and ceramics such
as color, mechanical strength, water adsorbtion, linear contractions during drying and firing cycles
is affected by both physical and chemical characteristics as average texture and mineralogical com-
position (Teixeira et al., 2001). Thus, a detailed characterization of these clay deposits may provide
a good help to the local ceramic industries. 

Previous investigations (Perraki, 1987; 1990; Perraki and Orfanoudaki 1996; Sikalidis and Minopou-
los, 1998; Kastrinaki et al., 2004) referred on the evaluation of some Greek clays and mudstones for
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the ceramic industry. In W. Peloponnese extensive sedimentary clay deposits are widely used as raw
materials for structural red ceramics by local ceramic industries. Furthermore, although there is a
great commercial interest in ceramic faience no research has conducted on these clay deposits. 

The aim of this study is to investigate the potential use of these clays for the production of ceramic
wares on the basis of their particle size, mineral constituents and bulk chemistry. 

2. Materials and methods

Samples studied in the present work come from clay formations which are under exploitation by the
“ARISTEIDOPOULOS BRICK” local brick factory, at Chanakia (9km on the national road Pyrgos-
Patras). These formations are shallow water sediments and typically constitute the lower parts of a
Pliocene sedimentary sequence, including fine sands, sandy and clayey deposits. Field observations
at the quarry revealed that the clay formations are differentiated, as regard the color, along the depth
varying from red at the upper parts to green in the middle and blue at the deeper parts. This distinc-
tion in color is attributed to the oxidation state of the iron minerals. 

Three compound samples (combined mixtures of 20 raw samples) from the different color clays
were collected. In order to assure representative samples, not less than 10Kg were collected. The raw
clays from the quarry were preliminary well homogenized. The three clays are referenced on the
basis of their color and labelled as RC (red), GC (green) and BC (blue).

Prior to mineralogical and chemical analyses aliquots of about 0.5Kg from each well homogenized
sample were disaggregated by grinding in a tungsten mortar for only one minute (Jackson, 1974;
Brown and Brindley, 1980). Consequently, 20g splits of each sample were chemically treated, ac-
cording to the method of Jackson (l974, see also Michailidis et al., 1993), for particle size distribu-
tion analyses. Eight size fraction (>125μm, 125-63, 63-32, 32-20, 26-16, 8-4, 4-2 and d< 2μm) were
separated by gravity and centrifugation (Tanner and Jackson, 1947) and estimated as wt.%.

In the sequence, random and oriented mounts were prepared, from bulk clay and the different size
fractions for XRD analysis. All the oriented mounts were reanalyzed after ethylene-glycol solvation
and heating at 550o C for 2h to distinguish the expandable mineral phases and some were treated with
dimethylsulphoxide (DMSO) to resolve kaolinite and chlorite peaks. XRD analysis was done using
a Philips X-ray diffractometer (PW 1730) with Ni-filtered Cu Kα radiation. Semi-quantitative esti-
mate οf the abundances of the minerals were made from the XRD data using the methods of Moore
and Reynolds (1997) 

The chemical analysis of the bulk clays was performed by atomic absorption spectrophotometry
(AAS) using a Perkin Elmer model 3000 apparatus. International geostandards (clay IPT-28, ter-
rigenous clay OOPE-101) provided by Centre de Recherches Pétrographiques et Géochimiques
(CRPG) were used as reference materials. Ignition loss was calculated by firing the clays in an oven
at 11000 C.

3. Results and discussion

3.1. Particle size distribution analysis 

From the particle size distribution analysis of the studied clays (Table 1) results that the blue clay
has the higher amount in the clay size fraction (36.3 wt.%) and the lower (0.8 wt.%) in the sand
fraction. This feature may increase the plasticity of this clay. In general, the flexural strength and
other mechanical properties of ceramics are a function of the particle size distribution and clay com-
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position. A low sand concentration is a determining factor to obtain ceramics with high flexural
strength (Teixeira et al., 2001).  All samples have nearly the same amounts of the silt-size fraction
(d=32-2μm) - 60.2 to 63.8 wt.%. Coarse-grained materials increase drying rate, decrease excessive
plasticity, and reduce shrinkage and cracking (Mitchell, 1983). 

The data of the particle size distribution analysis for the studied clays were depicted in the ternary
diagram of Schmidt-Reinholz and Schmidt (1985). From this diagram (Fig. 1) results that all the
three clays are suitable for bricks and roof tiles because they are plotted in the overlapping fields
of these ceramic wares.

3.2. Mineralogical composition of clay samples 

X-ray diffraction analyses of whole rock samples (Fig. 2A) as well as for the 32-20μm, 20-2μm and
<2μm size fraction showed that the major minerals constituents are quartz, micas, calcite (except
RC), feldspars (plagioclases and orthoclase), and clay minerals. Iron minerals are present in the form
of pyrite and/or goethite in the three clays. Clay-size particles of the three clays consist dominantly
(Fig. 2B) of discrete illite and mixed layered illite/smectite (I/S). Chlorite was identified in the GC
and BC clays, while smectite and vermiculite were found in the RC. Semi-quantitative abundances
of the minerals (Table 2) show that the RC clay is more quartzitic, while the GC and BC clays are
more calcareous. 

Table 1. Grain size distribution (wt.%) of the three compound clay samples

1Total percentage of carbonates + organics + iron oxides

Sample
d>63μm
(sand)

d=63-2 μm
(silt)

d<2 μm
(clay)

C.O.I.1

%

RC (red) 7.7 60.2 32.1 2.0

GC (green) 7.9 63.8 28.3 15.3

BC (blue) 0.8 62.9 36.3 16.0

Fig. 1: Evaluation of the clay samples on the basis of their grain size distribution. The fields of roof tiles (A)
and bricks (B) are also depicted (after Schmidt-Reinholz and Schmidt, 1985).
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Fig. 2: X-ray diffractogramms of the total clay samples (A) and the <2 μm fraction (B) of the studied clays (a:
red clay, b: green clay, c: blue clay).

Table 2. Semiquantitative mineralogical analyses of the three compound clay samples

Key

Sample Qz Fs Plag Mc Chl Cc I I/S S Chl V
Red Clay (RC)
Total sample **** ** ** ** Tr
32-20μm **** * *** ** Tr //
20-2μm **** * ** ** ** //
<2μm + + + ± +
Green Clay (GC)
Total sample *** *** ** ** ***
32-20μm **** * *** *** * //
20-2μm **** * ** *** *** //
<2μm + + - + -
Blue Clay (BC)
Total sample ** *** ** ** ***
32-20μm **** * *** *** * //
20-2μm **** * ** *** *** //
<2μm  + + - + -

*:   1-10% +: present Qz: quartz Chl: chlorite
**: 10-20% -: not present Fs: feldspar I: illite

***: 20-30% Tr: traces Plag: plagioclase I/S: mixed layered (illite/smectite)
****: 30-40% //: chemically destroyed Mc: micas S: smectite
*****:40-50% Cc: calcite V: vermiculite



Quartz serves as a non-plastic, in part as filler and in part as glassformer material, decreases the
plasticity, facilitates the defloculation and increases the permeability of the ceramic product. The
amount of quartz influences the quantity of the amorphous phase after sintering and according to
Buhmann et al. (1988), Mitchell (1983), Teixeira et al. (2001) and Das et al. (2005) more quartzitic
clays show less shrinkage, with adequate densification and strength values on the ceramic products.

Calcite may provide disadvantages or advantages according to their particle size (Varsos and Sika-
lidis, 1993). Calcite produces on firing lime (CaO) which slakes in moist air and may crack or “blow”
the ceramic product (brick, roof or floor tile). This can be largely avoided in the studied clays because
of the fine particle size (<300μm, Sikalidis and Minopoulos, 1998). Further more, the finely divided
CaCO3 provides advantages in iron rich clays improving on firing the dark red-brown colour of the
product. Calcium compounds act also as binders by glass formation on firing but in excess they may
cause premature fusion resulting to distortion of the product. The decomposition of CaCO3 during fir-
ing and the evolution of CO2 outside the structure of the fired samples tend to create a more porous
structure (Darweesh, 2001; Baccour et al., 2009). Thus, the main effect of the calcareous content,
and its decomposition on firing, is to increase the porosity, the water absorption and decrease the lin-
ear shrinkage (Sousa and Holanda, 2005). Besides, carbonates form a fusible eutectic with alumina
and silica (Yatsenko et al., 1998) and also act as fluxing minerals (Andreola et al., 2009).

Feldspars content proportion is moderate (<20%) in RC and moderately high (20-30%) in the GC
and BC clays. Plagioclases predominate over K-feldspars, in all clay samples. Feldspars are of major
importance in reducing melting points (Mitchel, 1983) promoting vitrification (Buhmann and Fey,
1988). They act as a fluxing material, dissolving first the clay substance and finally the flint parti-
cles to form mullite in sufficient quantities to improve ware properties. The feldspar type dictates
the content of soda (Na2O), potash (K2O) and/or lime (CaO), which in turn influences certain char-
acteristics in the ceramic firing process (Harben, 2002).

Clay minerals along with silica perform a filler function (skeleton formers) of the ceramic articles.
Clay size particles of the three clays studied (Table 2) consist of about equal parts of nonexpandable
clay minerals (illite and chlorite) and expandable ones (mixed layer illite/smectite, smectite, ver-
miculite). Illite is one of the major components of clays used in traditional ceramics for the pro-
duction of cooking pots, plates, tiles and bricks (Ferrari and Gualtieri, 2006). Experimental work by
Ferrari and Gualtieri (2006) showed that illite content may determine the percentage of glass phase
formed on firing, the linear shrinkage and the water absorption of the fired articles.

3.3. Chemistry of the clay samples

The chemical composition and the ignition loss of the investigated clays are shown in Table3. These
clays consist mainly of SiO2 and AI2O3 which correspond to 58.64-81.38 wt. %. 

Since a large quantity of alkalis (K2O + Na2O) is present (3.42-4.35 wt.%), these clays may have an
important fluxing action and reach the melting point at lower firing temperatures (Darweesh, 2001;
Ferrari and Gualteri, 2005).

The wt.% of Fe2O3 is relatively high (5.04 to 6.50 wt.%) but regarded as acceptable for use in ce-
ramics. Iron is recognised to possess good fluxing properties and the iron oxide content influences
the mechanical strength of the ceramics (Anderson et al., 2009; Andji et al., 2009 and Samara et
a1., 2009). 

Projection of the chemical composition of the studied clays on the ternary (empirical) discriminant
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diagrams proposed by Sandrolini and Palmonari (l974) and Vincenzini and Fiori (1976) elucidates
their suitability for ceramic products (Fig. 3). The BC and GC clays were found to be suitable for
faience (earthen ware) ceramics which are products with comparatively high values of apparent
porosity. This can be explained by the high calcite contents which after firing decompose to lime and
volatile CO2 (Darweesh, 2001; Baccour et al., 2009). The RC having higher quartz content is suit-
able for gres ceramics.

However, it must be emphasized that conclusions based only on chemical characteristics may lead
to misjudgement concerning the suitability of clays for ceramic application. Mineralogical and
mainly technological characteristics (e.g. firing tests) are necessary for correct conclusions.

4. Conclusions 

The need of technologically accepted raw materials for manufactures of building ceramics (bricks,
roof and floor tiles etc) or other clay ceramic products, dictates the investigation, study, and evalu-
ation of local clays towards these applications. 

Three compound clay samples (red-blue-green) from a quarry in W. Peloponnese were characterized
by particle size analysis, mineralogy and bulk chemistry. The clay size fraction (d<2μm) percentage
ranges from 28.3 to 36.3 wt.%.

The clays are of illitic type containing substantial amounts of quartz and calcite (blue and green).
The major mineral constituents are quartz, micas, calcite, feldspars and clay minerals. The clay frac-
tion consist mainly of discrete illite and mixed layered I/S.

On the basis of their grain size and specifically on their chemical composition the green and blue
clays were found suitable for earthen ware ceramics as are high porosity building bricks, roofing tiles
and similar products, while the red clay suitable for gres ceramics.

Table 3. Chemical analyses of the three compound clay samples

Oxide content
wt.%

Clays
RC GC BC

SiO2 67.29 45.57 53.38 
Al2O3 14.09 13.07 10.49
TiO2 0.76 0.68 0.52
MnO 0.15 0.11 0.10
Fe2O3

1 6.50 6.04 5.04
MgO 1.89 3.42 3.01
CaO 1.02 13.20 11.73
Na2O 1.24 1.92 2.26
K2O 2.18 2.50 2.09
P2O5 0.01 0.02 0.02
L.O.I.2 4.94 13.39 11.20
Total 100.07 99.92 99.84

1Total iron as Fe2O3

2Loss on ignition
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Abstract 

The carbonate-bearing metaperidotite from Sidironero Complex, north of the Xanthi town is com-
posed primarily of olivine and orthopyroxene megacrysts and of Ti-clinohumite, tremolite, chlorite,
dolomite, magnesite, talc, antigorite and spinel group minerals. The metaperidotite underwent a
prograde HP metamorphism probably isofacial with the neighboring amphibolitized eclogites. Cal-
culated P-T and P(T)-XCO2 phase diagram sections (pseudosections) for the bulk rock composition
showed that XCO2 in the fluid phase was extremely low (≤0.008) at the first stages of the metamor-
phism and increased up to 0.022 at the peak P-T conditions ~1.5 GPa and 690 0C. The prograde
metamorphism probably started from a hydrated and carbonated assemblage including talc+chlo-
rite+magnesite+dolomite and proceeded with tremolite and antigorite formation before olivine
growth, and orthopyroxene formation after olivine growth (Ol-1). Matrix dolomite, breakdown of
chlorite (Chl-1) to Cr-spinel+olivine and of Ti-clinohumite to olivine+Mg-ilmenite occurred during
decompression. The P-T path is constrained by the absence of clinopyroxene in the metaperidotite. 

Key words: Carbonate-bearing metaperidotite, pseudosections, Rhodope, Sidironero.

1. Introduction 

Carbonate-bearing peridotites in metamorphic terrains provide excellent information about P-T regimes
and fluid phase composition. Phase relationships for carbonate-bearing peridotites of lherzolithic bulk
compositions are very useful for deciphering details of the metamorphic evolution of a terrain. Thus,
peridotites can bear important geodynamic implications that are mostly obscure in other rock types.

The objective of this paper is to describe the successive formation of mineral phase assemblages in
the frame of the metamorphic evolution of a carbonate-bearing chlorite-spinel metaperidotite from the
HP/UHP Sidironero Complex in the area of Gorgona, north of Xanthi. We calculate P-T-XCO2 pseu-
dosections in the CaO-FeO-MgO-Al2O3-SiO2-CO2-H2O (CFMAS-fluid) system using the Perplex
software (ver.06 Jul 2006; Connoly, 2009) and the internally-consistent thermodynamic database
(Holland and Powell 1998, revised 2002). Calculated P-T (for fixed XCO2) and P(T)-XCO2 (for spe-
cific geothermal gradient) pseudosections for the bulk-rock composition of the studied metaperidotite
are able to illustrate the stability fields of certain mineral assemblages and to evaluate the composi-
tion of the fluid phase in the successive stages of the metamorphic evolution of the metaperidotite.

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. Geological setting

The Rhodope HP Domain extends over large areas of northern Greece and southern Bulgaria. The
Greek part of Rhodope is subdivided by Mposkos and Krohe (2000) into several tectonometamor-
phic complexes that are bounded by thrust and normal faults. These segments differ in P-T condi-
tions during their HP metamorphism, shape of P-T paths and timing of exhumation. The Sidironero
complex, where the studied carbonate-bearing metaperidotite occurs, consists predominantly of
migmatitic pelitic gneisses and orthogneisses, with intercalations of amphibolitized eclogites, mar-
bles and rare serpentinized peridotites. The least serpentinized lense of ultramafic rocks from
Sidironero Complex in the Xanthi area is the carbonate-bearing metaperidotite from Gorgona loca-
tion (Fig. 1). It is a small body ~200m wide and ~500m long, surrounded by orthogneisses. The
Sidironero Complex records a Late-Jurassic HP/UHP metamorphism similar to the overlying Kimi
Complex documented by the presence of partially amphibolitized eclogites and diamond inclusions
in garnet from pelitic gneisses (Mposkos and Kostopoulos, 2001; Perraki et al., 2004, 2006; Liati,
2005; Liati and Mposkos, 1990), but experienced an additional weaker Eocene metamorphic over-
print (Liati, 2005; Bosse et al., 2009). 

3. Petrography and mineral chemistry

The metaperidotite is composed primarily of coarse grained (3-20 mm in size) olivine and orthopy-
roxene and medium to fine grained (0.9-0.01mm in size) Ti-clinohumite, tremolite, chlorite,
dolomite, magnesite, talc, antigorite, light brown to opaque minerals of the spinel group and pent-
landite. Anthophyllite replacing orthopyroxene is reported by Kassoli-Fournaraki et al. (1995).

Olivine (Fo90-92) occurs in two generations that overgrow each other. The first generation (Ol-1; ab-
breviations after Martin, 1998) forms irregularly shaped megacrysts commonly rich in fluid inclu-
sions 2 to 5 μm in size. Most of the inclusions are composite and contain one or two solid phases.
Micro-Raman spectroscopy showed that the solid phases are talc and magnesite. Ol-1 contains in-
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Fig. 1: Geological map of Xanthi area showing the location of the carbonate-bearing metaperidotite (Krohe and
Mposkos, 2002).



clusions of tremolite, dolomite, talc, magnesite, chlorite, Cr-magnetite and ferrit-chromite (Fig. 2a).
The second olivine generation (Ol-2) contains inclusions of light brown Cr-spinel, dolomite and Al-
bearing tremolite (Al2O3 up to 5.4 wt%). In places Ol-2 overgrows Ol-1 as indicated by inclusions
of spinel at the outer parts of some olivine megacrysts (Fig. 2b). These inclusions of light brown
chromian-spinel are commonly oriented in the olivine host suggesting simultaneous crystallization
of chromian-spinel and host olivine, probably as decomposition products of chlorite. Ol-2 and light
brown chromian-spinel are replaced by retrograde diablastic chlorite and magnesite (Fig. 2c).

Orthopyroxene (En89-90) forms sub-idiomorphic prismatic megacrysts. Inclusions of chlorite, tremo-
lite, dolomite, magnesite and olivine in orthopyroxene are common (Figs. 2d). Olivine inclusions in
orthopyroxene show corroded edges (Fig. 2e), indicating that orthopyroxene grew from olivine (Ol-
1). Cr-magnetite and ferrit-chromite also occur as inclusions in orthopyroxene; but light brown chro-
mian-spinels which are common inclusions in Ol-2 were not observed. This suggests that the
formation of orthopyroxene preceded that of the Ol-2. Rarely orthopyroxene occurs also as inclu-
sions in olivine (Fig. 2f).

Ti-clinohumite occurs as inclusions in olivine, orthopyroxene, tremolite and ferrit-chromite. Matrix
Ti-clinohumite forms granoblastic megacrysts up to 0.8 mm in size in epitaxial intergrowth with
olivine, both minerals showing contemporaneous extinction in thin section. Segments of the clino-
humite megacryst are decomposed to olivine and lamellar Mg-ilmenite (Fig. 3a). Representative
composition of Ti-clinohumite is given in table 1.TiO2 content ranges from 4.07 to 4.69 wt% and F
content from 1.33 to 1.67 wt%.

Two generations of chlorite are distinguished. The first generation (Chl-1) occurs as inclusions in
orthopyroxene, olivine, Ti-clinohumite, dolomite and ferrit-chromite (Fig. 2d). The second genera-
tion (Chl-2) is retrograde and forms diablastic flakes replacing olivine (Ol-2) and light brown chro-
mian spinel. It is associated with retrograde talc, magnesite and tremolite (Fig. 2c). Olivine grains
with corroded edges and rods of spinel aggregates are included in Chl-2. The two generations of chlo-
rite distinguished on textural criteria show remarkable differences in their chemical composition.
Chl-1 shows higher Cr2O3 and lower Al2O3 contents compared to Chl-2 (Tab. 1). The Cr2O3 and
Al2O3 contents in Chl-1 range from 2.33 to 5.79 wt% and 12.07 to 13.68 wt% and in Chl-2 from 0.71
to 1.63 wt% and 16.99 to 20.33 wt% respectively. 

Inclusions of tremolite (Tr-1) in olivine (Ol-1), orthopyroxene and dolomite are common (Fig.
2c,3b). Al-bearing tremolite (Tr-2) occurs as inclusions in Ol-2 and in the matrix. It is associated with
Ol-2 and light brown chromian spinel, and commonly overgrows tremolite-1 as indicates the in-
crease in Al2O3 content from the core (0.2 wt%) to the rim (5.36 wt%, Tab.1). Retrograde matrix
tremolite (Tr-3) is associated with matrix chlorite (Chl-2), magnesite (Mgs-2) and talc and replaces
orthopyroxene, olivine and dolomite. Tr-1 is low in aluminum. Most tremolite inclusions in Ol-1 and
orthopyroxene have Al2O3 contents less than 0.15 wt% and those included in matrix dolomite of
less than 0.6 wt%. In Tr-2, which is associated with Ol-2 and light brown spinel, the Al2O3 content
ranges from 3.2 to 5.4 wt%. Retrograde tremolite (Tr-3) again contains less than 0.10 wt% Al2O3.
The Mg/(Mg+Fe) ratio in all tremolites ranges from 0.94 to 0.95. 

Dolomite inclusions in Ol-2 contain inclusions of magnesite, commonly with corroded edges (Fig.
3c). Matrix dolomite is in textural equilibrium with olivine and orthopyroxene. It contains inclusions
of tremolite (Tr-1), chlorite (Chl-1), magnesite (Mgs-1) and olivine (Ol-1) (Fig. 3b). Dolomite con-
tains FeO 1.4-1.6 wt%. Two magnesite generations are distinguished based on textural criteria. Mgs-
1 occurs as inclusions in olivine, orthopyroxene and dolomite. Matrix magnesite (Mgs-2) is
associated with matrix chlorite (Chl-2); both minerals are formed during replacement of olivine and
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Fig. 2: (a) Inclusions of talc (Tlc), dolomite (Dol) and magnesite (Mgs) in olivine (Ol-1). (b) Two generations
of olivine. Ol-2 with inclusions of Cr-spinel (Spl-4) is overgrown Ol-1, which is free of spinel inclusions. (c)
Spinel aggregates (Spl-4) and olivine (Ol-2) are replaced by secondary chlorite (Chl-2) and magnesite (Mgs-
2). (d) Inclusions of chlorite (Chl-1) and tremolite (Tr) in orthopyroxene. (e) Inclusions of olivine (Ol-1) in or-
thopyroxene (Opx). The inclusions show corroded edges. (f) Inclusion of orthopyroxene in olivine. (a), (c), (f):
Backscattered electron (BSE) image . (b), (d), (e): Micropphotographs.



XLIII, No 5 – 2671

spinel at a retrograde stage of metamorphism (Fig. 2c). Matrix magnesite is also associated with
talc, replacing olivine and orthopyroxene, or with tremolite, replacing olivine and dolomite. The
FeO content in magnesite ranges from 4.2-5.2 wt%, the MnO content from 0.23-0.24 wt% and the
CaO content from 0.45-0.50 wt%.

Four types of spinel group mineral are recognized. Spl-1 is dark-brown and occurs only as cores in
zoned crystals (Fig. 3d). Spl-2 and -3 are Cr-magnetite and ferrit-chromite respectively and occur
as single grains, or grain aggregates, in the matrix and as inclusions in olivine, orthopyroxene, tremo-
lite and chlorite. Spl-4 is light brown, more or less chromian spinel and associated with olivine (Ol-
2) and rarely with tremolite (Tr-2). It is also enclosed in matrix chlorite (Chl-2) and matrix magnesite
(Mgs-2)(Fig. 2c). In zoned chromite grains, Spl-4 always forms the outer zone, with cores consist-
ing of type-1 or type-3 spinel (Figs. 3d,e). However, zoning with Spl-4 core and Spl-3 rim also oc-
curs as an alteration product.

Table 1. Representative mineral compositions of tremolite (Tr), chlorite (Chl), Ti-clinohumite (Ti-
Chu) and spinel group minerals (Spl) of the carbonate-bearing metaperidotite from Gorgona
(N Xanthi area).

A/A 1 2 3 4 5 6 7 8 9 10

Tr-1c Tr-2 Chl-1 Chl-2 Ti-Chu Spl-1c Spl-4r Spl-2 Spl-3c Spl-4r

SiO2 58.30 55.09 32.54 31.02 35.88 TiO2 - - - 2.49 -

TiO2 - - - - 4.69 Al2O3 35.69 54.07 1.45 13.71 61.57

Al2O3 0.12 5.36 13.30 20.33 - Cr2O3 29.33 14.42 9.88 35.71 4.25

Cr2O3 - 0.04 5.79 0.71 - Fe2O3 3.871 1.221 58.991 15.681 5.221

FeOt 2.24 1.78 1.05 2.48 8.41 FeO 19.731 11.241 24.891 25.331 4.251

MnO 0.04 - 0.02 0.02 0.09 MnO 0.04 - 0.02 0.02 -

MgO 23.0 21.27 33.35 32.65 48.08 MgO 11.77 19.20 3.27 7.15 23.54

NiO 0.03 0.05 0.25 0.18 0.37 NiO - - 1.54 0.02 -

CaO 13.52 13.52 - - 1.59* CaO - - - - -

Total 97.2 97.02 86.30 87.40 99.1 Total 100.47 100.15 100.04 100.23 100.54

O 23 23 14 14 + O 4 4 4 4 4

Si 8.002 7.572 3.115 2.900 3.777 Ti - - - 0.062 -

Ti - - - - 0.371 Al 1.234 1.676 0.063 0.539 1.818

Al 0.020 0.868 1.501 2.241 - Cr 0.680 0.299 0.290 0.942 0.084

Cr - 0.010 0.438 0.053 - Fe3+ 0.085 0.024 1.647 0.394 0.098

Fe2+ 0.257 0.204 0.084 0.194 0.740 Fe2+ 0.484 0.247 0.771 0.706 0.121

Mn 0.005 - 0.002 0.002 0.01 Mn 0.001 - - - -

Mg 4.709 4.357 4.758 4.550 7.545 Mg 0.515 0.753 0.181 0.355 0.879

Ni 0.003 0.005 0.019 0.014 0.031 Ni - - 0.047 - -

Ca 1.990 1.997 - - 0.528 Ca - - - - 0.007
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Fig. 3: (a) Ti-clinohumite (Ti-Chu) and olivine (Ol-1) intergrowth. Ti-clinohumite in part is decomposed to
olivine+Mg-ilmenite (Sym). (b) Matrix dolomite (Dol) with inclusions of tremolite (Tr), magnesite (Mgs) and
olivine (Ol). (c) Inclusion of dolomite in olivine (Ol-2). The dolomite inclusion contains inclusion of magne-
site (Mgs) (d) Chromite (Spl-1) overgrown by Cr-spinel (Spl-4) is included in retrograde chlorite (Chl-2). (e)
Ferrit-chromite (Spl-3) is overgrown by Cr-spinel (Spl-4). (f) Inclusions of talc (Tlc), magnesite (Mgs) and
antigorite (Atg) in ferrit-chromite (Spl-3). (a), (d): Microphotographs. (b), (c), (e), (f): BSE image.



The four types of Cr-spinel minerals distinguished by textural criteria also show remarkable differ-
ences in their chemical compositions, indicating growth of spinel minerals at different metamor-
phic conditions (Tab. 1). Spinel-1 has a Cr# [Cr/(Cr+Al+Fe3+)] ratio ranging from 0.34 to 0.43 and
a Mg# [Mg/(Mg+Fe2+)] ratio from 0.38 to 0.51. It probably represents relics of the mantle protolith.
Spinel-2 is Cr-magnetite with a Cr# ranging from 0.17 to 0.18. Spinel-3 is ferrit-chromite, with mag-
netite component (Fe+3/R+3) ranging from 28 to 43 % and Al-spinel component from 0.03 to 38.3 %.
It is characterized by low Mg-contents with Mg# ranging from 0.11 to 0.30. Spinel-4 is chromian
spinel with Cr# and Mg# ranging from 0.04 to 0.24 and from 0.67 to 0.91 respectively. The com-
positional variation in spinel group minerals from Cr-magnetite to ferrit-chromite and chromian
spinel, and the compositional zoning with increasing Al content, from the core to the rim in zoned
grains suggest a prograde metamorphic evolution of the Gorgona metaperidotite from lower to higher
grade conditions. Cr-magnetite is common in serpentinized peridotites at greenschist and ferrit-
chromite at amphibolite facies conditions (Evans and Frost, 1975). 

Talc is found as inclusions in Ol-1 and ferrit-chromite (Figs. 2a, 3f). Secondary talc forms unoriented
flakes in the matrix and is associated with matrix magnesite and chlorite replacing olivine and or-
thopyroxene. Talc has the highest Mg/(Mg+Fe) ratio (0.97) of all the silicate minerals in the meta-
peridotite. The Al2O3 content is up to 0.10 wt% and Cr2O3 up to 0.06 wt%. Primary antigorite is rare
and is found only as single grain inclusions in ferrit-chromite (Fig. 3f) and olivine. Retrograde ser-
pentine replaces olivine megacrysts along fractures and is associated with retrograde chlorite and talc.
The antigorite inclusions in ferrit-chromite have FeO contents ranging from 1.15 to 5.13 and Cr2O3
contents up to 0.75 wt%. Mg-Ilmenite (MgO 7.60-8.43 wt%) occurs as inclusions in ferrit-chromite
and Ti-clinohumite and as oriented laths in olivine; the latter are decomposition products of former
Ti-clinohumite (Fig. 3a).

4. Discussion

4.1 Metamorphic evolution

The inclusions of magnesite, dolomite, chlorite, talc, tremolite, antigorite in ferrit-chromite, olivine
and orthopyroxene and the chemical compositions of zoned spinel minerals with increasing Al con-
tent toward the rim (Table 1) demonstrate very convincingly the prograde metamorphic character of
the Gorgona metaperidotite. The prograde metamorphic evolution probably started from hydrated
and carbonated assemblage including talc + chlorite + magnesite + dolomite (+ antigorite) + Cr-
magnetite. We assume that the metamorphic evolution occurred in a subduction related environ-
ment as is suggested by the presence of amphibolitized eclogites in the same locality (Liati and
Mposkos, 1990). Minimum pressures of 1.3 GPa and temperatures of 650-700oC are obtained from
the amphibolitized eclogites for the HP event (Liati and Mposkos, 1990). In the tectonometamor-
phically equivalent Kimi area (eastern Rhodope) P-T conditions of ~700oC and >1.75 GPa are re-
ported for the eclogite stage followed by a temperature increase (~7500C) during the first stage of
decompression (Bauer et al., 2007). Therefore, a relatively cool subduction gradient of around
12°C/km was logically assumed for the prograde part of the P-T path. 

In order to assess the P-T stability fields and the fluid behavior of the metaperidotite along the se-
lected P-T path, we calculated P-T and P(T)-XCO2 phase diagram sections (pseudosections) for the
bulk rock composition 1.95 CaO:5.29 FeO:52.67 MgO:0.81 Al2O3:39.67 SiO2 (in weight amount)
in the system CFMASCHO (CaO-FeO-MgO-Al2O3-SiO2-CO2-H2O) (Figs 4, 5) and the results com-
pared with observed phase relationships in the rocks. Calculations were performed with the software
Perplex (ver.06 Jul 2006). The thermodynamic database of Holland and Powell (1998, revised 2002)
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and solution models for antigorite, orthopyroxene, clinopyroxene, olivine, talc, spinel, dolomite and
magnesite, chlorite and tremolite are incorporated into the Perplex software package of Connolly
(2009). The fluid phase was calculated as a mixture of CO2-H2O. 

In carbonate-bearing ultramafic rocks, olivine forming reactions that consume antigorite require the
presence of fluid phase low in XCO2. At 1.0 GPa the reactions:

Atg + Mgs → Ol + H2O + CO2 (1)  and Atg + Dol → Ol + Tr + H2O + CO2 (2)

occur if the XCO2 in the fluid phase is < 0.02 and decreases significantly at high pressures (Figs.
4a,b). At higher XCO2 antigorite reacts to form talc and magnesite by the reaction:

2Atg + 45CO2 → 17Tlc + 45Mgs (3)

and olivine can be formed by the reaction:

Tlc + 5 Mgs → 4 Ol + H2O + 5 CO2 (4)

Thus, we project the P-T pseudosections for very low values of fixed CO2 activity (aCO2=0.008
and 0.02). P(T)-XCO2 pseudosection for a geothermal gradient ~120C/Km is calculated in order to
reveal the nature of the fluid phase around the peak of metamorphism; this geothermal gradient re-
sults from the calculated P-T conditions of the associated eclogites. Because of our incomplete
knowledge of thermodynamic properties of Cr and Fe3+ endmembers and their Margules parameters
in the various solid solutions, our model system is Cr-Fe3+-free. Hence, the stability fields calculated
will shift for the true rock composition to the degree that chromium and ferric iron is relevant in the
pertinent phases (e.g. spinel). Ti-clinohumite and ilmenite are not included in the calculations. Due
to the above reasons, our calculations represent a first-order approximation of the model system.
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Fig. 4: Pressure-temperature phase diagram sections in the system CFMASCH (CaO-FeO-MgO-Al2O3-SiO2-
CO2-H2O) computed with Perplex software (version Perplex 06; Connolly 2009) for: a) XCO2=0.008 and (b)
XCO2=0.02. The parts of the univariant reactions “seen” by the bulk composition are indicated by heavy solid
lines. A tentative P-T path similar to a geothermal gradient of 12°C/km is drawn with a dotted-dashed line.



Inspection of the figure 4 shows that the main reactions, represented by narrow trivariant and di-
variant fields and some univariant lines, delimit the stability of antigorite, talc, tremolite, orthopy-
roxene, olivine and spinel. With increasing temperature the successive formed minerals are tremolite,
orthopyroxene, clinopyroxene, olivine and dolomite at high pressures and antigorite, tremolite,
olivine, dolomite and spinel at lower pressures. Chlorite is stable at a wide P-T field and is decom-
posed to spinel+olivine at high temperatures. At XCO2=0.02 the coexistence of orthopyroxene +
olivine imply minimum pressure of 1.46 GPa at 635oC (Fig. 4b). With decreasing XCO2 in fluid
phase the orthopyroxene stability field is shifted toward higher pressures (Fig. 4a).

The presence of talc, chlorite, magnesite, dolomite and antigorite inclusions in ferrit-chromite, of
magnesite, dolomite, chlorite, tremolite, talc and ferrit-chromite inclusions in olivine, and of mag-
nesite, dolomite, chlorite, tremolite and olivine (Ol-1) inclusions in orthopyroxene indicate that the
earliest assemblage was talc + chlorite + magnesite + dolomite, with tremolite and antigorite for-
mation before olivine growth and orthopyroxene formation after olivine growth (Ol-1).

For the selected P-T path and for XCO2<0.008 in the fluid phase, the formation of orthopyroxene in
the Gorgona metaperidotite is not expected (see figure 4a). Orthopyroxene can be expected if we as-
sume an increase in XCO2 in the fluid phase. The selected P-T path crosses the orthopyroxene sta-
bility field if XCO2>0.02 (Fig. 4b). However, at XCO2>0.02 (Fig. 4b) the antigorite is not expected
and orthopyroxene comes earlier than olivine, but this is not in accordance with our petrographic ob-
servations.

In closed system, the XCO2 value increases by the antigorite and olivine forming reactions 3 and 4.
Reaction 3 produces only CO2 whereas reaction 4 produces more CO2 than H2O. 

Based on the textural relationships, P-T path and P(T)-XCO2 estimation, it seems that the mineral as-
semblages in the Gorgona metaperidotite, are formed in two equilibrium stages; a prograde stage and
a decompression stage of metamorphism.

Prograde stage: 

The inclusions of magnesite, dolomite, chlorite, talc tremolite in olivine, and magnesite, dolomite,
chlorite, tremolite in orthopyroxene indicate that the prograde path of metamorphism crossed the sta-
bility fields of Dol+Mgs+Tlc+Chl and Tr+Tlc+Mgs+Chl before the formation of olivine and or-
thopyroxene. The rare inclusions of antigorite in ferrit-chromite inclusions in olivine show that the
prograde path also crossed the antigorite stability field. 

For the selected geothermal gradient of 120C/km, the prograde path crosses the stability field of
Tr+Mgs+Tlc+Chl if XCO2 ≥0.0075 (Fig. 5a). Tremolite is formed by the reaction:

2 Tlc+2Dol → Tr+3 Mgs+ H2O +CO2 (5)

without changes in the mole fraction of the primary XCO2 value. With increasing pressure and tem-
perature, the P-T path meets the boundary of the trivariant Chl+Mgs+Tr+Tlc and the divariant
Chl+Tlc+Tr+Atg+Mgs field and antigorite is formed at the expense of talc and magnesite accord-
ing to the divariant reaction:

Mgs + Tlc →Atg + CO2 (6)

As the P-T path moved along this boundary, the modal antigorite increases up to the pseudo-invari-
ant point A, where Chl+Tr+Tlc+Mgs+Atg+Ol is stable and olivine is formed according to the uni-
variant and divariant reactions respectively:
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Atg + Mgs→ Tlc + Ol + CO2 (7) and Mgs + Atg → Ol + CO2 + H2O (7a)

With further increase of pressure and temperature the reactions move along the boundary of the di-
variant Chl+Mgs+Tr+Atg+Ol and Chl+Tlc+Tr+Mgs+Ol fields where antigorite and magnesite are
consumed to form more olivine and talc up to the pseudo-invariant point B which records the max-
imum P-T-XCO2 conditions for the antigorite stability in the metaperidotite along the selected P-T
path. As prograde metamorphism advances, the reactions move along the boundary of the divariant
Chl+Tlc+Tr+Ol+Mgs and trivariant Chl+Tr+Mgs+Ol fields consuming magnesite and talc and form-
ing more olivine up to the pseudo-invariant point C. At the pseudo-invariant point C (Fig. 5a) at P
(1.42 GPa), T (6350C) and XCO2 (0.022) talc, olivine and magnesite react to form orthopyroxene,
chlorite and fluid phase according to the reaction:

Tlc+Ol+2Mgs →Opx+Chl+2CO2+H2O (8)

which is in accordance with the textural relationship where olivine inclusions in orthopyroxene show
resorbed edges and chlorite inclusions are common in orthopyroxene megacrysts. With continuing
prograde path the reactions proceed along the boundary of the trivariant assemblages
Chl+Tr+Mgs+Opx and Chl+Tr+Mgs+Ol and olivine is formed consuming orthopyroxene. Rare or-
thopyroxene inclusions in olivine (Fig. 2f) indicate that the prograde path exceeded the P-T-XCO2
conditions of point C (Fig. 5).

P-T-XCO2 conditions did not reach the pseudo-invariant point D (Fig. 5b), where the assemblage
Tr+Chl+Ol+Opx+Mgs+Cpx is stable as clinopyroxene is not formed in the metaperidotite. For the
selected P-T path the peak metamorphic conditions are constrained between 1.42 GPa and 6400C and
1.53 GPa and 688 0C (points C and D respectively in figure 5). 
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Fig. 5: P/T-X sections for (a) XCO2 0.005-0.03 and (b) XCO2 0.03-0.04 in the system CFMASCH. The internal
buffering fluid evolution (bold arrow) and the divariant reactions along the prograde P-T path shown in Fig. 4
are illustrated. Assemblages’ stability fields as in figure 4. A geothermal gradient of 12°C/km is considered
along the vertical axes.



Decompression stage:

As discussed above, at the maximum P-T conditions, the prograde path crossed neither the
Ol+Dol+Mgs+Spl nor the Chl+Ol+Mgs+Dol trivariant field. However matrix dolomite and spinel
are common phases in the metaperidotite. Both mineral phases can be formed during decompression.
In eclogites, the first stage of decompression is indicated by a temperature increase up to 7500C
(Bauer et al. 2007). Following a decompression path similar to that recorded in the associated eclog-
ites, dolomite is formed before the decomposition of chlorite to olivine+spinel (Fig. 4b). This is in
accordance with textural relations as commonly matrix dolomite contains inclusions of chlorite (Chl-
1). Spinel is formed as the decompression path crosses the univariant reaction:

Chl+2Mgs→Spl+3Ol+4H2O+2CO2 (9)

However textural relationships indicate that spinel associates with olivine (Ol-2) and Al-tremolite
and not with primary magnesite (Mgs-1). We propose that in the spinel forming reaction dolomite
is involved in the reacting phases with the most possible reaction 

Chl+Dol→Ol+Spl+Al-Tr+H2O+CO2 (10)

Amphibole is not stable with spinel in the calculated pseudosections with the bulk rock composition
of the studied metaperidotite. However, amphibole can coexist with olivine and spinel if we take into
account the effective bulk composition (richer in SiO2 content) obtained by subtracting clinohumite,
ilmenite and the inclusions in olivine and orthopyroxene megacrysts. Ti-clinohumite with XF0.12-0.14
was stable at the peak P-T metamorphic conditions (Fig. 4b) and was decomposed to olivine+Mg-
ilmenite (Fig. 3a) during decompression according to the reaction:

Ti-Chu (XF0.14) →Ol+Mg-Ilm+H2O+F (11)

4.2 Tectonic implications

The inclusions of magnesite, chlorite, talc, antigorite, tremolite and Cr-magnetite in olivine, or-
thopyroxene and ferrit-chromite and the chemical composition of zoned spinel minerals with in-
creasing Al-content from the core to the rim indicate that the carbonate-bearing metaperidotite from
Gorgona underwent a prograde (HP) metamorphism in a subduction-related setting.

A major concern is the way in which this mantle fragment was incorporated into the subducting
slab. Two scenarios can be invoked. Either it represents a piece of former ophiolite mélange and
was tectonically incorporated into the crustal assemblage prior to subduction, or it represents a piece
of former mantle wedge above an early Jurassic subduction zone incorporated into the subduction
channel by a tectonic erosion mechanism, because of hydration from fluids liberated from the sub-
ducting oceanic slab (Von Huene et al., 2004). The subcontinental mantle origin is preferred, because
the Gorgona metaperidotite is surrounded by gneissic rocks with no sign of oceanic affiliation. The
prograde P-T path is clearly constrained to pressure and temperature below 1.5-1.7 GPa and 690-720-
0C by the absence of the clinopyroxene. This indicates that peak P-T conditions were lower than
those recorded in the Jurassic eclogites (>1.75 GPa and 7000C, Bauer et al. 2007) and much lower
than those recorded in the Jurassic diamond-bearing Grt-Ky gneisses (> 4 GPa and ~10000C,
Mposkos and Krohe, 2006). If the mineral assemblage of the Gorgona metaperidotite was formed
during the Mesozoic metamorphic cycle then it was subducted to (much) lower depth within the
subduction channel than the associated eclogites and diamond-bearing gneisses. 
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5. Conclusions

Mineral textures and compositions, P-T and P(T)-XCO2 phase diagram calculations show that the
Gorgona carbonate-bearing metaperidotite is a mantle-derived, metamorphosed tectonic slice, which
was subjected to a prograde HP metamorphism. The prograde path crossed successive the stability
fields of Dol+Tlc+Mgs+Chl, Tr+Tlc+Mgs+Chl, Tr+Atg+Tlc+Mgs+Chl, Tr+Mgs+Atg+Ol+Chl,
Tr+Chl+Mgs+Ol and at the maximum P-T conditions the field of Ol+Opx+ Mgs+Tr+Chl. The in-
truded fluids had a composition rich in H2O with XCO2≤0.008. During the prograde metamorphism
the XCO2 in the fluid phase increased as magnesite consuming and antigorite, olivine and orthopy-
roxene forming reactions produced much more CO2 that H2O. The increase in XCO2 in the fluid
phase was responsible for the orthopyroxene formation. Decomposition of Ti-clinohumite to olivine
and Mg-ilmenite and of chlorite to olivine and high Al-chromite occurred during decompression. Ret-
rograde chlorite (Chl-2) associated with magnesite (Mgs-2) and replacing spinel and olivine (Fig.
2c) and retrograde talc and tremolite are formed by a second metamorphic event according to reac-
tions 4, 9 and 10 within the stability field of Tr+Chl+Tlc+Mgs. The reactions require intrusion of a
fluid phase. Such fluids can be derived from metamorphic reactions occurred in the underlying Al-
bite-Gneiss Series which underwent prograde HP metamorphism in early Tertiary (Mposkos and
Krohe, 2000; Lips et al., 2000).

We suggest that the Gorgona carbonate-bearing metaperidotite represents a fragment of the hydrated
mantle wedge and it was incorporated into the subduction channel with a tectonic erosion mecha-
nism in early Jurassic.
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Abstract 

Forty-nine samples from several plutons in northern Greece have been studied for their activity con-
centrations of 40K, 226Ra and 232Th by using gamma-ray spectroscopy. The activities of 40K, 226Ra and
232Th of the majority of the samples exceed the average level of these radionuclides in soil and build-
ing materials. Samples of basic composition have very low concentrations of radionuclides while in-
termediate and acid rocks are more enriched in 40K, 226Ra and 232Th and their decay products. In
order to assess the radiological impact from the investigated rocks, absorbed gamma dose rate (Da),
annual effective dose (HE), activity index (AI) and gamma-ray index (Iγ) were estimated. The activ-
ity concentrations and hazard indices were compared to those of plutonic rock samples from all over
the world, as well as other building materials. The average of hazard indices of Greek granites is
below ‘world’ average in all cases. Moreover, it is still bellow the criteria of UNSCEAR (2000).
Therefore, at least from radiological point of view and for the investigated rocks, the use of gran-
ites from northern Greece as building materials is recommended.

Key words: granite, natural radioactivity, radiation, dose assessment, northern Greece.

1. Introduction 

In igneous petrology, granite is a prevailing rock-type describing acid plutonic rocks having a par-
ticular mineralogy and geochemistry. However, in dimension stone market the term granite includes
a variety of igneous and metamorphic rock-types, used as building materials. In recent years, use of
granite as a decor material in buildings (indoors and outdoors) and monuments has globally in-
creased, due to its durability and appearance. In this paper, the term “granite” is used for the plutonic
rocks under study including granitic and monzonitic as well as gabbroic rocks. 

Radioisotopes that are found in the environment can be classified as naturally occurring radionuclides
that are components of the earth’s crust since its formation (e.g. 238U, 235U, 232Th and 40K and their
decay products), cosmogenic radioisotopes (radioisotopes that are produced by the interaction be-
tween cosmic radiation and the atmosphere (e.g. 14C, 10Be, 44Ti and 22Na) and finally artificially pro-
duced radionuclides that are produced in nuclear reactors (e.g. 90Sr and 137Cs). Natural radionuclides
can be found in soil, rocks, water, air, food, building materials, etc.

The study of natural radioactivity present in rocks and ornament stones, such as granite, is an im-
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portant subject in environmental radiological protection (Anjos et al., 2005) as it provides the pos-
sibility to assess any associated health hazard. This contribution aims at investigating the natural ra-
dioactivity level of selected granites from north Greece in order to assess their radiation dose
exposure and give information about the potential use of them as building materials. 

2. Materials and methods

The samples studied were taken from Pelagonian zone (Varnountas and Kastoria plutons), Circum
Rhodope Zone (Sithonia and Maronia plutons), Serbomacedonian Massif (Mouries pluton) and
Rhodope Massif (Vrontou, Elatia, Granitis, Panorama, Xanthi, Philippi, and Leptokaria-Kirki plu-
tons) (Fig. 1). The mineralogy of the selected samples is presented in Table 1, while the rock-type
along with the location of plutons from which the samples were obtained, is presented in Table 2.
The petrographic classification was based on the QAP tertiary diagram (I.UG.S., 1973).

Details on the petrography and geochemistry of the above plutonic rocks can be found in Christofides
et al., 1998 and references therein, Koroneos, 1991; Grigoriadou et al., 2003; D’ Amico et al., 1990
and Christofides et al., 1999.

The activity concentration of natural radionuclides was measured by gamma-ray spectrometry for
20 granite samples. Additionally, 29 samples from the same area were used from the literature (Kar-
avasili et al., 2005).

In particular, the content of 226Ra, 232Th and 40K of each sample was measured, as these occur in rel-
atively high levels in the majority of the building materials and they represent the main external
source of irradiation to the human body.

All samples were crushed into grains less than 400 μm in diameter, oven-dried at 60 ˚C to constant
weight, well blended and measured using two different high-resolution gamma ray spectrometry
systems. The first one consisted of a high purity (HP) Ge coaxial detector with 42% efficiency and
2.0 keV resolution at 1.33 MeV gamma-ray photons, shielded by 4´´ Pb, 1 mm Cd and 1 mm Cu and
the second one consisted of a low energy (LE) Ge planar detector with 0.7 KeV resolution at 122
keV gamma-ray photons, shielded by 1.3´´ Pb, 1mm Cd and 1 mm Cu. The efficiency calibration of

Fig. 1: Sketch map of northern Greece, presenting the location of plutons from which the granite samples were
obtained.



the gamma-ray spectrometry systems was performed with the radionuclide specific efficiency
method in order to avoid any uncertainty in gamma ray intensities, as well as the influence of coin-
cidence summation and self-absorption effects of the emitting gamma-ray photons. A set of high
quality certified reference materials (IAEA, RG-sets) was used, with densities similar to the build-
ing materials measured after pulverization. Cylindrical geometry (Ø: 55 mm, h = 20 mm) was used
assuming that the radioactivity is homogenously distributed in the measuring samples. The meas-
urement duration was up to 200.000 s and was carried out in the Laboratory of Atomic and Nuclear
Physics, Department of Physics, Aristotle University of Thessaloniki. 

3. Results and discussion

The specific activities of 40K, 226Ra and 232Th measured in the granite samples are presented in Table
2. The specific activity of 40K has a much wider range (64-1632 Bq·kg-1) than those of 226Ra and 232Th,
which are respectively 1,4-315,4 and 2-372,2 Bq·kg-1. The average values of 40K, 226Ra and 232Th are
929,3, 77,3 and 91,4 Bq·kg-1, respectively.

XLIII, No 5 – 2682

Table 1. Mineralogy (modal composition) of selected samples

sample Qz Kf Pl Hb Bi Mu Px Oth Tot
MP-6 1.2 20.2 50.5 8.8 12.7 0.0 1.1 5.5 100.0
MP-77 14.4 37.0 28.2 16.4 0.1 0.0 0.0 3.9 100.0
XMZ-501 4.1 39.4 28.2 0.2 11.3 0.0 16.0 0.8 100.0
MP-3 6.6 31.0 35.9 11.0 12.4 0.0 0.0 3.1 100.0
MP-38 2.3 31.0 40.6 0.7 9.5 0.0 15.0 0.9 100.0
MP-53 1.8 20.6 28.4 14.7 7.5 0.0 21.5 5.5 100.0
STH-162 35.4 22.9 24.3 0.0 9.4 7.8 0.0 0.2 100.0
MP-90 17.1 33.3 31.6 7.8 3.6 0.0 2.1 4.5 100.0
X-270 17.8 20.0 42.2 7.0 8.3 0.0 0.0 2.2 100.0
ΜΡ-501* 37.4 45.9 8.5 5.5 1.7 0.0 0.0 0.9 100.0
P-5** 23.5 42.5 24.6 7.5 0.0 0.1 0.0 1.8 100.0
I-3** 43.7 23.9 24.4 4.4 0.0 0.0 0.0 2.6 100.0
STH-5* 44.0 14.7 34.1 3.9 3.1 0.0 0.0 0.2 100.0
STH-13* 30.4 23.8 41.4 2.3 1.3 0.0 0.0 0.8 100.0
STH-118 38.0 7.1 45.6 9.0 0.0 0.0 0.0 0.3 100.0
STH-450 30.0 12.2 35.5 11.3 0.0 6.7 0.0 4.3 100.0
D-8b*** 16.4 0.8 60.4 15.6 0.0 0.0 0.0 6.8 100.0
D-15*** 26.2 35.6 32.2 2.0 1.2 0.0 0.0 2.8 100.0
DSK-17*** 18.8 0.0 56.5 22.0 0.0 0.2 0.0 2.5 100.0
A-13*** 28.7 24.7 37.0 0.0 3.0 0.0 0.0 6.6 100.0
G-2*** 34.8 44.7 18.1 2.0 0.0 0.0 0.0 0.4 100.0
YD-12* 11.2 22.3 45.5 7.8 0.0 8.8 0.0 4.3 100.0

(Qz: Quartz, Kf: K-feldspars, Pl: Plagioclase, Hb: Hornblende, Bi: Biotite, Mu: Muscovite, Px: Pyroxenes,
Oth: Others, Tot: Total)
* (Karavasili, 2004), **(Koroneos, 1991), ***(Soldatos, 1985).



The worldwide average and range (within brackets) of natural radioactivity background levels in soil
are 400 (140-850), 35 (17-60) and 30 (11-64) Bq·kg-1, respectively for 40K, 226Ra and 232Th (UN-
SCEAR, 2000). As it was expected, the average activity mass concentrations of the radionuclides
measured in the granites from northern Greece are above the average activity levels given in the above
UNSCEAR, 2000 report for soil (Pavlidou et al., 2006; Karavasili et al., 2005; Stoulos et al., 2003).

According to UNSCEAR (1993), the world average of natural radioactivity levels of 40K, 226Ra and
232Th in building materials is 500, 50 and 50 Bq·kg-1, respectively. Taking into account the measured
levels of natural radioactivity in Greek building materials by this study as well as by other Greek re-
searchers (Siotis and Wrixon, 1984, Papastefanou et al., 1984; Pakou et al., 1994; Savidou et al.,
1995; Petropoulos et al., 2002) and considering that most of Greek dwellings were constructed
mainly by clay bricks and concrete in weight proportion 40–60%, the specific activities of natural
radionuclides in building materials that appeared in a typical Greek room are the following: 40K,
550 Bq·kg−1; U-series, 35 Bq·kg−1 and Th-series, 32 Bq·kg−1 (Stoulos et al., 2003). This means that
granites contain a much higher amount of radionuclides presumably caused by the presence of U-
and Th-rich minerals in them. For example, tetravalent Th and U may be isomorphously substitut-
ing in the Ca position in allanite, sphene and apatite. Ce-rich monazite rivals zircon in common
rocks as a ubiquitous and important carrier of Th. To a much lesser extend U, was also found in
monazite, apparently also in isomorphic substitution. The situation is reversed in xenotime, where
U was generally more abundant than Th. Uraninite and thorianite are two other minerals found in
common rocks that are believed to contain Th and U as essential components in regular crystal struc-
tural positions (Adams et al., 1959). According to Faure (1986), U- and Th-rich minerals can be
found in acid igneous rocks than in basic rocks. This can be explained by the incompatibility of both
U and Th during partial melting and fractional crystallization processes (Kd<1), leading thus in the
remaining of U and Th in the melt and their incorporation in minerals of acid rocks.

Activity concentrations of 40K, 226Ra and 232Th in granite samples from various countries of the
world, including Greece, have been compiled from literature and are presented in Table 3 for com-
parison. The ‘world’ weighted average calculated from the above measurements has also been used
for comparison. The activity concentrations of these radionuclides vary over a wide range. Their
average activity concentration in Greek granite samples is below the ‘world’ average in all cases. The
minimum and maximum 40K were found in the granite from Wadi Karim and Gable El Aradiya in
Egypt, respectively. The granite of Gabble Gattar II in Egypt contains the maximum and that of
Africa has the minimum 226Ra. The maximum 232Th was found in the Pakistani granite and the min-
imum in the granite of Gable El Aradiya in Egypt.

In order to assess the radiological impact of granites used as building materials, the model of a rec-
tangular parallelepipedon house building 3 m X 3 m X 3m, with infinite thin walls and no doors and
windows (standard room model) was commonly considered (UNSCEAR, 1993)

A variety of radiation hazard indices representing different methods to assess the collective effect
of mass concentrations of 40K, 226Ra and 232Th was used:

1) Absorbed gamma dose rate (Da). The measured activity concentrations of 238U (226Ra), 232Th
and 40K is converted into doses (nGy·h-1·Bq-1·kg-1) (where Gy=Gray and Bq=Becquerel) by apply-
ing the factors 0.462, 0.604 and 0.0417 for U (226Ra), Th and K, respectively (UNSCEAR, 1993).
These factors were used to calculate the total absorbed gamma dose rate in air at 1 m above the
ground level using the following equation:

Da (nGy·h-1) = 0.462CU + 0.604CTh + 0.0417CK
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Table 2. Activity concentrations of 40K, 226Ra and 232Th in Bq·kg-1 along with their total uncertainties
of  the studied samples. 

Sample Location Rock-type 226Ra 232Th 40K
GAE-1 Xanthi gabbro 15.6±0 18.2±0 291.0±5
GAE-9 Xanthi gabbro 42.7±1 50.7±1 685.0±9
GAE-11 Xanthi gabbro 5.3±0 6.5±1 175.0±4
SB-55* Vrondou gabbro 1.4±0 2.0±0 68.0±4
ΝG-5* Xanthi gabbro 2.5±0 6.5±0 64,.0±3
MP-6 Maronia hb-bi monzogabbro 65.9±1 71.8±1 810.0±10
MZ-500* Xanthi bi-px-qz-monzodorite 170.0±2 189.0±3 1304.0±22
MP-5 Varnountas hb-bi-qz-monzonite 61.4±1 79.5±1 1027.0±12
ΚR-9* Varnountas hb-bi-qz-monzonite 50.0±1 78.0±1 956.0±14
SB-41* Vrondou hb-qz-monzonite 109.0±1 113.0±2 1110.0±14
YD-12* Philippi bi-hb-qz-monzodiorite 28.0±1 39.0±1 709.0±10
L-23* Leptokaria-Kirki bi-px-hb-qz-monzonite 64.0±1 59.0±1 882.0±13
MP-77 Maronia hb-qz-monzonite 123.4±1 124.9±2 1146.0±13
P-6* Panorama qz-monzonite 122.0±1 143.0±2 1177.0±16
XMZ-501 Xanthi bi-px-qz-monzonite 169.2±1 188.2±2 1172.0±14
MP-3 Maronia hb-bi-qz-monzonite 106.7±1 110.0±1 954.0±12
MP-38 Maronia bi-px-monzonite 146.2±1 148.5±2 924.0±11
MP-53 Maronia bi-hb-px-monzonite 51.4±1 50.0±1 663.0±10
ΜR-11* Maronia hb-bi-px-mozonite 97.0±1 99.0±1 1051.0±14
SB-36* Vrondou hb-syenite 136. 0±1 152.0±2 1466.0±17
DSK-17* Elatia bi-tonalite 41.0±1 80.0 ±1 524.0±10
D-8b* Elatia bi-tonalite 44.0±1 82.0 ±1 748.0±10
STH-162 Sithonia two mica granite 45.2±1 28.8 ±1 751.0±10
STH-170 Sithonia two mica granite 29.0±1 29.4 ±1 603.0±10
STH-5* Sithonia granodiorite 38.0±1 43.0 ±1 693.0±9
STH-118* Sithonia bi-granodiorite 69.0±1 80.0 ±1 777.0±10
STH-450* Sithonia hb-bi-granodiorite 56.0±1 77.0 ±1 754.0±14
D-5* Elatia bi-granodiorite 41.0±1 77.0 ± 546.0±11
ΜΡ-501* Mouries bi-granite 73.0±1 95.0 ±1 1386.0±15
P-5 Varnountas bi-granite 44.0±1 88.1 ±1 1104.0±13
SB-50* Vrondou hb-granite 69.0±1 70.0 ±1 717.0±12
L-4* Vrondou hb-granite 54.0±1 75.0 ±1 919.0±12
TS-10* Vrondou hb-granite 90.0±1 138.0±2 1460.0±16
G-6* Granitis hb-bi-granite 106. 0±1 100.0±1 1060.0±13
MP-90 Maronia hb- granite 315.4±1 372.2±4 1420.0±16
STH-6* Sithonia granite 68.0±1 64.0±1 689.0±11
B-7* Vrondou granite 88.0±1 123.0±2 993.0±13
D-15* Elatia granite 46.0±1 130.0±2 1448.0±19
A-13* Elatia granite 231.0±1 49.0±1 1232.0±16
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Table 2. Continued

Sample Location Rock-type 226Ra 232Th 40K
G-2* Granitis granite 141.0±1 195.0±3 1632.0±21
PR-27* Panorama granite 56.0±1 66.0±1 987.0±14
PE-11 Kastoria granite 44.7±1 50.2±1 973.0±12
TH-5 Kastoria granite 70.0±1 68.6±1 1099.0±13
X-270 Xanthi bi-hb-granite 79.6±1 73.1±1 915.0±11
T-10 Varnountas granitic gneiss 73.2±1 100.1±1 970.0±12
H-9* Elatia alkaligranite 33.0±1 124.0±2 1111.0±14
STH-13* Sithonia leucogranite 16.4±1 18.0±1 892.0±11
L-13 Varnountas leucogranite 58.7±1 115.6±2 1113.0±13
I-3 Varnountas leucogranite 97.3±1 104,9±1 1386.0±15
Average 77.3±1 91.4±1 929.3±12

(qz: quartz, px: pyroxene, bi: biotite, hb: hornblende), * (Karavasili, 2004)

Table 3. Average values of activity concentrations of 40K, 226Ra and 232Th in Bq·kg-1 of granite sam-
ples from different countries of the world.

Country/origin No. of
samples

40K 226Ra 232Th Reference

Austria 1 1340 40 253 (Chen & Lin 1996)

Belgium 1 1129 68 77 (Tzortzis et al., 2003)

Brazil 14 1297 82 168 (Tzortzis et al., 2003)

Brazil 1 1819 91 152 (Chen & Lin 1996)

China 8 1256 95 158 (Chen & Lin 1996)

Egypt/Wadi Karim 10 4819 56 54 (El-Arabi, 2007)

Egypt/Um Taghir 39 3918 558 359 (El-Arabi, 2007)

Egypt/Gable Gattar II 10 1140 6018 113 (El-Shershaby, 2002)

Egypt/Gable El Majai 10 681 198 30 (Arafa, 2004)

Egypt/Gable El Misikat 9 705 1184 40 (Arafa, 2004)

Egypt/Gable El Aradiya 10 480 126 25 (Arafa, 2004)

Egypt/Homert Waggat North 10 1590 489 109 (Arafa, 2004)

Egypt/Homert Waggat South 10 2302 787 163 (Arafa, 2004)

Finland 3 1223 94 163 (Chen & Lin 

Greece 49 929 77 91 (Karavasili et al., 2005 &

Present work)

Holland 1 1540 162 490 (Tzortzis et al., 2003)

India 4 1082 119 172 (Chen & Lin 1996)

Italy 4 1206 64 91 (Menager et al., 1993)

Malaysia 1 1019 86 134 (Chen & Lin 1996)



where CU, CTh and CK are the activity concentrations (Bq·kg-1) of U, Th and K in the samples. The
limiting value of this index is 80 nGy·h-1 (EC, 1999).

2) Annual effective dose (HE). The effective dose rate indoors in mSv·y-1 (Sv=Sievert), is calculated
by the following formula: 

HE = 10-6 x D x T x F

where D is the calculated dose rate in nGy·h-1, T is the indoor occupancy time, which implies that
20% of time is spent outdoors, and is equal to 7000 h, and F is the doses conversion factor equal to
0.7 Sv·y-1. HE should be < 1 mSv·y-1 (UNSCEAR 1993, 2000).

3) Activity index (AI). Several authors have proposed formulae to estimate this index. In this study
it is calculated on the basis of former USSR and W. Germany criterion (Chen & Lin, 1996):

AI = CRa / 370 + CTh / 259 + CK / 4810

AI should be less than 1 mSv.

4) Gamma-ray index (Iγ). European Commission (EC, 1999) has proposed this index which is cal-
culated by the formula:

Iγ = CRa / 300 Bq·kg-1 + CTh / 200 Bq·kg-1 + CK / 3000 Bq·kg-1

and is correlated with the annual dose rate due to gamma radiation. Materials having Iγ < 2 would
increase the annual effective dose by 0.3 mSv, while for 2 < Iγ < 6, the gamma-ray index corre-
sponds to an increase in effective dose by 1 mSv·y-1. Building materials used superficially rather than
in bulk amounts (tiles, boards, etc.) should be exempted from all restrictions concerning radioactivity,
if the excess of gamma radiation originating from them increases the annual effective dose of a
member of public by 0,3 mSv at the most. On the other hand, dose rates higher than 1 mSv·y-1 are
allowed only in exceptional cases, where materials are locally used. Finally, samples with Iγ > 6
cannot be recommended for use in buildings (EC, 1999).
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Table 3. Continued

Country/origin No. of
samples

40K 226Ra 232Th Reference

Portugal 1 1490 117 105 (Chen & Lin 1996)

S. Africa 1 1151 92 153 (Chen & Lin 1996)

Spain 1 1289 80 123 (Chen & Lin 1996)

Sweeden 2 1226 107 110 (Chen & Lin 1996)

Turkey/Kaymaz 7 1266 306 248 (Orgun & Altinsoy, 2005)

Turkey/Sivrihisar 7 1058 67 153 (Orgun & Altinsoy, 2005)

Pakistan/Ambela 20 1203 659 598 (Asghar et al., 2008)

Maximum 4819 6018 598

Minimum 480 23 25

Weighted

Average 1749 567 194



XLIII, No 5 – 2687

Table 4. Absorbed gamma dose rate (Da), annual effective dose (HE), activity index (AI) and gamma-
ray index (Iγ) for the granites examined.

sample Da(nGy·h-1) HE  (mSv·y-1) AI  (Bq·kg-1) Iγ

GAE-1 31.20 0.15 0.18 0.2
GAE-9 80.19 0.39 0.46 0.6
GAE-11 13.18 0.06 0.07 0.1
SB-55* 4.58 0.02 0.02 0.0
ΝG-5* 7.85 0.04 0.05 0.1
MP-6 110.95 0.54 0.64 0.9
MZ-500* 243.25 1.19 1.42 1.9
MP-5 122.41 0.60 0.70 1.0
ΚR-9* 110.60 0.54 0.63 0.9
SB-41* 169.09 0.83 0.98 1.3
YD-12* 65.93 0.32 0.37 0.5
L-23* 100.28 0.49 0.57 0.8
MP-77 182.58 0.89 1.05 1.4
P-6* 192.81 0.94 1.12 1.5
XMZ-501 245.64 1.20 1.44 1.9
MP-3 157.53 0.77 0.91 1.2
MP-38 200.35 0.98 1.17 1.6
MP-53 81.73 0.40 0.47 0.6
ΜR-11* 146.79 0.72 0.84 1.1
SB-36* 218.71 1.07 1.26 1.7
DSK-17* 88.57 0.43 0.52 0.7
D-8b* 102.34 0.50 0.59 0.8
STH-162 70.43 0.35 0.39 0.5
STH-170 58.08 0.28 0.33 0.5
STH-5* 73.00 0.36 0.41 0.6
STH-118* 113.82 0.56 0.66 0.9
STH-450* 104.38 0.51 0.60 0.8
D-5* 88.85 0.44 0.52 0.7
ΜΡ-501 150.22 0.74 0.85 1.2
P-5 122.62 0.60 0.70 1.0
SB-50* 104.48 0.51 0.60 0.8
L-4* 108.42 0.53 0.62 0.9
TS-10* 192.27 0.94 1.10 1.5
G-6* 155.67 0.76 0.90 1.2
MP-90 438.12 2.15 2.59 3.4
STH-6* 97.88 0.48 0.56 0.8
B-7* 165.16 0.81 0.96 1.3
D-15* 163.39 0.80 0.93 1.3
A-13* 188.02 0.92 1.07 1.4
G-2* 259.03 1.27 1.50 2.0
PR-27* 105.93 0.52 0.60 0.8
H-9* 139.71 0.68 0.80 1.1
STH-13* 56.33 0.28 0.30 0.4
L-13 147.59 0.72 0.85 1.2
I-3* 171.01 0.84 0.98 1.3
T-10 135.33 0.66 0.78 1.1
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Table 4. Continued

sample Da(nGy·h-1) HE  (mSv·y-1) AI  (Bq·kg-1) Iγ

PE-11 92.16 0.45 0.52 0.7
TH-5 119.01 0.58 0.67 0.9
X-270 122.61 0.60 0.70 1.0
Lim. Values 80 1 1 6

Table 5. Comparison of radiological parameters based upon data available for granite samples from
different countries of the world (Asghar et al., 2008).

Country/origin Da(nGy·h-1) HE (mSv·y-1) AI (Bq·kg-1) Iγ

Africa 70 0.5 0.4 0.6
Austria 227 0.8 1.4 1.8
Belgium 125 1.2 0.7 1.0
Brazil 193 1.2 1.1 1.5
Brazil 210 1.4 1.2 1.7
China 192 1.2 1.1 1.5
Egypt/Wadi Karim 259 1.7 1.4 2.1
Egypt/Um Taghir 638 0.5 3.7 5.0
Egypt/Gable Gattar II 2896 17.8 16.9 21.0
Egypt/Gable El Majai 138 0.5 0.8 1.0
Egypt/Gable El Misikat 601 3.7 3.5 4.4
Egypt/Gable El Aradiya 93 0.6 0.5 0.7
Egypt/Homert Waggat North 358 2.3 2.1 2.7
Egypt/Homert Waggat South 558 3.5 3.2 4.2
Finland 193 1.2 1.1 1.5
Greece* 131 0.6 0,8 1.0
Holland 435 2.8 2.6 3.5
India 204 1.3 1.2 1.6
Italy 135 0.9 0.8 1.1
Malaysia 163 1.0 1.0 1.3
Portugal 180 1.2 1.0 1.4
S. Africa 183 1.2 1.1 1.5
Spain 165 1.1 1.0 1.3
Sweeden 166 1.1 1.0 1.3
Turkey/Kaymaz 344 2.2 2.0 2.7
Turkey/Sivrihisar 167 1.1 1.0 1.3
Pakistan/Ambela 716 4.5 4.3 5.6
Limits 80 1 1 6
Average 455 2.2 2,7 3,4
Maximum 2896 17.8 16.9 21.0
Minimum 70 0.5 0.4 0.6

*present study/



The Da, HE, AI and Iγ values obtained for the samples of the present study along with their limiting
values are presented in Table 4. 

The radiological parameters of the basic samples studied (GAE-1, GAE-9, GAE-11, SB-55, NG-5
and MP-6) seem to be below the international dose limiting values. On the other hand, the radio-
logical parameters for two granite samples (MP-90 and G-2 from Maronia and Granitis, respec-
tively) appear to be above limits in all cases except for Iγ. 

From the worldwide activity concentration data given in Table 3, hazard indices, as defined above,
have been calculated and are given in Table 5. 

Among the 27 countries/locations selected for comparison, granite of 7 countries (including Greece)
fulfill the criterion of HE < 1 to be used as building materials. Moreover, the average HE of Greek
samples is very close to the minimum HE found. However, since granites are usually used in small
quantities in house buildings, they do not induce an activity level exceeding the 1 mSv·y-1 dose limit
(Pavlidou et al., 2006). As far as the AI is concerned, the average value of the samples studied is half
than the ‘world’ average as it was calculated in this report. Finally, considering the values of gamma-
ray index granites from Greece have the fourth lowest value. Only one of the selected countries/lo-
cations does not fulfil the criterion of Iγ < 6, and consequently, its use as building material is not
recommended. This is the case of Gable Gattar II granite in Egypt, where there is U mineralization
with high economic potential (El-Shershaby, 2002).

As the research on the natural radioactivity of the greek granites is in progress it must be noted here
that the present results are considered as preliminary.

4. Conclusions

Twenty granite samples from northern Greece have been measured for their natural radioactivity in
order to asses the radiological impact in case they are used as building materials, while 29 more
samples were obtained from a previous study. The activities of 40K, 226Ra and 232Th of the majority
of the samples exceed the average level of these radionuclides in soil and building materials. That
is because granites contain U and Th-rich minerals in them. Samples of basic composition have very
low concentrations of radionuclides, which reflect to the values of their hazard indices that are below
limits. On the other hand, intermediate and acid rocks are more enriched in 40K, 226Ra and 232Th and
their decay products. Four hazard indices were calculated in order to assess the health risk of using
the above samples as building materials. The average of hazard indices of Greek granites is below
‘world’ average in all cases. Moreover, it is still bellow the criteria of UNSCEAR (2000). Therefore,
at least from radiological point of view and for the investigated rocks, the use of granites from north-
ern Greece as building materials is recommended.
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Abstract 

This paper presents the genetic hypothesis of αn uranium mineralization observed in Eastern
Chalkidiki-Greece.

In the area of Stratoni (location Asprochomata) a uranium mineralization is expressing by dissem-
inated primary (orthobrannerite) and secondary (torbernite) U minerals, in the granodioritic body
of this area. Genetically it may be the result of uranium redistribution, which occurs in the resisting
accecory minerals (e.g monazite) of the granodiorite, by magmatic or meteoric hydrothermal fluids
of low temperature. The mineralized granodiorite of Stratoni gives no evidence of a metalliferous
pluton, based on the study of hydrothermally altered samples and this ascertainment is a fact that
should be confronted with a lot of carefull thought.

In the granite of Arnea area, uranium mineralization is in generally absent, excluding some poor
one’s, located along the contacts of the granite with small remnants of the hosting rock, expressed
in the form of impregnations or veinlets. The possible cause for its formation being the interaction
of a secondary low temperature hydrothermal system mainly of meteoric water participation (con-
vective hydrothermal system) with the granite and the hosting wall-rock minerals. The granite of
Arnea indicates all the characteristics of a metalliferous granitoid.

Key words: Uranium redistribution, orthobrannerite, metalliferous granitoid, hydrothermal fluids,
Chalkidiki, Northern Greece.

1. Introduction 

In Chalkidiki area, in the granodiorite of Stratoni, which does not present the characteristics of one
metalliferous magmatic body, are observed a primary (orthobrannerite), as well as a secondary (tro-
vernite) uranium mineralization resulting from the redistribution of uranium existing in the gran-
odiorite accesory minerals (e.g. Monazite), by low temperature, magmatic or meteoric, hydrothermal
fluids. On the contrary, the Arnea area’s granite, although this magmatic intrusion presents charac-
ters of a metalliferous granitoide, uranium mineralization is not observed.

This study attempts the presentation of the uranium mineralization and the determination of its gen-
esis. The mineral composition, the geochemical characteristics, the age, the geotectonic environ-
ment and the metallogenetic evolution of the two plutonic bodies are examined. For this reason thin
polished sections of the samples from these areas were prepared, on which was used the method of
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autoradiography, with the purpose to detect and study the uraniferous minerals concentration.

2. Petrography - Mineralogy

The magmatic body of Stratoni area, known as Stratoni granodiorite, is a fine to coarse-grained rock
with a composition changing from quatz diorite – monzonite to granodiorite – adamellite, with most
common phase the granodiorite (Kalogeropoulos et al., 1988; Gerouki et al., 1988).

The main minerals are quartz, potassium feldspar, plagioclase, titaniferous biotite and as secondar-
ies muscovite (sericite), hornblende, pyroxene (diopside), epidote, titanite, calcite, magnetite and
pyrite are found. The main hydrothermal alterations are the biotite chloritization and the sericitiza-
tion of the plagioclases.

The magmatic body of Arnea is a medium to coarse-grained leucogranite, which the composition
presents small fluctuations. The main minerals are quartz, plagioclase, potassium feldspar, muscovite
and biotite. As secondary minerals chlorite, epidotes, magnetite, +/-titanite, +/-allanite are found.

The comparison of the mineral composition of these two bodies shows that: a) the quartz is more
abundant in the leucogranite of Arnea, b) the plagioclases are more abundant and more basic in the
Stratoni granodiorite than in the Arnea leucogranite, while alkali feldspar are more abundant in the
Arnea body, c) the micas content is low in both bodies, d) in the Arnea, leucogranite the content of
muscovite and biotite is the same, but in the Stratoni granodiorite biotite is prevaling, e) the biotites
of the Stratoni’s granodiorite are rich in titanium, while those of the Arneas’ leucogranite, are poor
ones, f) femic minerals, like horneplende and pyroxenes, are observed only in the Stratoni body.

3. Chemism – Geotectonic environment – Age

The changing composition of the Stratoni granodiorite means complex magmatic conditions of gen-
esis. In combination with the fact that it presents a metaluminous and a peraluminous character, this
signifies a hybrid origin with the participation of both, mantle’s components (I - type) as well as sialic
components (S - type). Its composition is also fluctuating from cafemic to alumino-cafemic types.

It presents a wide range of SiO2 values and a differentiation tendency which is expressed with an al-
most linear negative correlation for SiO2 / TiO2, Al2O3, Fe2O3, FeO, MnO, MgO, CaO, Na2O ratios
and a positive one for SiO2 / Κ2O. The dispersion of the values is due to the hydrothermical alterations.

XLIII, No 5 – 2693

Fig. 1: Geological map of Chalkidiki.



The leucogranite of Arnea has mainly a peralouminous character and presents small fluctuations of its
composition, meaning that sialic components (S - type) have the major role in its genesis, but, on the
other hand, the presence of magnetite indicates the participation also of a mantle’s component (I – type).

Both bodies present a calcalkaline character and it seams that are formed in a subduction environ-
ment of high pressure.

The method of K/Ar in biotite gives an age of 29,6 ± 1,4 million years (Tertiary) for the Stratoni area
granodiorite, (Alther et al., 1976), while the granite of Arnea’s area, dated with the method of U/Pb
in zircon, gives a Mesozoic age of 212 million years, (Frei, Gerouki pers. com., 1987).

4. Depth and temperature of emplacement.

The granodioritic magma of Stratoni was placed at a temperature of about 900ο C and was solidi-
fied at a pressure between 1 and >5 kb. It presents a potassium tendency, fact meaning that the
magma was firstly saturated in water. The wide range of pressure’s values proves a gradual, slow
crystallization of this granodiorite. So, the gradual falling of the pressure during the crystallization,
would free water and metallic elements in the fluid phase, and this would help the magma ascent to
highest levels in the crust (Eugster, 1985).

The leucogranite of Arnea seems to be crystallized in pressures values between ~1kb to <0.5 kb,
meaning that its crystallization took place nearest to the crust surface, than the Stratoni body, and
for this reason it was not characterized by sufficient water content.
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Fig. 2: Standard deviation graph for majors and trace elements in samples of Arneas’ granite and Stratoni’s gra-
nodiorite.



5. Cheochemical characteristics

The L.O.I. of the Stratoni samples is great (2.8), in contrary with these of Arnea samples (0,8), fact
that is due to the hydrothermal alteration of the Stratoni´s samples, which must be examined with care.

The comparison of the mean concentration values of the major, as well as for the trace elements,
make obvious the differences of the two bodies, (Fig.2).

The uranium content in the Arneas’ granite fluctuates between 5 and 14 ppm, with a mean value of
7,5 ppm (σ=2), while the Th content changes from 23 to 40 ppm with a mean value of 29,6 ppm
(σ=3,8). In the Stratoni granodiorite, the U content changes between 4-19 ppm with a mean value
of 9,5 ppm (σ=3,4), and respectively the Th between 11-36 ppm with a mean value 29 ppm (σ=6).
These values are highers than those usualy found in the granites, (3-5 ppm U and 10-12 ppm Th –
Adams et al., 1959).

The granite of Arnea, except the high content of U and Th, also presents high values of other in-
compatiple elements, like the Rb, K, Sn, Nb, Y, Ta, while the content in Ba, Sr, Mg and Ti are low,
so the ratios Rb/Sr, K/Ba, Cs/Ba are high and the ratio Sr/Y low.

The Stratoni granodiorite presents exactly the opposite image, with just a little augmentation in Cs and
Li content. This results in high values of the Cs/K ratio and a small augmentation in this of U/Th.

In Figure 3 the REE patterns of Arnea’s granitic and Stratoni’s granodioritic samples, normalized for
10 ordinary chondrites (Nakamura, 1974), are shown. It is observed: a) the enrichement of the light
Rare Earth Elements in both plutonic bodies, b) the granite of Arnea presents an augmentation of the
heavy Rare Earth Elements values and a significant negative Eu anomaly, c) in the contrary, the gra-
nodiorite of Stratoni presents just a little increase in the values of the heavy Rare Earth Elements and
a small negative irregularity in Eu.
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Fig. 3: The REE patterns of Arnea’s granitic and
Stratoni’s granodioritic samples, normalized for 10
ordinary chondrites.



The comparison of the chemical data from the two bodies shows that the granite of Arnea, except
the Li content, presents all the characteristics of a metalliferous granitoide. On the contrary, the Stra-
toni granodiorite, except for the U and the Th, seems that does not present this tendency (Howarth
et al., 1981).

6. Metallogenetic evolution

It is considered that the main supply sources for metallic elements are three. A) The magmatic flu-
ids, which contribute to the circulating hydrothermal fluids, combinated with events in the silicate
melt, like freezing, crystallization, and pressure or permeability changes. B) The reactions between
the hydrothermal fluids (magmatic or meteoric), and the solidified crust of the plutonite and C) the
interaction between hydrothermal fluids and the minerals of the hosting rock. The temperatures re-
lated with the hydrothermal events B and C, usually does not exceed the 5000C (Eugster, 1985).

This hydrothermal action may be primary or secondary. The primary (magmatic) is related with the last
phases of the plutonite crystallization, especially, if this one is saturated in water, while the secondary
is developed by the meteoric waters with the creation of an hydrothermal convective system, usually
inside an extended system of discontinuities, like the faults, which facilitate the heating and the water
circulation. The high concetrations of the radioactive elements, U, Th and K, which heat some parts
of the rock, can maintain such hydrothermal systems. In these metal-bearing systems, underground
waters are leaching metals and volatic componets from the granite, after his emplacement, especially
during periods of higher thermal flows from the mantle, like the Tertiary (Simpson et al., 1979).

The metal bearing granite of Arnea does not present a marked Uranium mineralization, except a
small one, observed at the contacts of the granite with some remnants of the hosting rocks inside the
granite (of some decade meters), which have a composition of two micas gneisses, or two micas
schists with garnet, or phyllites. These contacts sometimes are of tectonic origin and the mineral-
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Fig. 4: Th versus U, for mineralized, unal-
tered and U mineralised samples from
Arneas’ granite and Stratoni’s granodiorite.



ization is developed at the crossing of NW-SE faults, with faults of E-W direction. The type of this
mineralization depends from the kind of the hosting rock and usually it is expressed like veinlets or
like impregnations, but always inside the hosting rock and near the contact. The absence of miner-
alization in the granite is propably due to a lack of water, caused by the high or medium degree of
metamorphism of the hosting rocks. On the contrary at the contacts of the granite with the hosting
rocks, with the help of the faults and the high concentration of radioactive elements (U, Th, K),
seems that a secondary hydrothermal system was developed and maintained, from waters of mete-
oric origin or waters from the hosting rock. The interaction of the hydrothermal fluids with the so-
lidified part of the granite and the minerals of the hosting rock, propably is the formation source of
the uranium mineralization in the area.

The mineralization in the Stratoni area appears inside the granodiorite at the crossing of two fault
systems, of NNW-SSE and NW-SE directions respectively. It is expressed by disseminated primary
and secondary uranium mineralizations, located in a small surface of Asprochomata in Stratoni area.
This mineralization seems resulting from the redistribution of the uranium included inside the gran-
odiorite’s secondaries resistant minerals. It is accomplished with the help of magmatic and meteoric
hydrothermal fluids. These fluids result from the water sufficiency characterizing the granodiorite, the
high concentration of radioactive elements (U, Th, K) and the faults, which cut the area.

Comparing the U/Th ratio in samples from the granite of Arnea and the granodiorite of Stratoni, as
well as in uraniferous samples from these two areas, it is observed (fig.4) that the samples from the
granite of Arnea and the granodiorite of Stratoni are projected along the line which is defined from
the ratio Th/U=4 and till the limit of 25ppm with a positive correlation of the two elements (Wen-
rich, 1985). This indicates a magmatic differenciation with the uranium hosted to someone of the re-
sistants primary minerals (monazite) and not in the uraninite. The uraniferous samples from Arnea
and Stratoni are projected mainly in the field where the ratio Th/U is less than 1, with just a little big-
ger value for the Stratoni samples. This means that either, U rich fluids but not in thorium enriched
the samples, or that the Th was removed. Because the Th is a relatively immobile element, is in gen-
erally accepted the first process for the mineralization, in which the mineralization was produced
from low temperature hydrothermal fluids, usually of meteoric origin. Three samples of the ura-
nium mineralization from Srtatoni area, are projected in the field, where the ratio Th/U is bigger
than 4 (values between 21 and 54), and the U concentration has a value less than 25ppm. This means
that high temperature hydrothermal fluids redistribute the Th, in the same time the U was leached
by the hydrothemal alteration.

7. The Uranium Mineralization (Autoradiographies– mineralogy – mineral chemistry).

The study of the uranium mineralization was completed with the construction of a sufficient num-
ber (20) of polished thin sections from uraniferous samples, the examination of their autoradiogra-
phies, targeting to charting the α-radiation, which is mainly radiated from the U and Th minerals,
and after their localization on the thin section surface, with their examination in the electronic mi-
croscope combinated with electron microprobe analyser, aiming to determine the chemical compo-
sition of these minerals.

The method of the autoradiography is based on the registretion of the α-radiation traces from the ra-
dioactive elements on a specialized detector. In the present study the used detector was a plastic ma-
terial, known as CR-39, which was in a stable and constant contact with the thin polished sections
surface for one month. After the month, to observe the radiation traces, the pieces of the detector were
etching with NaOH 6N in a temperature of 800 C for 3 hours. From the whole number of the sam-
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les, only seven autoradiographies, the more representatives, were selected, (with the corresponding
thin polished sections). After the detection and localization of the radioactive minerals on the sec-
tions, it followed their study to the polarizing microscope as well as their electron microprobe analy-
sis, mainly in the laboratories of N.C. S. R. “DEMOCRITOS”, (SEM system PHILIPS 515 coupled
with EDAX 9900). For the analysis were used an accelaration voltage of 25KeV, a ZAF correction
program and the total error was less than 10% for the major elements. A smaller number of thin sec-
tions were examined in the SEM laboratory of IGME, (S.E.M. system JEOL JSM-5600 coupled
with an E.D.S system of OXFORD INTRUMENTS), where the analysis conditions were 30KeV ac-
celeration voltage, 3nA beam current and a spot diameter of 10-30 μm.

For each of the two studied areas the results are the following:

A. Stratoni area

In the area were observed the uranium minerals Orthobrannerite, Torbernite, Uranothorite and Cher-
alite. An opaque Fe-P uraniferous mineral, red in color, and coupled with the Cryptomelan was also
found.

The radioactivity in the places of sampling reaches 2.500 c/s, while the sample from this area gave
a content of 3428 ppm U and 162 ppm Th.

The Orthobrannerite is a primary U mineral with chemical formula U4+U6+Ti4O12(OH)2 crystalliz-
ing in the orthorhombic system, which does not contain Rare Earth Elements, while the Brannerite
(U, Ca, Y, Ce) (Ti, Fe)2O6 contains Rare Earth Elements and crystallizes in the monoclinic (Per-
roud, 1986, 1994, 1998). Standartless semiquantitative spot analysis of an Orthobrannerite crystal
in the Electronic Microanalyser gave the following content in oxides (%): Al2Ο3=0.6 SiΟ2=0.4
UΟ2=54.4 TiΟ2=37.4 και FeΟ=3.7.

The Torbernite is a secondary U mineral with chemical formula Cu(UO2)2(PO4)2•12H2O, which
crystallizes in rhombic system. Standartless semiquantitative spot analysis in the Electronic Micro-
analyser gave the following content in oxides (%): Al2Ο3=0.3 SiΟ2=1.8 P2Ο5=20.1 UΟ2=67.7 FeΟ
=0.7 CuΟ=7.8 και As2Ο3=1.6.

The Uranothorite is a thorite (ThSiO4) with more than 5% U content. Standartless semiquantitative
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Fig. 5: Specimen AS-3 (thin section AS-3B) a. Microphotography of a thin section from Aspro-chomata, Stra-
toni area – East Chalikidiki, with Οrthobrannerite and Torbernite crystals (Magnification x16. Nicols//). b. Mi-
crophotography of the autoradiography, on CR-39, of the thin section’s same area (as the previous foto a),
where the traces of a-particles from Οrthobrannerite and Torbernite crystals are registered (Nicols //).
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spot analysis in the Electronic Microanalyser gave the following content in oxides (%): SiΟ2=13.8
ThΟ2=57.8 και UΟ2=28.3. Because its great UΟ2 content it may be a Thorogoumite (Th(SiO4)1-

x(OH)4x), which contains UΟ2 between 2.5-31.5% and ThΟ2 from 18.2 to 50.8%.

The Cheralite has a chemical formula (Ce, La, Th, Ca, U)PO4 SiO4 with UΟ2 content of 3.5-5.5%
and ThΟ2 between 25.9-27.7%. It is a mineral appartaining in the group of Monazite (they have the
same structure), like the Huttonite (ThSiO4) and the Brabantite (CaTh(PO4)2). Standartless semi-
quantitative spot analysis in the Electronic Microanalyser gave the following content in oxides (%):
SiΟ2=2.6 P2Ο5=29.4 ThΟ2=27 UΟ2=7.9 CaΟ=4.9 La2Ο3=11.4 και Ce2Ο3=16.8.

The standartless semiquantitative spot analysis of the red opaque mineral with Fe and P, gave the fol-
lowing content in oxides (%): Al2Ο3=1.2% SiΟ2=1.5% P2Ο5=14.2% SΟ3=3% UΟ2=0.5 CaΟ=1
MnΟ=1.5 FeΟ=75.8 and CuΟ=0.8. Probably the uranium is adsorbed in this mineral, or dispersed
in the crystal lattice in a small quantity.
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Fig. 6: Specimen AS-3 (thin section AS-3A) a. Microphotography of a thin section from Asprochomata, Stra-
toni area – East Chalikidiki, with Cheralite and Uranothorite crystals, as well as with uraniferous Fe-P-
minerals closely linked with Mn minerals (Magnification x36. Nicols//). b. Microphotography of the
autoradiography, on CR-39, of the thin section’s same area (as the previous foto a), where the traces of a-par-
ticles from the Cheralite and Uranot-horite crystals, as well as from the uraniferous Fe-P-minerals closely linked
with Mn minerals are registered (Nicols //).

Fig. 7: Specimen AS-6 a. Microphotography of a polished thin section from Asprochomata, Stratoni area –
East Chalikidiki, where we can see Jarosite crystals with Th (Magnification x16. Nicols//). b. Microphotogra-
phy of the autoradiography, on CR-39, of the thin section’s same area (as the previous foto a), where the traces
of a-particles from the Jarosite crystals containing a little Th concentration are registered (Nicols //).
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Finally at the sampling place AS-6 (thin polished section AS-6) was measured a radioactivity of
1200 c/s and a content of 9 and 451 ppm of U and Th respectively. The examination of the thin pol-
ished section in the E/M demonstrates that the Th, which is contained in the mineral Jarosite, causes
the radioactivity. This mineral with chemical formula KFe3(SO4)2(OH)6 is very widespread and it
appears in the oxidation zone of the iron sulfide deposits and especially of pyrite. Semiquantitative
spot analysis in the Electronic Microanalyser gave the following content in oxides (%): P2Ο5=3.8
SΟ3=34.6 ThΟ2=0.7 Κ2Ο=8.3 TiΟ2=0.5 και FeΟ=51.6.

B. Arnea area

In the Arnea’s area the radioactivity was detected from:

From crystals of Xenotime (YPO4) in which the standartless semiquantitative analysis in the E/M
gave the following contents in oxides (%): Al2Ο3=3.8 SiΟ2=9.3 P2Ο5=42.2 UΟ2=1.1 CaΟ=1.2
TiΟ2=0.7 Gd2Ο3=1.3 Dy2Ο3=5.2 Er2Ο3=3.3 και Y2Ο3=30.8. The radioactivity on the sampling
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Fig. 8: Specimen AP-1 (thin section AP-1A) a. Microphotography of a thin section from Arnea area – East
Chalikidiki, where we can see U-Ti-Fe-Mg oxides inside the cleavage surfaces of a mica crystal (Magnifica-
tion x36. Nicols//). b. Microphotography of the autoradiography, on CR-39, of the thin section’s same area (as
the previous foto a), where the traces of a-particles from the U-Ti-Fe-Mg oxides inside the cleavage surfaces
of the mica are registered (Nicols //).

Fig. 9: Specimen AP-4 (thin section AP-4A) a. Microphotography of a polished thin section from Arnea area
– East Chalikidiki, where we can see Xenotime crystals (Magnification x40. Nicols//). b. Microphotography of
the autoradiography, on CR-39, of the thin section’s same area (as the previous foto a), where the traces of a-
particles from the Xenotime crystals are registered (Nicols //).
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place was measured at 1000 c/s and the chemical analysis of the sample gave 262 ppm U and 8 ppm
Th.

From U-Ti of Ferromanganese oxides in the clivage surfaces of the mica.

From a radioactive veinlet composed of P-Fe-Si-Y-U-Al-Ca-La-Nd oxides with a changing com-
position from point to point. The standartless semiquantitative spot analysis in a point of the vein-
let gave the following content in oxides (%): Al2Ο3=1 SiΟ2=32.3 P2Ο5=24.2 UΟ2=7.5 CaΟ=1.6
Nd2Ο3=0.7 Fe2Ο3=11.9 and Y2Ο3=18.8. The radioactivity in the place where the sample was taken
(1400c/s) is the bigger observed in the area of Arnea. The chemical analysis gave 343ppm for U and
6ppm for Th.

8. Conclusions

In the area of Stratoni (location Asprochomata) the Uranium mineralization is expressed in the gra-
nodioritic body of the area by disseminated primary (orthobrannerite) and secondary (torbernite) U
minerals.

In the area of Arnea uranium mineralization is in generally not observed in the granite, except this
poor one located along the contacts of the granite with small remnants of the hosting rock.
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Abstract 

The southern Vermion mountain is composed of Pelagonian metamorphic rocks. Two different litho-
logic units are distinguished in this area. The first one consists of the highly metamorphosed rocks
of Paleozoic age (migmatites, gneisses with marble intercalations and anatectic granites). The sec-
ond unit comprises two series: the lower with schists, gneisses and marbles (200 m thick) and the
upper with marbles (more than 2500m thick). The age of the rocks in the second unit is Triassic –
Jurassic and these are metamorphosed in greenshist facies.

During the last 40 years, the marbles of the second unit are being exploited for ornamental purposes
in more than 100 quarries.Variations in chemical and mineralogical composition, grain size as well
as some structural characteristics result to the 5 marble qualities – commercial types of Vermion
mountain: a) White marbles, b) “Rigota” marbles, c) “Pitsilota” marbles, d) “Louloudata” mar-
bles, e) Sipoline marbles.

Key words: White marbles, Pitsilota marbles, Rigota marbles, Louloudata marbles, Cipoline mar-
bles, Pelagonian zone, south Vermion mountain, Central-North Greece.

1. Introduction 

The studied area is located in the south Vermion mountain, between Aliakmon river, Polymylos,
Tetralofos, Koumaria and Eripia Tormanis villages (Fig. 1). The bigger part of the studied area is oc-
cupied by marbles, some of which are exploited since the mid ’60. More than 100 quarries are open
in five areas. These areas are: Koumaria (15 quarries), Eripia Tormanis (16 quarries) , Kastania (15
quarries), Arapis (23 quarries) and Zoodochos Pigi with more than 30 quarries. (Χατζηπαναγής κ.
α., 2009). Today only 6 of them are active. The exploitation has been considerably restricted because
of various problems that appear to the marbles such as their colour, the tectonic strain, the ability of
their polishing etc. In the south Vermion region, 1,4x106 m3 of marbles have been quarried and about
50.000 m3 of them have been exploited (Χατζηπαναγής, 2009β). This work identifies the com-
mercial types of the south Vermion marbles according geological, mineralogical, petrological, struc-
tural - textural, chemical and aesthetic (colour, impourities) criteria.

Δελτίο της Ελληνικής Γεωλογικής Εταιρίας, 2010 Bulletin of the Geological Society of Greece, 2010
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2. Geological setting

2. 1 Geology - lithostratigraphy

The south Vermion mountain region is mainly composed of pelagonian metamorphic rocks which
are partly covered by almopic nappes (Fig. 1). The pelagonian rocks are composed of two units of
metamorphic rocks. The first, of Paleozoic age, is characterized of middle to high grade metamor-
phism. It is composed by schists, gneisses, augen gneisses, migmatized gneisses and thin bangs of
marbles. Granite bodies of anatectic character, mainly related with the migmatites are exposed in
some areas. This unit of thickness > 2000m (Fig. 2) defines the basement of Pelagonian zone.

The second, younger unit, is of Triassic – Jurassic age (Mercier, 1968). It is composed primerily of
marbles and gneisses and schists of middle - low grade metamorphism (greenshist facies). This unit
is named the Eastern Carbonate Cover of Pelagonic zone (Kilias & Moundrakis, 1989). Its basis of
about 100m thickness is composed of alternating suite of metaquarzites, schists (± garnet) and al-
bite gneisses. On this basis lie a series of white calcitic marbles (lower marbles series), called as the
series of Zoodochos Pigi (Γαλανάκης & Πλουμής, 2000) with the maximum thickness of 180m.
A series of gneisses of ~200m follow these marbles (Fig. 2). 

A thick carbonatic series (upper marbles series) called as the series of Angkathi-Tsekouri
(Γαλανάκης & Πλουμής, 2000) - of 2.500m in all is composed of semi white, banded, stripped,
grey banded, and cipoline marbles, with intercalations of white marble bangs (Χατζηπαναγής,
2009 α).

The Transgressive Carbonate Cover (Kilias & Moundrakis, 1989) and the flysh, are found to be
overthrusted on the metamorphic rocks of the Pelagonian zone in all their outcrops – always con-
nected with ophiolites (Χατζηπαναγής, 2009α).

2. 2 Structural observations in marbles

More or less, related with respectively metamorphic episodes, 4 or 5 deformation events are deter-
mined in the Pelagonian zone (Μουντρακης, 1983, Spyropoulos at al., 1988, Kilias & Moundrakis,
1987). Beyond the first deformation event of Paleozoic age which take place only in the basement
rocks, all other episodes affect both units creating isoclinal folds, mylonitic zones, faults and over-
thrusts. The eastern Pelagonian part of the carbonatic cover is thrusted on the crystalline basement
through a series of thrusts. Field observations in the frame of this work as well as the detailed stud-
ies of the south Vermion rocks (Χατζηπαναγής, 2009α) suggest that the pelagonian basement has
been affected by plastic deformation episodes, such as isoclinal folds, open folds, mylonites as well
as by brittle deformation episodes such as shear zones and cataclastites while the carbonatic cover
has been affected only by plastic deformation. Such brittle deformation evidences affect substantially
the coherence and the aesthetic (texture, colour) of the marbles.

3. Methods

According to the chemical – mineralogical composition, the colour and even some tectonic defor-
mation features, 5 commercial types of marbles are distinguished:

3.1 White marbles 

They occupy the lower series of marbles (Zoodochos Pigi) as a single bang of a maximum thickness
of 180 m, between schists in Arapi and Zoodocho Pigi regions and as bangs of 10 to 15m thickness
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Fig. 1: Geological map of south Vermion mountain.
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Fig. 2: Lithostratigraphic column of south Vermion mountain



in the semi grey to grey, calcitic marbles of the upper series of marbles (Angathi –Tsekouri) in the
Kastania, Eripia Tormanis and Koumaria reagions (Fig. 3). 

At least 7 of those bangs of about 2.000m length have been mapped in the Koumaria region, 5 in
Eripia Tormanis region and 4 in the Kastania region (Χατζηπαναγής κ. α., 2009).

The white marbles of the upper series are characterized by the equigranular granoblastic texture
with 0.2 – 0.5 mm crystal size (Fig. 4) (Πλουμής Π., 2009).

In the lower series, the marbles are characterized by their inequigranular texture and deformation fea-
tures.

The initial crystals are broken in their periphery to smaller, creating two different crystal sizes (0.5
-0.8 and 0.1-0.3mm respectively) (Fig. 5). Bended and broken calcite lamellas of the initial crystals
are often observed.

These marbles are pure calcitic and only in some locations, Fe-oxides/hydroxides impregnations
are observed.

3.2 Pitsilota (flaked) marbles

Pitsilota marbles are mainly located in Koumaria and Eripia Tormanis areas.

It is the case of white to semi white calcitic marbles with grey to black elongated flecks which are
aggregates rich in Fe-oxides/hydroxides and relict organic material (Figs. 6, 7), (Πλουμής, 2009).

Usually, these flecks are discintiguous and spread but in some cases flecks of 15 – 20 cm in length
and 1 – 2 mm thick are even observed. According to the mineralogical study of these flecks, beyond
calcite, elongate aggregates of fine grain dolomite, relict organic material (amorphous – cryp-
tokrystalline graphite), pyrite, Fe-oxides/hydroxides, mica, quartz, albite, zircon, routile and apatite,
have been identified.

3.3 Rigota (stripped) marbles

Rigota marbles are mainly located in Kastania and Eripia Tormanis regions. They are semi white,
semi grey to grey calcitic marbles with contiguous white stripes of 0.5 – 3mm in thickness. (Figs.
8, 9). These white stripes consist of fine grained (0.2 – 0.4mm) calcite with 0.6-0.7% MgO . Along
the cores of some stripes occur ultra fine grained (0.05 – 0.1mm) dolomite aggregates (Fig. 10),
(Πλουμης Π., 2009). In some cases, along these stripes are observed evidences of slight deforma-
tion of the crystals.

In addition, in frame of late brittle tectonic, thin (1 – 3mm) shear zones are detected. Along them,
the calcite crystals are ultra fine grained (Figs. 11, 12). Along these zones with the ultra fine grained
material, some vestigial calcite crystals of the initial size with strongly bended lamellas can be seen
(Fig. 13). The macroscopic evidence of the shear zones is also a white stripe cross cutting the older,
contiguous white stripes (Fig. 11).

3.4 Loulooudata (flowered) marbles

They are located in the lower marble series, called as the Zoodochos Pigi series in the region of
Arapi. The main mass (matrix) is a white to semi white marble with inequigranular granoblastic
texture. Spread, separated, grey, big, idiomorphic monocrystals of calcite (Fig. 14) or aggregates of
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these crystals form shapes of flower or bunch of flowers spread in the white matrix (Πλουμης,
2009), (Fig. 15).Tthis commercial type of marble is named after thiw secondary creation “loulou-
data” (flowerd).

There have been found calcite monocrystals bigger than 5cm (Fig. 16) and even bigger, alongate cal-
cite aggregates. The aggregates consist either from elongate crystals in waved order (Fig. 17) or
from crystals with uneven contacts (sutured texture). All these crystals of the “flowers” are second-
ary formation of calcite which fill cavities due to the dilution of the carbonates. Previous and late
formations of dolomite and calcite have also been detected. (Fig. 17).
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Fig. 3: White marble of Arapi area. Fig. 4: Equigranular marble of Agathi – Tsekouri se-
ries (+Nic,, x2.5).

Fig. 5: Inequigranular marble of Zoodochos Pigi se-
ries (+Nic,, x2.5)

Fig. 6: Pitsilota  marble of Koumaria area

Fig. 7: Pitsila (fleck)  in pitsilota marble of Koumaria
area (//Nic., x5)

Fig. 8: Rigota marble of Er. Tormanis
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Fig. 9: The white stripe (dark in microscope image) of
Koumaria area (//Nic., x1.25).

Fig. 10: White stripe with ultra fine dolomite in the
core of the stripe (//Nic., x1.25).

Fig. 11: Sheared Rigota marble of Er. Tormanis. Fig. 12: Microscopic image of white stripe caused of
shear (//Nic., x2.5).

Fig 13: Initial size calcite crystals with bended lamel-
las in shear zone (detail of Fig. 12) (//Nic., x10). 

Fig 14: Calite monocrystal in louloudata marble of
Arapi area.



3. 5. Cipoline marbles

Thin bangs of cipoline marbles occur in the region of Koumaria. Their maximum thickness is 400m.

They are semi grey to grey, fine to middle grain equigranular and inequigranular calcitic marbles.
Long mica crystals (~ 5%), quartz, albite, pyrite, dolomite (in amounts in some locations), rutile, Fe
oxides/hydroxides and ankerite (Fig. 18) are the impurities (Πλουμής, 2009). The high percentance
of mica in this marble creates serious problems to the face and shine of the plates.

4. Conclusions -Results

According to geological, mineralogical, petrological, structural - textural, chemical and aesthetic
(colour, impourities) criteria, five (5) commercial marble types are being exploited in the south
Vermion mountain:

• The pure calcitic (99.5%) white marbles with inequigranular texture in the lower marble series,
called as the series of Zoodochos Pigi and inequigranular in the upper series, called as the series
of Angathi -TsekouriA. Some impurities of metallic oxides/hydroxides are localized in the bottom
and top of the lower marble series and locally in the upper marble series. 

• The calcitic, white to semi white pitsilota marbles of Angathi -Tsekouri series with grey to black
elongated flecks which are aggregates rich in Fe-oxides/hydroxides and relict organic material.
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Fig. 15: Louloudata marble of Arapi area. Fig. 16: Calcite monocrystal (+Nic,, x1.25).

Fig. 17: Elongate calcite crystals in waved order
(+Nic,, x2.5).

Fig. 18: Ankeritisation of calcite in the pyrite vicin-
ity of of Koumaria area cipoline marble.



• The calcitic, semi white, semi grey to grey rigota marbles with contiguous white stripes of 0.5 –
3mm thickness. These white stripes consist of fine grained (0.2 – 0.4mm) calcite with 0.6-0.7%
MgO. Wavy cross cutting white stripes of 1 – 3mm thickness are shear zones, creating undulation
forms to the striped marble. They occur in the Agathi – Tsekouri series.

• The, calcitic louloudata marbles with white to semi white, inequigranular granoblastic clcitic ma-
trix texture with spread, separated, secondary grey, big, idiomorphic, calcite monocrystals or ag-
gregates of these filling cavities after delusion of primary carbonates. This secondary creation
forming shapes of flower or bunch of flowers gives the name to this commercial type of marble
“louloudata” (flowerd) They occur in the lower marbles series (Zoodochos Pigi series). 

• The semi white, semi grey to grey, calcitic cipoline marbles of the Zoodochos Pigi series with im-
purities of more than 5%.

5. Note

This work is part of ongoing phd of Ploumis Panayiotis.
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Abstract

This study focuses on the quantification of asbestiform minerals in basic and ultrabasic rocks from
ophiolite suites of central and northern Greece. A combination of different methods were used for
the detailed investigation of the samples, conducted in the following stages: (i) petrographic exam-
ination of thin sections with a polarizing microscope, (ii) mineral phase analysis using X-ray dif-
fraction, (iii) determination of the fibrous mineral composition on polished thin sections using
scanning electron microscopy, (iv) image analysis of back-scattered electron images and secondary
electron images, to quantify the dangerous asbestiform crystals. SEM is proved to be the most pow-
erful tool for the detailed investigation of fibrous minerals, although polarized microscopy and XRD
are necessary tools for a preliminary identification of these minerals.

Basic rocks contain various amounts of actinolite, however not all crystals comprise asbestiform fi-
bres. A conspicuous feature observed during careful petrographic analysis is that many of the non-
asbestiform actinolite crystals are broken up along their cleavage planes. Rocks with such features
need specific consideration since these crystals may subsequently release numerous fibrous cleav-
age fragments during the production processes and in-service deterioration of aggregates. Among
the serpentinized ultrabasic samples, only one contains chrysotile, while the other samples contain
antigorite and lizardite.

Key words: asbestos, image analysis, ophiolitic rocks, petrography, scanning electron microscopy,
X-ray diffraction.

1. Introduction

The term asbestos (from the Greek “asbestos”= inextinguishable) is a general commercial-industrial
term used to describe a group of naturally occurring silicate minerals of fibrous or asbestiform habit.
These minerals can be divided into two basic groups: (i) the serpentines, which include only the as-
bestiform chrysotile and (ii) the amphiboles, which include the asbestiform varieties of actinolite,
tremolite, anthophyllite, crocidolite (riebeckite) and amosite (cummingtonite-grunerite). They have
been used since ancient times as raw materials for the production of a large variety of materials and
objects due to their exceptional attributes (high tensile strength, flexibility, chemical and heat re-

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 



sistance). The inherent properties of asbestos fibres appear to contribute to the toxicity of these min-
eral particles when lodged inside the human respiratory system (Stanton et al., 1981; Wylie et al.,
1993). Occupational exposures to asbestos have been linked to asbestosis, lung cancer, malignant
mesothelioma and various cancers of digestive tract (Mossman et al., 1990; Nolan et al., 2001; Con-
stantopoulos, 2008; Murray and Nelson, 2008).

Ophiolitic rocks may contain various amounts of asbestos minerals (e.g. Skarpelis and Dabitzias,
1987; Ross and Nolan, 2003; Rigopoulos et al., 2008). Chrysotile is usually the most common of
these minerals in ophiolitic rocks, since it is possible to be found in any type of serpentinized ultra-
basic rock, either as alteration product of olivine and/or orthopyroxene or as veins crosscutting the
rock. Basic ophiolitic rocks may also contain considerable percentages of amphibole asbestos fi-
bres, principally actinolite and/or tremolite, which represent alteration products of clinopyroxene
(e.g. Tsikouras et al., 2005; Rigopoulos et al., 2006).

Asbestos fibres are thin, needle-like crystals that may vary widely in diameter within the millime-
tre to micron range. The biologically more important so-called “critical” fibres are those with the fol-
lowing shape criteria: length ≥5 μm, diameter (width) ≤3 μm and length to diameter ratio (aspect
ratio, AR) ≥3:1 (World Health Organization, 1986). Asbestos crystals in ophiolitic rocks used as ag-
gregates for road construction, railway ballast, concrete and other applications, are particularly dan-
gerous for public health, since fibres of the above mentioned sizes may be released into the air during
in-service deterioration of aggregates, becoming dangerous for public health. In this study, the pro-
portions of asbestiform minerals were determined in basic and ultrabasic rock samples collected
from ophiolite suites of central and northern Greece, using a combination of different techniques.

2. Geological setting

Sampling was performed to the Guevgueli, Pindos, Vourinos and Koziakas ophiolites, which are
among the most well-known ophiolitic complexes of Greece (Fig. 1).

The Guevgueli ophiolite (Mercier, 1966; Bebien, 1982; Ivanov et al., 1987), occupies the northern
part of the “Innermost Hellenic Ophiolite Belt” (IMHOB) in Greece. It comprises a parautochtho-
nous, Jurassic complex, comprising gabbroic cumulates, diorites associated with plagiogranites, a
hypabyssal sheeted dyke complex and mafic lavas. Sampling was performed to the eastern part of
the ophiolite, in a sheeted dyke complex, which includes dolerites and minor gabbros.

The Pindos and Vourinos Jurassic ophiolites belong to the western Greek ophiolitic belt and are
thought to be continuous beneath the Cenozoic molasse of the Mesohellenic trough (Jones et al.,
1991; Rassios and Smith, 2000). Sampling was performed to the eastern part of the Pindos ophiolite,
in a well preserved sheeted dyke complex. This area has been further divided into three subunits,
which comprise the following lithologies (Rigopoulos et al., 2010): (i) dolerite and minor gabbro,
(ii) dolerite, (iii) pillow lavas and minor dolerite. In the Vourinos complex sampling was focused on
a dolerite exposure, located to the western part of the ophiolitic occurrences. Two types of dolerites
have been distinguished according to their macroscopic characteristics (Rigopoulos et al., 2010): the
first group displays significant amounts of chlorite (dark green-coloured), while the second is char-
acterized by the presence of actinolite in high percentages (pale green-coloured). Serpentinized ul-
trabasic samples were also collected from the mantle section of the Pindos and Vourinos ophiolites.

The Koziakas Jurassic ophiolite belongs to the western Greek ophiolitic belt and it was probably de-
veloped, together with the Pindos, Vourinos and Othris ophiolite suites, in the same marginal basin
volcanic arc regime in the Pindos ocean (Pomonis et al., 2005; Pomonis et al., 2007). Sampling was
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performed to the northern part of the ophiolite, which comprises mantle peridotites with various de-
grees of serpentinization. These are predominantly harzburgites and secondarily plagioclase-bear-
ing lherzolites.

3. Methods and results

3.1 Petrography

A preliminary qualitative analysis of thin sections with a polarized microscope was first accom-
plished in order to determine the general mineralogical and textural characteristics of the studied rock
types. Quantitative measure of the concentration of the constituent minerals was then carried out
using a point-counting system.

3.1.1 Basic lithotypes

Dolerites from the Guevgueli, Pindos and Vourinos ophiolites are fine-grained isotropic rocks with
subophitic texture (Fig. 2a). Laths of subhedral plagioclase and interstitial anhedral clinopyroxene
of augite composition comprise the subophitic groundmass. They are in general equigranular rocks
but locally become porphyritic, with subhedral to euhedral plagioclase and clinopyroxene phe-
nocrysts set in a fine-grained matrix with subophitic texture (Fig. 2b). Opaque minerals include var-
ious percentages of magnetite, pyrite and chalcopyrite. Titanite is also present in small amounts.
Secondary products are actinolite, chlorite, quartz, epidote and clinozoisite. Actinolite and chlorite
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Fig. 1: Simplified map showing the studied areas and the distribution of the ophiolitic outcrops of Greece and
neighbouring countries.



represent alteration products of clinopyroxene. Actinolite is found either as short prismatic or as fi-
brous, asbestiform crystals. Epidote and clinozoisite are detected as fine-grained alteration products
in saussuritized plagioclase and quartz crystals usually occupy spaces between the other grains,
however these minerals also fill veins crosscutting the rock (Fig. 2c). Additionally, calcite com-
monly fills veins in the Guevgueli and Vourinos dolerites. Another feature observed during the pet-
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Fig. 2: Photomicrographs (XPL) of the studied basic rocks: a) dolerite with typical subophitic texture (sample
PVN2a), b) plagioclase phenocryst in a fine-grained matrix with subophitic texture (sample G1), c) vein filled
with epidote (sample B4), d) actinolite crystals broken up along their cleavage planes (arrows indicate charac-
teristic fractures - sample PVN1b). Photomicrographs (XPL) of the studied ultrabasic rocks: e,f) cataclastic and
porphyroclastic texture in serpentinized harzburgites (samples VVDSR1 and KOZ2, respectively), g) ribbon
texture and h) preferred orientation of olivine grains in serpentinized harzburgites (sample PKZSR1), (Pl: pla-
gioclase, Cpx: clinopyroxene, Act: actinolite, Chl: chlorite, Ol: olivine, Opx: orthopyroxene, Serp: serpentine).
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Table 1. Mineralogical composition (in vol%) of the studied basic rocks (Pl: plagioclase, Cpx: clinopy-
roxene, Act: actinolite, Chl: chlorite, Qz: quartz, Ep: epidote, Cc: calcite, Op: opaque minerals).

Sample code/locality Pl Cpx Act Chl Qz Ep Cc Op

*G1/Guevgueli 44.3 15.6 11.9 12.4 1.9 7.1 1.4 5.4

~G2/Guevgueli 48.6 32.7 10.8 3.6 0.4 1.9 1.2 0.8

*PVN1a/Pindos 47.7 13.7 23.3 4.3 7.7 1.3 - 2.0

*PVN1b/Pindos 49.3 15.3 21.0 3.0 7.0 1.7 - 2.7

*PVN2a/Pindos 50.7 38.0 0.3 7.3 1.0 0.7 - 2.0

*PVN2b/Pindos 46.7 36.0 2.0 10.3 0.7 2.0 - 2.3

*B4/Vourinos 48.8 2.3 5.6 17.0 11.3 7.1 3.3 4.6

*B5/Vourinos 51.8 3.7 26.1 1.8 3.5 7.6 2.1 3.4

Table 2. Mineralogical composition (in vol%) of the studied ultrabasic rocks (Ol: olivine, Opx: or-
thopyroxene, Cpx: clinopyroxene, Pl: plagioclase, Sp: spinel, Serp: serpentine, Ox: oxides,
Tc: talc, Chl: chlorite, Tr/Act: tremolite/actinolite, Cc: calcite).

Sample code/locality Ol Opx Cpx Pl Sp Serp Ox Tc Chl Tr/Act Cc

*PKZSR1/Pindos 35.5 4.5 0.5 - 0.5 47.5 8.5 0.5 1.5 0.5 0.5

*VVDSR1/Vourinos 39.0 12.5 - - 1.0 38.0 9.0 - - - 0.5

~KOZ1/Koziakas 41.5 10.5 4.0 1.0 1.0 28.5 3.0 1.5 1.5 7.5 -

*KOZ2/Koziakas 47.0 16.0 - - 1.0 30.5 2.5 2.0 1.0 - -

Table 3. Mineral phases detected in the investigated rock samples using X-ray diffraction (Chl: chlo-
rite, Act: actinolite, Pl: plagioclase, Aug: augite, Qz: quartz, Ep: epidote, Cc: calcite, Mt:
magnetite, Tit: titanite, Lz: lizardite, Ant: antigorite, Chry: chrysotile, Fo: forsterite, En: en-
statite, Di: diopside, Sp: spinel).

Sample code/locality Mineralogical composition

G1/Guevgueli Chl, Act, Pl, Aug, Qz, Ep, Mt

G2/Guevgueli Chl, Act, Pl, Aug, Qz, Ep, Cc, Tit

PVN1a/Pindos Chl, Act, Pl, Aug, Qz, Ep, Mt

PVN1b/Pindos Chl, Act, Pl, Aug, Qz, Ep, Mt

PVN2a/Pindos Chl, Pl, Aug, Qz, Ep, Mt

PVN2b/Pindos Chl, Act, Pl, Aug, Qz, Ep, Mt

B4/Vourinos Chl, Act, Pl, Aug, Qz, Ep, Cc, Mt

B5/Vourinos Chl, Act, Pl, Qz, Ep, Cc, Mt

PKZSR1/Pindos Lz, Ant, Fo, En, Sp, Mt

VVDSR1/Vourinos Lz, Ant, Fo, En, Mt

KOZ1/Koziakas Lz, Ant, Chry, Fo, En, Act, Di, Sp

KOZ2/Koziakas Lz, Ant, Fo, En, Sp

(*harzburgite, ~: plagioclase-bearing lherzolite)

(*: dolerite, ~: gabbro)



XLIII, No 5 – 2717

rographic analysis, is that many of the actinolite crystals are broken up along their cleavage planes
(Fig. 2d). The percentages of the mineral phases are shown in Table 1.

Regarding the gabbroic rocks collected from the Guevgueli ophiolite suite, they have subhedral to
anhedral granular to ophitic texture, most commonly medium- to coarse-grained. Their primary and
secondary mineral phases are the same as those of the studied dolerites (Table 1).

3.1.2 Ultrabasic lithotypes

The studied ultrabasic rocks from the Pindos, Vourinos and Koziakas ophiolites include harzburgites
with various degrees of serpentinization and deformation. A sample of plagioclase-bearing lherzo-
lite was also collected from the Koziakas mantle section. These rock types mainly display cataclas-
tic and locally porphyroclastic texture (Figs 2e,f). The primary mineralogy of the harzburgites
comprises olivine, orthopyroxene (enstatite) with exsolution lamellae of clinopyroxene (diopside)
and disseminated spinel (Table 2). The plagioclase-bearing lherzolites also contain clinopyroxene
(diopside) and interstitial plagioclase (bytownite-anorthite). Olivine and orthopyroxene occur both
as porphyroclasts and neoblasts. Due to hydrothermal alteration, the primary minerals are trans-
formed into secondary products (olivine into hydrated associations of serpentine minerals, or-
thopyroxene mainly into bastite and talc, clinopyroxene into actinolite, tremolite and chlorite, and
spinel into ferrian chromite and magnetite). Some of the samples are crosscut by veins of calcite. The
areas occupied by serpentine usually display pseudomorphic mesh and ribbon textures (Fig. 2g)
(O’Hanley, 1996). Evidence of plastic deformation is shown in strained olivine and orthopyroxene
porphyroclasts, which display well-developed undulatory extinction and kink-bands. Intense defor-
mation results locally in a preferred orientation of the olivine grains (Fig. 2h).

3.2 X-Ray Diffraction

X-ray diffraction (XRD) is a widely used analytical technique for identifying minerals and charac-
terizing their crystal structure. It is generally a semi-quantitative method, although it is possible to
estimate the amounts of minerals present in a rock using complicated special procedures (Snyder and
Bish, 1989; Addison and Davies, 1990; Williams-Jones et al., 2001).

In the present study, XRD was performed on powdered samples in order to determine asbestos min-
erals. The weight percent of every mineral in a sample must typically be present in at least 2-3% to
be detected. Asbestos minerals (actinolite and serpentine in basic and ultrabasic samples respec-
tively) were detected in almost all samples (except for the dolerite PVN2a). Regarding the ultraba-
sic lithotypes, chrysotile was detected only in the plagioclase-bearing lherzolite (see Table 3).

3.3 Scanning Electron Microscopy

Scanning Electron Microscope (SEM) is of particular value in identifying asbestiform minerals,
since it allows much greater magnifications than polarized microscope and also allows semi-quan-
titative or quantitative chemical analysis of the imaged material. Hence, it is feasible to analyse and
record the length and diameter of individual fibres in any rock type. Elemental analysis of individ-
ual separated fibres is ordinarily semi-quantitative but is often sufficient for mineral identification.

Standard analytical methods for quantitative analysis of asbestos have been difficult to develop, pri-
marily due to the difficulty in standardizing the many operating parameters that are controlled in
SEM (Clinkenbeard et al., 2002). However, in this study the following procedure is proposed for the
quantification of asbestiform crystals:



• Elemental analysis of the constituent minerals – identification of the asbestiform mineral
phases.

• Imaging of the studied polished thin sections at several magnifications, depending on the
grain size of each lithotype (the images are equally distributed on each thin section). In this
study, two polished thin sections were investigated for each sample and six back-scattered
electron (BSEI) or secondary electron (SEI) images were acquired from each one.

• Measurement of the dimensions (length and diameter) of the fibrous and non-fibrous crystals
which belong to the group of asbestos minerals. The images were analysed using the Leica
QWin image analysis software.

• The measurements are statistically analyzed. This process includes: (i) discrimination of the
dangerous asbestiform crystals, which fulfil the shape criteria referred to the introduction,
(ii) calculation of the area occupied by the dangerous asbestiform crystals, (iii) calculation of
the total percentage (vol%) of the dangerous asbestiform crystals.

• Representative compositions of amphibole and serpentine from the investigated basic and ul-
trabasic samples are listed in Table 4. According to the classification of Leake et al. (1997),
the analyzed amphiboles from the Pindos, Vourinos and Guevgueli basic igneous rocks are
actinolite (Fig. 3). In the ultrabasic samples, chrysotile is not feasible to be detected by ele-
mental analysis due to its similar chemical composition with the other polymorphs of ser-
pentine (antigorite and lizardite).

The back-scattered electron images (BSEI) acquired for the basic igneous rocks indicated that acti-
nolite participates in various percentages. Among the collected rocks, samples B5, PVN1a, PVN1b,
G1 and G2 contain the highest percentages of actinolite, which is detected in various sizes. One
generation of larger crystals comprises non-asbestiform, short prismatic crystals and represents the
main percentage of actinolite (Fig. 4a-c). Locally, a second generation of asbestiform crystals is
present (Fig. 4b-d). It is also mentioned that specific areas of the polished thin sections are totally
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Fig. 3: Plot of the analyzed amphibole crystals from the studied basic rocks on their classification diagram
(after Leake et al., 1997).
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Table 4. Representative microanalyses of (a) amphiboles and (b) serpentines from the studied
basic and ultrabasic samples (-: below detection limit).

Sample G1 G2 PVN1a PVN1b PVN2a PVN2b B4 B5
Analysis 1 12 17 11 26 30 19 32

SiO2 55.90 55.70 52.45 52.03 52.97 52.79 54.02 55.79

TiO2 - - - - - - - 0.04

Al2O3 3.47 3.45 5.43 2.81 2.35 1.78 2.79 3.51

FeOt 14.25 15.90 16.46 25.03 10.56 14.89 15.75 15.80

MnO - - - 0.65 - 0.72 0.67 -

MgO 13.54 11.87 11.23 8.81 13.13 10.61 12.12 12.30

CaO 11.11 11.84 11.79 8.96 19.80 16.45 10.43 9.68

Na2O - - 0.73 - - - - 0.52

K2O - - - - - - 0.43 -

Cr2O3 - - - - - - - 0.25

Total 98.27 98.76 98.09 98.29 98.81 97.24 96.21 97.89

Structural formulae on the basis of 23 O and cat. sum-Ca-Na-K=13
Si 7.890 7.950 7.618 7.519 7.628 7.822 7.880 7.909

Al IV 0.110 0.050 0.382 0.479 0.372 0.178 0.120 0.091

Fe3+ - - - 0.002 - - - -

Ti - - - - - - - -

8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000

AlVI 0.470 0.530 0.548 - 0.027 0.133 0.360 0.495

Ti - - - - - - - 0.004

Fe3+ 0.280 - - 1.706 - - 0.419 0.479

Cr - - - - - - - 0.027

Mg 2.850 2.530 2.432 1.898 2.819 2.344 2.636 2.600

Fe2+ 1.400 1.900 1.999 1.316 1.272 1.845 1.502 1.395

Mn - - - 0.080 - 0.090 0.083 -

5.000 4.950 4.979 5.000 4.117 4.411 5.000 5.000

Mg - - - - - - - -

Fe2+ - - - - - - - -

Mn - - - - - - - -

Ca 1.680 1.810 1.835 1.387 2.000 2.000 1.630 1.470

Na - - 0.165 - - - - 0.143

1.680 1.810 2.000 1.387 2.000 2.000 1.630 1.613

Ca - - - - 1.055 0.611 - -

Na - - 0.040 - - - - -

K - - - - - - 0.038 -

- - 0.040 - 1.055 0.611 0.038 -

a.
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consist of dangerous, asbestiform crystals (Figs 4e f). The percentages of the latter were calculated
according to the procedure described above (Table 5).

All peridotite samples of this study contain significant amounts of serpentine, however only the pla-
gioclase-bearing lherzolite contains fibrous chrysotile. These crystals become identifiable only in

Table 4 continued.

b. Sample PKZSR1 VVDSR1 KOZ1 KOZ2

Analysis 15 10 14 1

SiO2 39.55 40.63 38.26 41.41

TiO2 - - 0.05 -

Al2O3 1.45 - 3.58 1.06

Fe2O3t 6.23 2.05 6.61 4.28

MnO 0.11 0.04 - 0.06

MgO 39.22 38.45 34.77 38.01

CaO - 0.08 0.03 -

NiO - - - 0.3

Cr2O3 0.17 - - 0.14

Total 86.73 81.25 83.30 85.26

Structural formulae on the basis of 28 O

Si 7.510 8.068 7.531 7.907

Ti - - 0.008 -

Al 0.324 - 0.830 0.239

Fe3+ 0.890 0.306 0.979 0.615

Fe2+ - - - -

Mn 0.018 0.007 - 0.010

Mg 11.102 11.382 10.203 10.819

Ca - 0.017 0.007 -

Ni - - - 0.046

Cr 0.026 - - 0.021

Table 5. Content of asbestiform actinolite crystals in the studied basic ophiolitic rocks (in vol%).

Sample code/locality
Asbestiform
actinolite (vol%)

Sample
code/locality

Asbestiform
actinolite (vol%)

G1/Guevgueli 0.10 G1/Guevgueli 0.04

G2/Guevgueli 0.05 G2/Guevgueli 0.07

PVN1a/Pindos 1.58 PVN1a/Pindos 0.12

PVN1b/Pindos 1.44 PVN1b/Pindos 0.97
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Fig. 4: Back-scattered electron images showing: a) short prismatic crystals of actinolite (sample B5), b,c) as-
bestiform and non-asbestiform actinolite crystals (samples PVN1a and G1, respectively), d) an area with sig-
nificant percentage of asbestiform actinolite (sample B5) and e,f) areas totally consisting of dangerous,
asbestiform crystals (samples PVN1b and B5, respectively), (Act1: non-asbestiform and Act2: asbestiform acti-
nolite crystals). Secondary electron images showing: g) a whole area and h) a vein occupied by asbestiform
chrysotile (sample KOZ1), (Chry1: non-asbestiform and Chry2: asbestiform chrysotile crystals).



secondary electron images (SEI) and they are detected either in areas occupied totally by serpentine
(Fig. 4g) or in veins crosscutting the rock (Fig. 4h). The calculated percentage of the dangerous as-
bestiform crystals of chrysotile in sample KOZ1 is 0.69 vol%.

4. Discussion

Various methods have been proposed for the quantification of asbestos minerals (e.g. Plater et al.,
1992; Schneider et al., 1998). In this study, a combination of different methods is proposed for the
detailed investigation of basic and ultrabasic ophiolitic rocks used as aggregates.

Polarized light microscopy (PLM) is the most familiar analytical technique to geologists, however it
considerably limits the lower limit of visibility of asbestos fibres. This method offers the ability to gen-
erally differentiate the non-asbestiform and asbestiform habits of a mineral (Clinkenbeard et al., 2002).
Using PLM, two types of actinolite crystals were detected in basic rocks according to their crystal
habit: asbestiform and non-asbestiform; however the percentage of the measured dangerous fibres
maybe underestimated, due to the existence of extremely fine, undetectable crystals. A conspicuous
feature observed during careful petrographic analysis is that many of the non-asbestiform actinolite
crystals are broken up along their cleavage planes. Rocks with such features need specific consider-
ation, since these crystals may subsequently release numerous fibrous fragments during the produc-
tion processes and in-service deterioration of aggregates (Rigopoulos et al., 2008). These cleavage
fragments may have a similar microscopic appearance to that of true asbestos fibres. On the other
hand, the potential existence of chrysotile in the ultrabasic samples was not possible to be designated.
This is in consistence with Schneider et al. (1998), who noted that PLM is unreliable for materials con-
taining chrysotile. In this study, a quantitative measure of the total percentage of actinolite and ser-
pentine in each sample was carried out using the point-counting procedure. This technique provides
relatively accurate and precise estimates of the asbestos concentration (Perkins, 1990). However, it
should be mentioned that although the total percentage of actinolite is a major determinant for the po-
tential danger of basic ophiolitic rocks used as aggregates, the total amount of serpentine in ultraba-
sic rocks is not considered to be of great importance. In the latter case, XRD and SEM analyses are
required in order to investigate the potential existence of asbestiform chrysotile.

XRD can be used to determine the mineral phases that are present in a sample; however it provides
no information about their crystal habit (Clinkenbeard et al., 2002). The dimensions of the fibres of
asbestos minerals is the main factor of health hazard, hence XRD patterns are not diagnostic for the
quantification of fibrous crystals. However, this method is useful for the determination of the asbestos
mineral type. In the present study, the XRD method indicated the presence of actinolite in basic
rocks. Among the ultrabasic samples, only the plagioclase-bearing lherzolite contains chrysotile,
while the other samples contain antigorite and lizardite.

SEM allows imaging and identification of much smaller fibres than PLM and it can be used to eval-
uate both the morphological and chemical composition of asbestiform minerals. Unlike PLM, the
ability of the SEM to utilize reflected energy for imaging, allows fibres adhering to other mineral
surfaces to be easily observed. The asbestiform crystals are clearly identifiable since high magnifi-
cations can be obtained. However, there is much difficulty in obtaining adequate images of unit fib-
rils (Clinkenbeard et al., 2002). In this paper, a simplified procedure is proposed for the quantification
of asbestiform crystals. BSEI or SEI images, depending on the mineral type, were acquired and an-
alyzed using an image analysing system. The fibres of chrysotile in the ultrabasic samples are iden-
tifiable only in SEI images. Statistical analyses of measurements of length, diameter and aspect ratio
of asbestos minerals led to the calculation of the amount of crystals with asbestiform habit occur-
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ring in the investigated ophiolitic rocks. As already mentioned, the investigated basic lithotypes con-
tain various amounts of actinolite, while among the ultrabasic samples only the plagioclase-bearing
lherzolite contains chrysotile. Nevertheless, none of these samples contains asbestiform crystals
over 1.6 vol%. In terms of chrysotile, it is mentioned that its chemical composition is similar with
that of antigorite and lizardite, thus it is obvious that chemical analysis by SEM may not be suffi-
cient for distinguishing the different polymorphs of serpentine. This discrimination is possible to be
made by determining the crystal structure. Although SEM analysis does not allow determination of
crystal structure, this information has been acquired using XRD.

5. Conclusions

Due to the possible adverse health effects of asbestos containing rocks used for construction pur-
poses, standardized procedures are required for determining low levels of asbestos in raw materials.
The method proposed in this paper is a combination of different techniques and is based on the in-
vestigation of various samples of basic and ultrabasic rocks from the Guevgueli, Pindos, Vourinos
and Koziakas ophiolites.

The low cost and widely available PLM analysis is very useful for a preliminary identification of as-
bestos minerals. The quantitative analysis of the mineralogical composition indicated that the basic
lithotypes contain various amounts of asbestiform and non-asbestiform actinolite crystals. A no-
ticeable feature observed during the petrographic analysis is that many of the non-asbestiform acti-
nolite crystals are broken up along their cleavage planes. This feature indicates that short prismatic
actinolite crystals may subsequently release numerous fibrous fragments during the production
processes and in-service deterioration of aggregates. In the ultrabasic samples, which contain vari-
ous amounts of serpentine, the potential existence of chrysotile was not possible to be designated.
Using XRD, it was found that only the plagioclase-bearing lherzolite contains chrysotile. This
method also verified the presence of actinolite in basic rocks.

A simplified method was proposed for the quantification of asbestiform crystals using SEM. Dur-
ing this procedure, BSEI or SEI images were acquired and analyzed using an image analysing sys-
tem. The fibres of chrysotile in the ultrabasic samples are identifiable only in SEI images. Statistical
analyses of measurements of length, diameter and aspect ratio of asbestos minerals led to the cal-
culation of the amount of crystals with asbestiform habit occurring in the investigated ophiolitic
rocks. The studied basic lithotypes contain variable proportions of actinolite, while among the ul-
trabasic samples only the plagioclase-bearing lherzolite contains chrysotile. However, none of the
collected rocks contains asbestiform crystals over 1.6 vol%. 

Considering the advantages and disadvantages of all the methods used in this study, it becomes clear
that the image analysis of SEM images is the most powerful tool for quantifying asbestos, although po-
larized microscopy and XRD are necessary tools for a preliminary identification of these minerals.
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Abstract 

Observations by the Visual Infrared Spectrometer instrument (VIMS) aboard the Cassini mission have
indicated the possible presence of CO2 ice on the surface on Titan, in areas which exhibit high
reflectance in specific spectral windows (McCord et al., 2008). Two of the bright spots of significance
are located within the Xanadu region – Tui Regio (located at 20°S, 130°W) and Hotei Regio (located
at 26°S, 78°W), and there is a further spot situated in proximity to Omacatl Macula (Hayne et al.,
2008). Explosive volcanic eruptions of a cryomagma containing H2O and CO2 are modelled for
several potential scenarios regarding entrained CO2 clathrates. The model yielded a range of values
corresponding to the fragmentation pressure in the lava conduit,  the velocity of the exploding
cryomagma, the height of the associated lava fountain and the potential distance covered by ejecta.
The results show that a single vent source does not possess the force required to cover an area
resembling Hotei Regio or Tui Regio. Therefore, we consider alternative origins: the area may have
been resurfaced by small CO2 grains resulting from multiple explosive eruptions emanating from a
zone of weakness (Hayne et al., 2008); the characteristics of the area are consequential of an eruption
of cryomagma with CO2 and NH3 components (McCord et al., 2008); or finally, long term seasonal
winds transferred small CO2 grains and distributed them within the limits of Tui Regio area.

1. A brief introduction to Icy Moons 

A significant proportion of the planetary bodies found within our solar system have been subject to ob-
servation, analysis, and mapping as well as classification, based on their characteristics.  These achieve-
ments were the result of observations dating from ancient times until the present day but were
accomplished predominantly through exploratory missions such as Voyager, Galileo, Cassini and many
more. The three aforementioned missions provided information about the moons of several planets
situated beyond the orbit of Mars. These ‘icy moons’ have distinctive characteristics, which are unique
in our solar system (Lorenz, 2006).

Icy moons are small celestial bodies whose surfaces are partially, if not principally, covered by ice.
They exhibit some features similar to planets (Johnson, 2004). Representative bodies of this cate-
gory include several satellites of Jupiter, Saturn, Uranus, Neptune (Fig.1). The most remarkable icy
moons are, respectively to the planets mentioned, Ganymede, Triton, Miranda and Titan with a va-
riety of size, composition and temperature (Johnson, 2004). In recent times, it has been confirmed
that the majority of satellites orbiting the outer planets have an icy appearance with a combined
structure of rock and H2O ice and/or NH3 ice and/or CO2 ice. It was thought that, due to the abun-
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dance of water ice, the geology of these bodies would be simple, or rather simpler than Earth’s;
however, subsequent images have shown complex surfaces with several notable morphological for-
mations. Furthermore, the composition as well as the structure of the surfaces of the icy moons is
dependent upon geological and geophysical factors (Johnson, 2004).

2. The Saturnian moons

Long-lasting investigations showed that one of the most fascinating characteristics of the Saturnian
icy worlds is their complex, dynamic and Earth-like geology. Intervent and layered plains, icy flows,
impact units, extensive ridges and grooves are the effects of endogenous and exogenous intense dy-
namic processes. On the surfaces of Titan and Enceladus, which geologically are the most interest-
ing satellites, these processes are expressed in the form of cryovolcanoes, geysers and tectonic
features. The activity of cryovolcanism on Titan can be described analogous to Earthy volcanism,
where methane, as a product of the volcanic activity, is the main component of Titan’s unique or-
ganic chemistry laboratory (Johnson, 2004). In particular, Titan’s atmosphere is mostly nitrogen but
there are also methane and many other organic compounds. The problem that arises regarding the
presence of methane on Titan is the source that feeds and maintains the surface as well as the at-
mosphere. On Earth today, it is life itself that refreshes the methane supply through the metabolism
of many organisms. On Titan there is no living life that could provide the satellite with methane as
a by-product, suggesting that there should be a reservoir of methane within Titan that interacts with
the atmosphere.

Methane outgassing from the interior or from the subsurface could constitute the missing reservoir
to explain the presence of gaseous methane in today’s atmosphere. On the southern limb of Ence-
ladus an impressive phenomenon of icy geysers is present. Instruments on the Cassini spacecraft dis-
covered these icy plumes during close encounters with Enceladus (Matson et al., 2007). They could
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be due to condensation of the vapor escaping from a water source and stream through the cracks in
the ice crust before heading into space and supposedly populate Saturn’s E-ring (Kempf et al., 2008).
Another moon that displays fascinating geological features is Iapetus, presenting a phenomenon
called ‘two-tone’ coloration due to intense color differences of the leading (dark) and trailing (bright)
hemispheres. The dark material is believed to be a residual product of the water ice evaporation on
the surface. The event that caused this could be the exposure to sunlight. Alternatively, thermal
anomalies after bombardment of micrometeorites that crossed Iapetus’s orbit emanating from Phoebe
could have caused the evaporation. Iapetus’s surface morphology is exceptionally interesting as it
presents a high equatorial ridge and impact craters with variety in size on both dark and bright sides.
The ridge is a unique geomorphological feature as it rises more than 20km above the plains and
consists of a complex system of parallel ridges, surrounding plains and isolated peaks (Porco et al.,
2005). Another Saturnian icy moon that is heavily bombarded and grooved, is Rhea (Wagner et al.,
2007). This moon geologically is similar to Dione and there are in both potential areas of past cry-
ovolcanic activity. Cassini’s spacecraft investigation implied that the level of active endogenic
process is extremely low, although the surficial features suggest a world that in the past was geo-
logically active similar to the present situation on Titan and Enceladus. The Saturnian moons sug-
gest unique areas of geological research due to their active interiors or/and their complex formed
surfaces. Almost every geological activity and feature present on Earth has so far been observed on
these fascinating worlds, acting more dynamically, creating extremely active and powerful systems.

3. Titan

Titan is the largest moon of Saturn and the second largest in the Solar System after Jupiter’s
Ganymede. It is primarily composed of rocky material and water ice and exhibits a variety of sur-
face formations such as mountains, lakes, craters, dunes and many more (Johnson, 2004). One of the
moon’s exceptional characteristics, that enhance its allure for exploration, is the existence of stable
bodies – lakes – of surface liquid (Stofan et al., 2007). Previous to this discovery, such features had
only been identified on Earth’s surface (Fig.2). The atmosphere of Titan is also unique, as it is the
only moon known to have an atmosphere with a greater density than that of Earth (Coustenis and
Taylor, 1999), and the only object that shows stable bodies of surface liquid (Stofan et al., 2006). Of
even more importance is the recent discovery of cryovolcanism as an outstanding characteristic of
Titan, as well as the possibility that the moon harbours a prebiotic environment rich in complex or-
ganic chemistry (Fortes et al., 2007).
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Fig. 2: Earth-like Titan (retrieved from NASA / Goddard Space Flight center).



Titan has been under detailed investigation for the past 17 years. Initially this was carried out by
NASA’s Hubble Space Telescope, which showed for the first time that an extensive bright continu-
ous land exists on the leading hemisphere. Likewise, observations using several land-based tele-
scopes shed light on additional information concerning the atmosphere and the surface (Coustenis
and Taylor, 1999). 

The most recent and crucial approach to Titan remains in commission – NASA’s Cassini-Huygens
spacecraft, on mission to the Saturn system. The data from instruments aboard this craft supplied in-
formation regarding Titan’s atmosphere, surface composition and structure (Fig.3) as well as con-
cerning the possible existence of evidence of life on this icy satellite (Lorenz and Mitton, 2008).

4. Geological processes on Titan

Titan’s surface demonstrates a variety of geological features and formations, which frequently con-
tain water ice or elements that render their presence particularly interesting. Chronologically the
surficial geological features are young as well as complicated and unique for a celestial satellite
(Mahaffy, 20005). Before 1997, several hypotheses predicted cryovolcanic activity, impact craters
and even large stable liquid bodies. Further to the data collected by the Cassini mission, these as-
sumptions were confirmed. In general, Titan’s surface appears to have smooth and rough areas of
various altitudes, which include volcanic features such as cryovolcanoes and impact craters that are
intermittently filled by atmospheric precipitations. In addition, the satellite exhibits topographic fea-
tures such as rims and edges and tectonic features filled with material by means of thermodynamic
processes (Johnson, 2004). These features and formations will be examined individually forthwith. 

Cryovolcanism: Cryovolcanism is considered to be one of the principal geological processes that
have shaped several of the icy moons’ surfaces. This activity can be described as ice-rich volcanism,
while the cryovolcanic ejecta is referred to as cryomagma. This volcanic melt appears in the form of
icy cold liquid and, in some cases, as partially crystallised slurry (Kargel, 1994). Cryovolcanic activity
on icy satellites presents a controversial scientific issue and interest within the scientific community
is ever increasing, almost certainly due to the postulation that cryomagma may be relevant to the for-
mation of prebiotic compounds (Fortes, 2000). As a pre-life indicator, prebiotic compounds can pos-
sibly be connected to, and considered as evidence for, the existence of extraterrestrial life (Lopes et
al., 2007). The composition of cryomagma is still unknown, due to the lack of in situ measurements.
The general opinion suggests that the composition of cryomagma on Titan is likely primarily a mix-
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Fig. 3: Huygens’s view of Titan’s surface from five altitudes (retrieved from NASA).



ture of water ice and ammonia (Lopes et al., 2007). Other theories suggest mixtures of a/ H2O and
(NH4)2SO4 (Mahaffy, 2005) and b/ H2O and CO2 (McCord et al., 2008). The icy moons on which
features of cryovolcanism have been identified are Europa, Ganymede, Enceladus and Titan. 

Geomorphology: Fluvial processes. The Cassini radar observations presented the fluvial features
and their flow directions on the Xanadu area of Titan (Fig. 6). The fluvial processes on Titan’s sur-
face present a major geodynamic activity that contributes to the satellite’s morphology.  This fluvial
network extends over 400km while it presents a dendritic morphology (Fig. 4). The dendritic net-
work drainage is the pattern formed by the streams, rivers and lakes in a particular ‘’watershed’’. In
this case incisions were not observed but a well-developed branching structure on both channels
(red and green circle) is present (Lorenz et al., 2008).

Aeolian processes: A sand dune is a semi-permanent accumulation of loose sand that forms in areas
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Fig. 4: Fluvial Network Dendritic drainages (Lorenz et al., 2008).

Fig. 5: Equatorial sand sea on Titan (Radebaugh, 2009).



where the wind tends to blow in one direction, at velocities high enough to move sand, across a land
surface that permits sand to amass in a regular and consistent form. The sand composition is possi-
bly a mixture of organic materials and ice grains (Radebaugh et al., 2008).

This geological phenomenon presents two kinds of linear features (Fig. 5). A Cassini Radar image
(8° S, 264° W) where dark linears are the sides of dunes facing away from the radar and bright lin-
ears are due to direct reflection of a radar-facing slope (Radebaugh, 2009).

5. Instrumentation

The visual and infrared mapping spectrometer is the primary instrument that brought evidence for
the CO2 presence on Titan’s surface. In the Cassini-Huygens mission, the visual and infrared map-
ping spectrometer was used for perform a multidisciplinary investigation of the Saturnian system in-
cluding the surface and atmosphere of Titan (Brown et al., 2004). Essentially, the observations were
made using techniques of spectroscopy (near-infrared imaging) and spectrophotometry (high speed)
(Brown et al., 2004).

6. Cryovolcanic Areas of Interest

6.1 Tui Regio

The Tui Regio, also referred to as ‘The Smile’ (Fig.6), is one of the areas where an anomalously bright
spot was observed, and therefore constitutes a component of the most reliable evidence yet obtained
concerning the presence of carbon dioxide on Titan’s surface. It is circa 150 km wide, extends 1500
km in an east-west direction and situated near 125° W 24°S (Barnes et al., 2006). Nelson et al. (2007)
suggest that this region may be associated with zones of fluctuating brightness while Hayne et al.
(2008) propose that the Tui Regio could be an active centre of cryovolcanism. The evidence stands that
the spectral reflectance in the 5μm window is compatible to CO2 (Barnes et al., 2006) while other
spectral images of candidate materials (ices) such as H2O and CH4 seems incompatible (Grundy et al.,
2002). Although the presence of CO2 on the surface has not yet been confirmed.

6.2 Hotei Regio

Other than ‘The Smile’ bright spot on Titan’s surface, telescope investigations and Cassini VIMS data
showed another bright spot, lying between the mid-latitude zone and the equatorial zone south of Xanadu
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Fig. 6: Titan’s possibly active cryovolcanic regions
(Barnes et al., 2006).



(110° W 15° S).  Hotei Regio (Fig. 6) extends over 450 km (N-S) and 400 km (W-E) (Barnes et al., 2006).
The region is particularly conspicuous as it is brighter than the whole area of Xanadu at all wavelengths,
especially those greater than 1.6μm (Roe et al., 2004). In addition, whilst the Keck Observatory imaged
this unusual feature on Titan’s surface at 2 μm, the VIMS team presented collected data through the use
of colour composites, demonstrating its striking bright characteristics. In the maps created by combin-
ing these colour composites, using data from the 5 μm atmospheric window, the feature of Hotei Regio
is bright red (Barnes et al., 2006).

7. Modelling

On Earth, the concentrations of different volcanic gases can vary considerably from one volcano to
the next. Typically, water vapour is the most abundant volcanic gas, followed by carbon dioxide and
sulphur dioxide. Other principal volcanic gases include hydrogen sulphide, hydrogen chloride, N2,
O2 and hydrogen fluoride (Rosi et al., 2003). Also, noble gases and helium from primordial Earth
degassing. A large number of minor and trace gases are also found in volcanic emissions. These in-
clude hydrogen, carbon monoxide, halocarbons, organic compounds, and volatile metal chlorides
(Bryson and Goodman, 1980). 

Fortes et al. (2007) suggest methane gas, carbon monoxide and nitrogen as possible volatile volcanic
gases candidates in Titan’s magma. In this study, employing a model that we named the ‘CO2 model’,
we suggest one more candidate – carbon dioxide. 

The presence of the ‘bright spots’ on Titan’s surface comprise the evidence that has generated the as-
sumption of CO2 as a component of Titan’s interior as well as the possible origin of cryovolcanism. The
modelling of CO2 imparts substantial amounts of data that, in combination with surface observation,
could show whether or not a possible cryovolcanic activity involving a mixture of CO2 and H2O could
have created the observed ‘’CO2 ice‘’ products. These data include; calculations of fragmentation depths,
possible velocities according to the amount of clathrates in the mixture, approximate calculations of the
maximum height reached by the lava fountain, and the distance at which ejecta could be deposited. The
results will contribute to the correlation of the mathematical data with the observation evidence present
on Titan’s surface. The identification of CO2 as a component of the surface will further our understanding
of the satellite’s composition and impose boundary conditions on its evolution. More specifically, such
research will provide a holistic overview of cryovolcanism and its role on Titan.

List of properties:

Equations: 

• P = ρgh (1) (P is the difference between the pressure and the initial pressure within the vol-
canic conduit)

• β-1 = [(ncRT)/mP]+[(1-nc)/ρH2O] (2) (Density of the bulk magma) 

• Vb = 1-β [(1-nm)/ρH2O] (3) (Bubble volume fraction) 

• (g h) = (Pf-Pv)/ ρcrust (4) (Potential energy change per unit mass of magma) 

• 0.5 uv
2 = (nmRT/m) ln (PF/PV) + ΔP [(1-nm/ρmagma)-1/ρcrust] (5) (Kinetic energy per unit mass)

• H = u2/2g (6) (Lava fountain height)

• d= u2sin (2θ)/g (7) (Total horizontal distance).

Using equations we have calculated the horizontal distance, d, that ejecta could cover after an eruption
for a range of velocities (Table 1). The angle of ejecta trajectory is considered in the range of 0-80° and
g is 1.354 m/s2. Plot 1 shows the trajectory of ejecta, which extrudes from an eruption with a velocity
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of 5.2 m/s – the slowest eruption velocity calculated for a potential eruption in the ‘CO2 model’.

9. Discussion and Modelling

The Visual and Infrared Mapping Spectrometer data suggesting the CO2 presence on the surface of Titan
(‘’bright-spots’’) generated the assumption of CO2 being a component of the satellite’s interiors and there-
fore the possible origin of cryovolcanism. Since exsolution of volatiles, mainly H2O and CO2 as well as
other volcanic gas species are common during volcanic activity on Earth we have used similar ‘’explo-
sivity’’ modelling to predict cryovolcanic activity results on Titan (Table 1) assuming a constant volume
fraction of exsolved CO2 and an increasing by 5 wt% amount of clathrate (which is a chemical substance

Table 1. Integral table with values resulted from all the possible scenarios

Dissolved CO2

clathrate scenarios

Volume Fraction of
exsolved CO2

Entrained
clathrates (wt%)

Fragmentation
depth (m)

Eruption velocity
(m/s)

Lava fountain
height (m)

0 0 0 0.00

0.75 44 0 5.2 9.82

0.75 50 6.25 12.5 57.85

0.75 55 22.93 24 213.02

0.75 60 44.31 35.2 457.80

0.75 65 46.56 39.3 571.45

0.75 70 64.43 48.3 862.12

0.75 75 90.06 58.6 1270.18

0.75 80 107.62 66.3 1625.65

0.75 85 111.56 70.8 1850.89

0.75 90 136.25 79.6 2338.90

Table 1 summarizes the results of the equations used after the appropriate processing in our model. 

List of properties:

CO2 Model            TITAN Values

Density of the crust 1000 kg/m3

Density of the cryomagma 1000 kg/m3

Density of CO2 gas
Molecular mass of CO2

1,87 kg/m3

0,044 kg/mol

Gas constant 8,314 kg/mol

Magma Temperature 273 K

Mass of Titan 1,345E+23 kg

Surface gravity 1,354 m/s2



consisting of a lattice of one type of molecule trapping and containing a second type of molecule).  This
‘’modelling of CO2‘’ imports substantial amounts of data that, in combination with surface observations,
could show whether or not possible cryovolcanic activity involving a mixture of CO2 and H2O could
have created the observed ‘’CO2-ice’’ products. These data include: calculations of fragmentation depths,
estimations of eruption velocities as well as the height of the lava fountain for every case scenario.

10. Conclusions

This study has focused on evidence from ‘Hotei Regio’ and Tui Regio, in order to correlate the data
provided from the ‘CO2 model’ with observed data, gathered via VIMS imaging. The variety of pos-
sible eruptions was limited because of restrictions on the likely cryomagmatic composition, since it is
doubtful that large quantities of ‘’CO2-ice‘’are present at the observed bright spots (Sotin et al., 2005).
Therefore, the results support a conclusion of rapid eruptions and ejecta that travels within a range of
9-24km (Appendix: Table A) from the vent. It is possible that the remaining area of Hotei Regio, which
extends approximately 400km in the latitudinal direction and 450km longitudinally (Barnes et al.,
2006), is covered by products of multiple episodic eruptions of cryomagma containing a mixture of NH3
and CO2 (Hayne et al., 2008). An alternative origin of the deposits could be provided by seasonal winds
that transport and disperse small CO2 grains within the area.

11. Future work

Since the ‘’Cassini-Huygens‘’ mission at Titan, interest in future missions has increased continuously.
Currently, the ‘’Cassini Equinox mission‘’ remains operational with frequent flybys over Titan. Future
flybys will bring in additional observations and spectral data from the VIMS instrument and also allow
a continuous observation of the bright spots, thus aiding interpretation of the current data. A potential
further extension of the Cassini mission will offer valuable supplementary data and observations on the
seasonal variations of Titan’s atmosphere and surface. As aforementioned, this will prove helpful in un-
derstanding the behaviour of ejecta resulting from a potential eruption and elucidate its relationship with
surface winds. Titan has so intrigued the scientific community that several other proposals for future mis-
sions have been made by scientists all over the world. Coustenis et al. (2009) suggest a new study of Titan
with a combination of two missions. The design of the Titan Saturn System Mission (TSSM), which will
study Titan as a system, is based on the scientific and technological achievements of the Cassini-Huy-
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Plot 1: Trajectory of extruded
ejecta and its path to the surface.



gens mission. It aims to investigate Titan specifically, by obtaining measurements that Cassini-Huygens
was unable to, via full close-up and in situ coverage over long periods of time (Coustenis et al., 2009).
The high-resolution coverage of the surface could provide valuable data of increased detail regarding
the presence of CO2 on the surface and the morphology of the CO2 products, such as flows or ejecta.
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APPENDIX

Table A. Horizontal distances of ejecta for angles 0-80° and several values of velocity range.
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Abstract 

Diatomite is a multifunctional industrial mineral, having commercial interest in the food/agricultural
and the construction sectors and also in environmental applications. Certain diatomite deposits
worldwide are used as absorbents and filtering media in industrial scale. In Greece, several types
of diatomaceous deposits (calcareous, clayey or amorphous phases-rich) occur in marine or lacus-
trine Tertiary basins. Bulk samples originated from western Macedonia, Thessaly and the islands of
Samos and Milos were characterized, tested and compared concerning their absorption ability
against olive mill wastes. The results of the current research show insignificant variations in the ab-
sorption ability of the tested Greek diatomites exhibiting equal or better behavior than some of the
commercially used absorbents, either diatomaceous, or clayey. Hence, the Greek raw materials
could find applications in the prevention of seashores and river banks pollution from the acidic
olive-oil wastes.

Key words: diatoms, olive-oil wastes, opaline silica, absorption, clay minerals.

1. Introduction 

Biogenic amorphous silica (opal-A) sedimentary deposits characterized as diatomaceous rocks or di-
atomaceous earth are represented by accumulations of diatom frustules, sponge spicules, radiolar-
ian cells and/or silicoflagellate skeletons. Besides opal-A, diatomaceous rocks may contain carbonate
and clay minerals, quartz, feldspars, micas and volcanic glass. 

The physical and chemical properties which make diatomite a multifunctional industrial mineral in-
clude its low density, high porosity, high specific surface area, abrasiveness, insulating properties,
inertness, absorptive capacity, brightness, and high silica content.

Almost all types of the diatomites have found industrial applications, utilized as chemicals, filter aids,
fillers, absorbents, construction materials, environmental protection, civil engineering, agriculture,
paint additives and catalysts. 

Current world statistics show that the absorption applications of diatomite are about 13% of their total
consumption (Crosley, 2002; Leahy, 2006). The last 50 years, clayey diatomite or diatomite-ben-
tonite/zeolite mixtures are used to absorb industrial liquid spills. The material is used as granules

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 

36 (5)



and/or powders of various grades. Sometimes the natural samples are calcined to increase the hard-
ness of the grains, to improve durability after absorbing a fluid, and to eliminate dust production.

In Greece, even though several diatomite deposits have been identified in the mainland and several
islands of the Aegean and Ionian seas, only one deposit located in SW Milos Island is accidentally
used as pozzolana, along with the interbedded tuffs (Fragoulis et al., 2002). 

During the production of olive oil, a large volume of waste water is generated and subsequently dis-
carded. It is estimated that in the Mediterranean Basin alone, OOW accounts 10-12×106 m3 each year
(Cabrera et al., 1996). OOW is considered one of the “heaviest” biomechanical byproducts mostly
due to its organic load, with Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand
(COD) that can reach up to 100 and 220 g/L, respectively (Stamatakis et al., 2009). 

Many different methods for the degradation of the wastes have been proposed, the majority of them
involving physicochemical and microbial treatment of the wastes (Niaounakis and Halvadakis, 2006;
McNamara et al., 2008).

Diatomite and bentonitic clays have been successfully used as absorbent of olive oil wastes (OOW)
(Al-Malah et al., 2000; Makri and Stamatakis, 2005; Stamatakis et al., 2009). More specifically,
Greek origin calcareous diatomite retains about 86% of the phenolic compounds present in the OOW,
whereas its ability to absorb the total dissolved salts is 82% and of the residual solid up to 74%
(Makri and Stamatakis, 2005). Diatomites also increase the originally acidic pH of these wastes. 

In general, the composition of the OOW varies according to the olive tree species, the harvesting pe-
riod, the maturity of the olives, the climatic conditions in the specific area, the machinery and the
technology of each olive processing plant is equipped (Borja-Padilla et al., 1990; Fiestas Ros de
Ursinos and Borja-Padilla, 1992).

According to literature data, the organic compounds may reach up to 18%, followed by inorganic
substances, mainly phosphates and potassium salts 2%, whereas 60% of the solids are sugars mainly
fructose and mannose (Niaounakis and Halvadakis, 2006).

The aim of the present paper is to characterize and test the OOW absorption capacity of diatoma-
ceous rocks originated from four Greek deposits, namely Kleidi-Florina [western Macedonia], Saran-
taporo-Elassona [Thessaly], Chora, Samos Island and Xylokeratia, Milos Island [Aegean Sea]. In
addition, a commercial pure diatomite sample was also tested and compared to the aforementioned
samples. The sample was collected from a processing plant of filter-aid diatomite, based at Albacete,
Andalusia Spain. The samples were also compared to literature data, in order to point out the suffi-
ciency significance of the Greek diatomaceous deposits in industrial applications as absorbents.

2. Materials and Methods

2.1 Geological data

2.1.1 Kleidi, Florina lignite basin, western Macedonia

In western Macedonia, the Komnina, Vegora and Klidi-Florina basins host commercial grade lignite
deposits of Upper Miocene age. Vegora deposit was mined in the past, whereas the Kleidi deposit
is currently mined, eventhough there are a series of technical problems. The Komnina deposit is not
exploited so far. In all three deposits clayey diatomite is developed as overburden. As a result, in both
areas Vegora and Kleidi significant quantities of mining wastes are exposed, which have specific
mineralogy and technical characteristics (Owen et al., 2010).
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The Kleidi area is part of a broader chain of Neogene basins in western Macedonia. The basin ex-
tends from southern Serbia, in a NNW-SSE direction, up to the hills of Kozani through the cities of
Florina, Amynteo and Ptolemais. The specific chain of basins is almost 100 km long and 15 - 20 km
wide (Ilia et al., 2009). 

Fe and Fe-Ca phosphates such as viviantite and anapaite occur, locally in abundance, in the quarry
faces as replacements of plant debris and leaves, and spherical faecal pellets <1cm in size respectively.

2.1.2 Sarantaporo-Elasson Basin, Thessaly

Upper Miocene clayey diatomite rocks with thickness of more than 100m occur near Giannota and
Lykoudi villages, north of Elassona town in Thessaly (Stamatakis and Koukouzas, 2001; Stamatakis,
2004). Bulk samples extracted from certain places of the basin have been tested for their suitability
as a pozzolanic additive and the production of lightweight aggregates (LWA) (Fragoulis et al., 2004).

The basin is part of the SE extension of the western Macedonian basins of Upper Miocene age and
is associated with the Drymos-Elassona Basin that lies southern and contains also clayey diatoma-
ceous rocks (Ilia et al., 2009).

Fe-Ca phosphates such as anapaite and mitridatite (surface samples) and Fe-phosphates such as vi-
vianite (borehole samples) occur in both basins in the form of organic material replacements (Sta-
matakis and Koukouzas, 2001). 

2.1.3 Samos Island, east Aegean Sea

Diatomaceous rocks (opal-A-rich) are present in the uppermost beds of the Late Miocene sedimen-
tary rocks of Mytilinii Basin, east Samos (Stamatakis et al., 1989). At lower stratigraphic levels di-
atomite has been transformed to porcelanite (opal-CT-rich) as a result of the action of diagenetic
alterations in a saline-alkaline environment. Most of the deposits are CaO-rich with medium silica
polymorphs content (25-40%) such as those of Chora, Mavratzei and Kokkari stratigraphic sections
(Stamatakis et al., 1989). Some of the Samos deposits were evaluated as cement additives and for
the production of synthetic wollastonite (CaSiO3), because of their mineralogical and chemical com-
position and sufficient reserves (Bedelean et al., 1998; Stamatakis et al., 2000)

The opal-A and opal-CT-rich beds overlie a porcelaneous limestone that is rich in opal-CT (Sta-
matakis, 1988). Greenish tuff up to 20m thick partially covers the opaline rocks (Stamatakis et al.,
1989).

2.1.4 Milos Island central Aegean Sea

Milos Island is located in the Central Aegean Sea, representing an active member of the South
Aegean Volcanic Arc. The substrate of the island is mainly composed of lavas and volcaniclastic
rocks. Diatomaceous rocks of Upper Pliocene through Lower Pleistocene age, ranging in thickness
from few centimeter up to ~20 meters have been located successively alternated and interbedded with
ash, pumice and lapilli tuffs in various parts of Milos, such as in Xylokeratia and Frago in the SW
coast, in Adamas Bay and in Alimia-Sarakiniko-Agia Irini located at the north coast of Milos. Some
of the deposits have been tested as pozzolanic additive, due to their dual yielding of reactive silica
phases, namely opal-A and volcanic glass (Fragoulis et al., 2002; Stamatakis et al., 2003)

In the active quarry of pozzolanic rocks, where dark-colored marlstone and lapilli tuffs are co-ex-
tracted with light grey pumice tuffs and yellowish-white diatomaceous rocks, two distinct snow-white
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diatomite beds with total thickness of 5m are developed. A black lava sill laterally penetrates the di-
atomite beds altering the amorphous opal-A to poorly crystallised opal-CT (Stamatakis et al. 2009).

2.2 Samples

2.2.1  Diatomaceous Rocks 

Four bulk diatomaceous rock samples of 70 kg each were collected from Kleidi-Florina, Sarantaporo-
Elassona, Chora-Samos and Xylokeratia-Milos. The Kleidi-Florina sample was extracted from the
currently exposed 30m thick overburden of the lignite deposit, located north of Kleidi village, the
Sarantaporo-Elassona sample was collected from currently developed trenches of 5m thick and 50m
long, about 1km west of Lykoudi village, the Samos sample was collected from a technical outcrop
up to 100m thick, ~ 1km north of Chora village, whereas the Milos sample is the thinnest among the
others, having a total thickness of ~3m and was extracted from the interbedded tuffs in the TITANs
Xylokeratia Quarry of Pozzolanas located in the SW part of the island, (Fig. 1). The Spanish sam-
ple is a very fine-grained snow-white industrial product that is widely used as filter-aid for filtering
of beer and oils.

2.2.2  Olive oil wastes (alpechin)

The OOW used in this experiment was collected from a three-phase centrifugal olive processing
plant (olive mill), located at Kyparissia, Messenia Prefecture, Greece. 

All samples were fine-grained and homogenous. Their colour varied according to their mineral con-
tent; the Samos and Milos samples being poor in common clays have off-white colour, whereas the
Kleidi and Sarantaporo samples are dark coloured due to their high clay minerals content.
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Fig. 1: The sampling sites (red diamonds)



2.3  Analytical Techniques

2.3.1 X-Ray Diffraction (XRD)

The mineralogy of two sieved fractions [<0.3mm and 0.3 to 1.7mm) of the crushed, milled [1min]
and homogenized diatomaceous rocks was studied by X-ray diffraction, on a Siemens Model 5005
X-ray diffractometer in combination with the DIFFRACplus software package. The diffractometer
was operated using CuKa radiation at 40 kV and 40 mA and employing the following scanning pa-
rameters: 0.020°/s step size. The raw files were evaluated by use of the EVA 10.0 program of the
Siemens DIFFRACplus-D5005 software package.

2.3.2 Scanning Electron Microscopy (SEM) 

SEM techniques were performed on a SEM-EDS JEOL-JSM5600. The SEM was performed on di-
atomite rock chips on a JEOL JSM-5600 microscope with an OXFORD LINKTM ISISTM energy dis-
persive X-Ray Microanalyzer. Conditions: Acceleration Voltage 20 KV, Beam current 0.5 nA,
Livetime 50 s, Beam diameter < 2 μm.

2.3.3 Chemical analysis and grain size

Chemical analysis by X-Ray fluorescence was performed on a XRF PHILIPS PW1010 XRF spec-
trometer and grain size measurements were performed by the SILAS granulometer at TITAN SA lab-
oratories, based in Kamari Viotia Cement Plant. 

2.3.4 Determination of oil absorption values

The absorption capacity of the samples was measured by a technique (oil absorption) followed by the
British Geological Survey analytical laboratories at Keyworth (Inglethorpe 1992). Through a burette
OOW is added drop wise to 1g of dry sample in a glass plate and mixed using a palette knife. The ad-
dition of oil ceases when a smooth paste is formed. The paste should spread without cracking or
crumbling and should only adhere to glass plate. The aforementioned method was scaled up in order
to simulate a semi-industrial trial trying the absorption capacity of up to 100g of dried raw material.
The absorption experiments were conducted on the same day of the OOW sample collection.

3. Results

3.1 Mineralogy

All samples studied contain, besides the crystalline constituents, an amorphous silica phase (opal-
A) as shown by the presence of a broad peak (hump) between 20o and 26o 2h in the X-ray diffrac-
togram. Sieving of the samples in two fractions (<0.3mm and 0.3 to 1.7mm) resulted to samples
with no mineralogical variation (Table 1). The main mineral phases of all diatomaceous rocks stud-
ied is the amorphous phase opal-A that is predominantly represented by diatom frustules of various
sizes and degree of preservation and secondarily by silicoflagellate skeletons and sponge spicules
(Fig. 2) (Stamatakis et al., 2009). 

The Kleidi-Florina deposit is characterized by its high non-expandable clay content and traces of
dolomite. The Sarantaporo-Elassona deposit has the most peculiar mineralogy as it contains ex-
pandable clays such as smectite and vermiculite, and also micro-particles of biogenic opal-A. 

The Chora-Samos deposit is characterized by its high calcite and aragonite content and the absence
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of clay minerals. Apart from traces of quartz, detrital minerals such as micas and feldspars are also
absent. The Xylokeratia-SW Milos sample is characterized by its relatively high feldspar and
saponite content and the presence of volcanic glass. All these minerals are most likely related to the
weathering and alteration of volcanic derived parent rocks. The Spanish sample, being pure di-
atomite, is almost exclusively composed of opal-A.

Conclusively, Samos and Florina deposits are the poorest in opal-content, whereas the Spanish sam-
ple is the richest.

3.2 Texture of the amorphous phases

SEM analysis of several chip samples from each deposit revealed the differences in texture and de-
gree of preservation of the diatom frustules and the other biogenic phases, a factor that might have a
significant role in their absorption ability. The major differences are the following:

• Opal-A in Sarantaporo-Elassona deposit is almost exclusively composed of cylindrical di-
atom frustules, whereas few layers contain disk-shaped diatom species. The degree of preser-
vation is high, as they retain their minute structure (Fig 2: A & B).

• The Kleidi-Florina deposit contains small amounts and sporadically disseminated disk-shaped
diatom frustules in a clayey matrix. The degree of preservation is good to medium (Fig 2: C
& D).

• The Xylokeratia-Milos deposit contains mostly broken diatom frustules and sponge spicules,
most likely due to their detrital nature in a near shore environment (Fig 2: E & F). 

Table 1. The main mineral phases in the diatomitic deposits.

O-A: opal-A, VG: volcanic glass, Cc: calcite, Dol: dolomite, Ar: aragonite, Qtz: quartz, Fld: feldspar, Chl:
chlorite, Sap: saponite, Ill: illite, Mc: muscovite, Ka: kaolinite, Sm: smectite, Ver: vermiculite. MJ: major,
MD: medium, TR: minor-trace component.
SMS: Samos, SRD: Sarantaporo-Elassona, KLF: Kleidi-Florina, MLS: Milos, SPN: Alba-cete, Spain.  Opal-
A and volcanic glass [amorphous phases] were distinguished by SEM analysis.

Sample Mineralogical Composition

O-A Cc/Ar VG Ver Chl Qtz Fld Ill/Mc Dol Ka Sm/Sap

SRD-1 MJ MD TR MD MD MD MD

SRD-2 MJ MD TR MD MD MD MD

KLF-1 MD MD MD MD MJ TR TR

KLF-2 MD MD MD MD MJ TR TR

SMS-1 MD MJ TR TR

SMS-2 MD MJ TR TR

MLS-1 MJ TR TR MD TR MD

MLS-2 MJ TR TR MD TR MD

SPN-1 MJ TR



XLIII, No 5 – 2745

Fig. 2: SEM images of the samples studied. The Sarantaporo-Elassona sample is very rich in cylindrical diatom
frustules [A, B]. Kleidi-Florina sample contains scattered diatom frustules in a clayey matrix [C, D]. Xyloker-
atia Milos sample contains reworked, broken diatom frustules and sponge spicules hosted in a glassy and clayey
matrix [H, F]. Chora-Samos is composed of disk shaped and boat-like diatom frustules that exhibit medium de-
gree of preservation [G, H]. 
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• The Chora-Samos deposit contains well preserved to intensely dissolved and broken disk-
shaped and boat-like diatom frustules, due to diagenetic alterations at the lowermost part of
the succession (Fig 2: G & H). 

3.3 Chemical analysis

Major element analysis of the studied samples (Table 2) reflects their mineralogical composition.
Hence, the carbonate minerals-rich sample of Samos has the highest CaO and LOI content. Alu-
mina represents small amounts of clay minerals present. Silica is mostly applied to the opal-A sil-
ica polymorph. The high iron content of Sarantaporo-Elassona, Kleidi-Florina and Xylokeratia-Milos
reflects their high amounts of clay minerals they contain. The higher MgO content of the Kleidi-Flo-
rina sample reflects its dolomite content. The highest alumina content of the Sarantaporo-Elassona
and the Kleidi-Florina reflects their high content of aluminosilicate minerals (Tables 1 & 2). The
chemically purest sample, concerning its total silica content is that of Albacete, Spain. The highest
amount of potassium recorded in the Sarantaporo-Elassona sample is attributed to the presence of
significant amounts of vermiculite and illite/muscovite. 

3.4 Absorption capacity

In general, in various applications diatomite is used in natural, calcined or flux-calcined form. For
absorption applications, diatomite is used in natural form and also calcined at temperatures from
400 up to 850oC (Georgiades and Stamatakis, 2010; Ilia et al., 2009).

After their characterization, all samples were tested for their efficiency to absorb olive-oil wastes.
Even though most of the currently used techniques grind the samples to obtain the <75μm fraction,
we tested the industrially used size fraction of 0.3mm to 1.7mm, as well as the fine residual that has
diameter <0.3mm. The samples absorption capacity was measured as described in Materials and
Methods. The apparent density of the absorbent, as well as the specific gravity of the olive-oil wastes
were measured and calculated respectively. The results are shown in Table 3.

Table 2. Major element chemistry of bulk samples of the diatomaceous rocks studied.

Sample SRD KLF SMS MLS SPN

Content%

Na2O 0.62 1.26 0.19 2.55 <0.1

K2O 2.58 1.93 0.23 0.82 <0.1

CaO 1.82 3.34 29.60 2.72 0.82

MgO 0.95 1.86 1.09 1.11 0.12

Fe2O3 8.08 8.90 0.65 5.80 <0.1

Al2O3 17.83 15.40 4.36 6.42 0.15

SiO2 61.11 63.60 36.84 70.83 95.85

LOI 7.37 3.78 26.62 9.50 3.20

Total 100.36 100.07 99.58 99.75 100.14
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4. Discussion 

As shown in Table 3 and Figure 3, the finest fraction of the samples [<0.3mm] has better absorption
capacity than the 0.3-1.7mm fraction of all the Greek samples studied. This experimental observa-
tion can be attributed to the lower apparent density of the samples, and hence to their higher poros-
ity. In Table 4 is pointed out the relation of the fineness of the particle sizes with the absorption
capacity, whereas the amount of the wastes absorbed from each sample are presented in Figures 4
and 5, where it is clearly shown the association of the absorption capacity with the apparent density
and the fineness of the sample. The higher absorption capacity of the finest fractions is due to both
the finest particles of the clay minerals and the diatom frustules present in the samples. However,
the highest absorption capacity of the Spanish sample is exclusively due to the diatom frustules ab-
sorption efficiency, as any clay or detrital minerals are practically absent.

Table 3. Technical characteristics of the samples studied and the olive-oil wastes.

Sarantaporo Spain Milos Samos Kleidi

Grain size [mm] <0.3 0.3-1.7 <0.3 <0.3 0.3-1.7 <0.3 0.3-1.7 <0.3 0.3-1.7

Absorbent

Mass [g] 27.5 34.0 4.6 25.7 28.4 29.1 34.5 40.2 36.0

Volume [mL] 49.5 51 31.0 50 50 50 52.5 53.5 46.0

Apparent Density
[g/mL]

0.56 0.67 0.15 0.51 0.57 0.58 0.65 0.75 0.78

Olive oil wastes

Volume [mL] 49.3 48.0 25.0 45.0 37.0 42.5 42.0 58.0 47.2

Mass [g] 50.2 48.9 25.5 45.8 37.7 43.3 42.7 58.7 48.9

Absorption %

v/v 99.6 94.2 80.6 90.0 74.0 85.0 79.8 109.7 92.5

w/w 182.5 144.0 551 178.4 132.7 148.5 124.0 146.0 135.8

Fig. 3: Absorption capacity v/v% (A) and w/w% (B) of the studied samples [1 & 2 = Sarantaporo fine and
coarse fraction, 3 =Spanish commercial sample [filter-aid], 4 & 5 = Milos fine and coarse fraction, 6 & 7 =
Samos fine and coarse fraction, 8 & 9 = Kleidi fine & coarse fraction].
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Fig. 4: Correlation between the apparent density and the absorption capacity of the samples studied.

Fig. 5: The relation of the fineness at <45μm passing grain size and the absorption capacity [<0.3mm fraction].

Fig. 6: Correlation of the Absorption Capacity of the nine samples measured [blue points] with literature data
[red and yellow points] obtained from testing on oil and water absorption of commercial and laboratory sam-
ples of clayey and/or diatomaceous rocks (Makri and Stamatakis 2005; Georgiades and Stamatakis 2010; Ilia
et al. 2009), Ediafilt kft – Hungary data sheet, 2009).
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A correlation of the absorption capacity of the samples studied with literature data obtained from test-
ing on oil and water absorption of commercial and laboratory samples of clayey and/or diatomaceous
rocks is presented in Figure 6 (Makri and Stamatakis, 2005; Georgiades and Stamatakis, 2010; Ilia
et al., 2009).

In general, the samples studied as olive-oil waste absorbents exhibit equal or even better behaviour
than the commercial or laboratory produced absorbents of reference oil and water, based on opal-A
and/or clayey constituents. This is an indicator that the Greek diatomaceous rocks either clayey or
calcareous might be tested in pilot-plant or an industrial scale to utilize them as industrial absorbents.

4. Conclusions 

The olive-oil waste waters Absorption Capacity of the Greek studied diatomaceous rocks, ranges
from 182.5% w/w to 124% w/w for Sarantaporo (<0.3mm) to Samos (0.3-1.7mm) samples respec-
tively. The Spanish sample being a high added value specialty used commercially as filter-aid, has
much higher absorption capacity. The higher absorption capacity of the Sarantaporo Elassona sam-
ple most likely is attributed to the predominance of expanded clay minerals that have high absorption
capacity such as smectite and vermiculite, and cylindrical diatom frustules in that sample, whereas
the other samples are richer in other clay minerals and/or detrital constituents and carbonates.

The given measurements indicate that all the examined diatomite bulk samples are appropriate for
use as absorption materials in an industrial scale. Literature data classifies as efficient absorbents
powder samples that have an efficiency to absorb up to 60-70% of their weight in liquid, hence the
samples studied are appropriate for such applications (Crosley, 2002).

A realistic price for such an industrial absorbent might be ~100$/tn. Hence techno/economic as-
sessment on certain diatomaceous deposits located close to olive-oil producing plants has to be car-
ried out [i.e. in Samos, Lesvos, Zakynthos Crete and Milos islands, and also in Thessaly and in
southernmost areas, where the major olive-oil industries and diatomaceous rocks have already been
located. The used material could be used in local brick-making factories as source of silica, alumina
and burnable matter. Trials on the efficiency of the diatomaceous rocks studied as absorbents of
cheese waste-waters are currently being in progress. 
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Table 4. Correlation of the fineness at <45μm passing grain size % and the absorption capacity
[<0.3mm fraction]

absorption w/w 182.5 551 178.4 148.5 146

Grain size  passing 45μm % 65 95.6 52,3 49 45.5
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Abstract 

Natural K-feldspars from igneous rocks have been examined by means of X-ray powder diffraction
(XRPD) and Fourier transform infrared (FTIR) spectroscopy in the spectral range 400-1400 cm-1,
where the Si-Al-O bonds exhibit the dominant vibrations. From the XRPD analysis three species
have been distinguished, i.e. microclines (3 samples), orthoclases (4 samples) and sanidines (3 sam-
ples); their unit cell parameters were calculated. The FTIR transmittance spectra of all samples
have common bands at 426, 463, 584, 604, 726 and 772 cm-1 and someadditional features. The spec-
tra of sanidine and orthoclase exhibit fewer and broader bands than the microclines’, especially in
the area 1000-1200 cm-1. The differences in their spectra are located in four bands. The bands at
around 536-538 and 646-648 cm-1 in the spectrum of microcline, are shifted at around 542-544 and
640-642 cm-1 in the spectrum of orthoclase and at around 546 and 636 cm-1 in the spectrum of sani-
dine. Four bands at 1010, 1050, 1090 and 1136 cm-1 in the spectra of microcline are substituted
with two quite broad bands at about 1030 and 1125 cm-1 in the spectra of orthoclase and sanidine.
These differences are attributed to different degree of Al-Si ordering in the structure of K-feldspars.

Keywords: microcline, orthoclase, sanidine, FTIR, XRPD.

1. Introduction 

One of the most common and well-examined mineral groups is feldspars. Several studies have been
carried out concerning their structure, with various methods as X-ray powder diffraction (XRPD) and
Fourier transform infrared spectroscopy (FTIR) and plenty of data have been produced (Barth, 1964;
Hovis, 1986; Harris et al., 1989, Kronenberg et al., 1996; Zhang et al., 1997). However, the major-
ity of the FTIR research has been focused on synthetic and/or single crystals. A small number of nat-
ural feldspar FTIR studies have been focused on single crystals and even fewer on powdered
material. In this paper, naturally occurring K-feldspars from igneous rocks of Northern Greece are
identified and classified with the X-ray diffraction techniques and their FTIR spectra are investigated.
The aim of this paper is to present the first results of a comparative XRPD-FTIR study of the struc-
ture (unit cell parameters) and FTIR spectra of the K-feldspars.

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. Materials and Methods

2.1 Samples 

The samples studied here are K-feldspars from various plutonic and volcanic rocks of Northern
Greece (Table 1).

The K-feldspars were separated from the mafic minerals of the igneous rocks using a Franz model
L-1 magnetic separator. Then, the K-feldspars were separated from the rest sialic minerals using the
Sodium Polytungstate (SPT) heavy liquid with a density of 2.58. Quartz, plagioclases and most of
the perthitic phase were sunk and all the floating material was pure K-feldspar including some mi-
croperthitic phase. In cases where zeolites were present their separation was succeeded with the SPT
heavy liquid having density 2.54. The grain size used for the separations was 100 to 150 μm. The
pure K-feldspar concentrates were prepared by grinding them in an agate mortar to a size less than
63 μm. Concentrates with grain size between 20 and 63 μm were used for FTIR analysis and con-
centrates with size less than 20 μm were used for the XRPD analysis.

Table 1. Classification of the samples.

Sample Origin Rock
Identification

based on XRPD

S 1 N. Almopia Latite Sanidine

S 2 Samothraki Rhyodacite Sanidine
sample BR-02

Koroneos and Christofides
(1985)

S 3 Samothraki Rhyodacite Sanidine
sample BR-03

Koroneos and Christofides
(1985)

O 1 Xanthi Granodiorite Orthoclase
sample 162 

(Christofides, 1977)

O 2 Xanthi Monzonite Orthoclase
sample 232 

(Christofides, 1977)

O 3
Maronia,
Komotini

Qtz Monzogab-
bro

Orthoclase
sample MR-62 

(Papadopoulou, 2002)

O 4
Maronia,
Komotini

Qtz Monzogab-
bro

Orthoclase
sample MR-74 

(Papadopoulou, 2002)

M 1 Elatia, Drama Bi Granodiorite P. Microcline
sample 162 

(Soldatos, 1985)

M 2 Kastoria
Hb-Bi Granodior-
ite

Microcline
sample TH-17

(Grigoriadou, 2001)

M 3 Sithonia
Two Mica Gran-
ite

Microcline
sample 100

(D’Amico et al., 1990)



2.2. X-Ray Powder Diffraction (XRPD)

XRPD patterns were obtained on a PHILIPS PW 1820/00 X-ray diffractometer of the Department
of Mineralogy-Petrology-Economic Geology, School of Geology, A.U.Th., equipped with a PW
1710 microprocessor and using PC-APD software. Operating conditions for all samples were 35 kV
and 25 mA using Ni-filtered CuKαave radiation. The 2theta (2θ) scanning range was between 3 and
63o and the scanning speed was 0.6o/min. Τhe identification of the samples was made using the
JCPDS-ICDD 2003 database. The calculations of the unit cell parameters (Table 2), as well as the
refinements were made with CHECKCELL software. Silicon was used as external standard. The
probability of Al-cation to occupy one of the T1 sites (t10+t1m) was calculated from Luth’s equation
(eq. 1) (Stewart and Wright, 1974).

(1)

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

For the FTIR analysis the sample was homogenized with KBr with a ratio 1:100 (1.8 mg of the sam-
ple was homogenized with 180 mg KBr). The mixture was pressed for 3 minutes at 4 tn and for 10
minutes at 7 tn using a hydraulic hand press in an evacuated die into a 13 mm pellet. The pellets were
dried at 110 oC for 48 hours just before the collection of the spectra to avoid taking the spectra of
the atmospheric water. The FTIR spectra in transmittance mode were recorded in the region of mid
IR (MIR, 400 to 1400 cm-1) and represent the average of 128 scans with resolution 2 cm-1 with a
PERKIN-ELMER FTΙR Spectrometer Spectrum1000 of the Solid State Physics Section, Physics
Department, A.U.Th. As a reference was used a pure KBr pellet weighted 180 mg.

3. Results

3.1. XRPD 

Representative XRPD patterns of the samples are presented in Fig. 1, their identification based on
the ICCD patterns and their calculated unit cell parameters are presented in Tables 1 and 2, respec-
tively. According to the XRPD patterns of the samples they are divided in three species: sanidines
(S1, S2, S3), orthoclases (O1, O2, O3, O4) and microclines (M1, M2, M3). It must be noted here
that in some samples a small amount of albite is observed. This is due to the concentration of albite
in a perthitic form. Perthitic and microperthitic textures were observed under the petrographic mi-
croscope in the studied samples. In a better look this amount is present in the samples which had mi-
croperthites whereas the samples with perthites present almost pure K phase. The cause is the grain
size of the samples during the heavy liquid separation. The rich-in-perthites particles were sunk but
the poor-in-perthites ones were floated and mixed with the pure K end-member phase.

3.2. FTIR

In the mid-FTIR spectra (400-1400 cm-1), the vibrations of Si and Al bonds with O in the structure
of minerals (Si-O, Si-O-Si, Si-O-Al, etc.) are mainly observed (Figs 2a, b, c).

The spectra of all samples (Figs 2a, b, c) present six common bands at around 426, 463, 584, 604,
726 and 772 cm-1 (Table 3). In the spectral region from 1000 to 1200 cm-1 there are two quite broad
bands, which in some samples appear to be split into four. The band at about 426 cm-1 in all sam-
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Table 2. Unit cell parameters of the examined samples calculated from the XRPD data.

Sample A(Å) b(Å) c(Å) α(o) β(o) γ(o) t10+t1m

S 1 8.3586 13.0021 7.1627 90.00 116.23 90.00 0.507

S 2 8.3661 13.0027 7.1620 90.00 116.29 90.00 0.501

S 3 8.4714 12.9891 7.1716 90.00 116.13 90.00 0.602

O 1 8.5546 12.9706 7.1737 90.00 116.02 90.00 0.663

O 2 8.5585 12.9680 7.1686 90.00 116.00 90.00 0.636

O 3 8.5412 12.9662 7.1683 90.00 115.99 90.00 0.638

O 4 8.5593 12.9838 7.1954 90.00 116.01 90.00 0.776

M 1 8.5230 12.8981 7.1940 90.39 115.88 88.85 0.964

M 2 8.5685 12.9452 7.2177 90.67 115.96 87.78 1.013

M 3 8.5571 12.9635 7.2172 90.73 115.93 87.75 0.969

Fig. 1: Representative XRPD patterns (S: sanidine, O: orthoclase, M: microcline, P: Perthite)

37 (5)



ples is attributed to the O-Si-O deformation (Iiishi et al., 1971; Matteson and Herron, 1993). The
band observed at about 463 cm-1 is due to the coupling of O-Si-O bending and the K-O stretching
vibrations (Iiishi et al., 1971; Matteson and Herron, 1993). The bands at about 584 and 604 cm-1 are
correlated to the O-Si(Al)-O bending vibrations of the three species. The bands at about 463 and 604
cm-1 appear as weak bands in all microcline spectra and as shoulders in all orthoclase spectra; in the
sanidine spectra they are hardly distinguished. The bands at 726 and 772 cm-1 are, respectively, at-
tributed to the Si-Al(Si) and the Si-Si stretching vibrations of the three species (Iiishi et al., 1971;
Matteson and Herron, 1993). Also, in all samples two broad bands in the spectral areas 1010-1050
cm-1 and 1090-1136 cm-1 occur. Besides the afore-mentioned common bands, each K-feldspar species
exhibits the following additional features: 

Sanidine 

The spectra of sanidines reveal two additional bands at around 546 and 636 cm-1, not present in the
spectra of orthoclases and microclines (Fig. 3, Table 3). The band at around 546 cm-1 is attributed
to the coupling between the O-Si-O bending vibration and the K-O stretching vibration, whereas the
band at 636 cm-1 corresponds to the O-Si(Al)-O bending vibrations (Iiishi et al., 1971; Matteson and
Herron, 1993). Two quite broad bands are observed at about 1030 and 1125 cm-1. These bands are
due to the Si-O stretching vibration and especially the band at 1030 cm-1 may, also, be attributed to
the Si(Al)-O stretching vibrations.

Orthoclase 

In the spectra of all orthoclases, the 546 cm-1 band appeared in the spectra of sanidines is slightly
shifted to lower wavenumbers at about 543 cm-1 (Fig. 3, Table 3). This band is due to the coupling
between the O-Si-O bending vibration and the K-O stretching vibration (Iiishi et al., 1971; Matte-
son and Herron, 1993). Concerning the 636 cm-1 band in sanidines, it is shifted to higher wavenum-
bers at about 640-642 cm-1 in the spectra of all orthoclase samples. This band is attributed to the
O-Si(Al)-O bending vibrations (Iiishi et al., 1971; Matteson and Herron, 1993). Additionally, there
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Fig. 2: FTIR spectra of the examined samples (S: sanidine, O: orthoclase, M: microcline). 
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Table 3. Observed frequencies (cm-1) of the FTIR spectra for sanidine, orthoclase and microcline
samples and their attribution.

Common Sanidine Orthoclase Microcline

426 O-Si-O deformation

463

coupling between 
O-Si-O bending

and K-O stretching
vibrations

536-
538

coupling between 
O-Si-O bending

and K-O stretching
vibrations

542-
544

coupling between 
O-Si-O bending

and K-O stretching
vibrations

546

coupling between O-
Si-O bending

and K-O stretching
vibrations

584
604

O-Si(Al)-O bending
vibrations

636
O-Si(Al)-O bending vi-

brations

640-
642

O-Si(Al)-O bending
vibrations

646-
648

O-Si(Al)-O bending vi-
brations

726
772

Si-Si(Al) and Si-Si
stretching vibrations

1010
Si(Al)-O stretching vi-

bration

1030
Si(Al)-O and Si-O

stretching vibrations
Si(Al)-O and Si-O

stretching vibrations

1050
Si(Al)-O stretching vi-

brations

1090
Si-O stretching

vibration

1125
Si-O stretching

vibration
Si-O stretching

vibration

1136
Si-O stretching

vibration



are two broad bands, one at about 1030 cm-1 attributed to the Si-O and Si(Al)-O stretching vibrations
and a second one at about 1125 cm-1 due to the Si-O stretching vibration.

Microcline

The spectra of microclines present a band at about 536-538 cm-1 (Fig. 3, Table 3) which is attributed
to the coupling between the O-Si-O bending vibration and the K-O stretching vibration and it is
shifted to lower wavenumbers than the bands in orthoclases and sanidines attributed to the same vi-
brations (Iiishi et al., 1971; Matteson and Herron, 1993). An inverse behavior presents the band that
is appeared at about 646-648 cm-1 in the spectra of microclines. This band is attributed to the O-
Si(Al)-O bending vibrations and is shifted to higher wavenumbers than the bands attributed to the
same vibrations in the spectra of orthoclases and sanidines (Iiishi et al., 1971; Matteson and Herron,
1993). Another important difference in the spectra of microclines is the presence of four sharp bands
in the region between 1000 and 1200 cm-1 instead of only two broad bands in the spectra of ortho-
clases and sanidines. The bands at around 1010 and 1050 cm-1 are both attributed to the Si(Al)-O
stretching vibrations. The broad band at around 1090 cm-1 and a sharper one at around 1136 cm-1 are
attributed to the Si-O stretching vibration (Iiishi et al., 1971; Couty and Velde, 1986).

4. Discussion

The basic structure of an alkali-feldspar consists of a three dimensional array of corner-sharing tetra-
hedra. Three of the four cation sites in their unit cell are occupied by Si-cation and the fourth by Al-
cation. The high temperature forms of KAlSi3O8, sanidine and perhaps orthoclase are monoclinic
(C2/m) and the low temperature form, microcline, is triclinic (CĪ). The K-feldspars rarely approxi-
mate the end-member composition and usually have a relatively high content of NaAlSi3O8. Al-
though K and Na form a continuous solid solution series at high temperatures, on slow cooling
unmixing takes place and the isomorphous series is destroyed. The solid solution is separated into
two phases, a K-rich phase and a Na-rich one. The new texture generated from this unmixing is
called cryptoperthitic, microperthitic or perthitic, depending on the size of the Na-rich areas. The new
Na-rich phase into the K-rich phase is called cryptoperthite, microperthite or perthite, respectively
(Deer et al., 1971; Smith and Brown, 1988). In some of the examined samples the presence of
perthite is obvious, as revealed by the XRPD analysis combined with the petrographical data. 

The infrared spectra of the investigated samples show quite common features. This observation is
in agreement with Laves and Hafner (1956), Hafner and Laves (1957) and Martin (1970) observa-
tion for the infrared spectra of alkali-feldspars. The low temperature microclines and consequently
highly ordered, show spectra with sharp and easily distinguished bands. On the other hand, the high
temperature and presumably disordered sanidines have spectra with much broader and fewer bands,
observed also by White (1974) and Moenke (1974). These aspects are correlated with the Al/Si dis-
order of the K-feldspars (Laves and Hafner, 1956; Hafner and Laves, 1957; Moenke, 1974). These,
also, are observed in the spectra of the examined samples. All of the sanidine spectra have broader
bands than the orthoclases and they have less and broader bands than the microclines.

All of the investigated samples present six common bands at 426 cm-1 (O-Si-O bending vibration),
584 cm-1 [O-Si(Al)-O bending vibrations], 726 cm-1 [Si-Si(Al) stretching vibrations] and 772 cm-1

(Si-Si stretching vibration). Of special interest and further investigation is the presence of two bands
at around 463 and 604 cm-1. In the spectra of microclines, these two bands appear as sharp and weak
bands. The spectra of orthoclaces present shoulders in the 463 and 604 cm-1, whereas in the spectra
of sanidines there is only an indication of the presence of these two bands. This behavior may be at-
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Fig. 3: FTIR spectra of representative samples of each species. The two vertical lines represent the exact po-
sitions of 542-544 and 640-642 cm-1 bands of orthoclase. Samples as in Fig. 1.

Fig. 4: a. First order-sensitive band versus t10+t1m. b. Second order-sensitive band versus t10+t1m. c. Ratio of
the first to second order-sensitive band versus t10+t1m. d. Frequency/frequency diagram, after White (1974),
showing the relation of the two sharp order-sensitive bands in the FTIR spectra of the samples. Data of the
open symbols from Hafner and Laves (1957) are plotted for comparison along with the investigated samples
(filled symbols).



tributed to the degree of ordering in the samples. Microclines, which present a good degree of or-
dering, exhibit sharper and distinct bands, whereas sanidines, which present the most disordered
structure of the K-feldspars, appear only indications of their presence. Orthoclases, an intermediate
phase, present shoulders in their spectra in these wavenumbers making certain their presence. Two
common but very broad bands in the range of 1000 to 1200 cm-1 are attributed mainly to the Si-O
stretching vibration.

The main differences in the spectra of the three species are the position of two bands that are shifted
and associated with the O-Si-O bending vibration. These bands are correlated with the degree of or-
dering in the feldspars (Hafner and Laves, 1957; Harris et al., 1989; Matteson and Herron, 1993).
The first order-sensitive band, appeared at around 546 cm-1 in the spectra of sanidines, is attributed
to the coupling of O-Si-O bending and the K-O stretching vibrations and is shifted to lower
wavenumbers at around 542-544 cm-1 in the spectra of orthoclases and at around 536-538 cm-1 in the
spectra of microclines. The second order-sensitive band is observed at around 636 cm-1 in the spec-
tra of sanidines and is attributed to the O-Si(Al)-O bending vibrations. This band is shifted to higher
wavenumbers at around 640-642 and 646-648 cm-1 in the spectra of orthoclases and microclines, re-
spectively. The plot of each order-sensitive band versus t10+t1m is presented in Figures 4a and b. In
Figure 4a it is observed that as the probability of Al-cation to occupy the T1 site increases, the first
order-sensitive band shifts to lower wavenumbers. The opposite trend is observed in Figure 4b where
the probability of T1 site to be occupied by Al-cation increases when the second order-sensitive
band shifts to higher wavenumbers. In Figure 4c is presented the ratio of the first to second order-
sensitive band versus t10+t1m. Increasing the t10+t1m, the ratio of these bands is decreasing. This ob-
servation is in agreement with the aspects of Hafner and Laves (1957), Harris et al. (1989) and
Matteson and Herron (1993). In Figure 4d are presented the two order-sensitive bands in a fre-
quency-frequency diagram. In the same diagram are presented data from natural K-feldspars from
Hafner and Laves (1957) to compare the samples from Northern Greece to K-feldspars of other ig-
neous rocks all around the world. The plot of the samples from Hafner and Laves (1957) is in agree-
ment with the results of the samples investigated in this paper.

From the diagram of Figure 4d it is concluded that the frequency/frequency ratio is higher in the most
disordered K-feldspars (sanidines), with the lowest t10+t1m, and lower in the most ordered ones
(microclines), with the higher t10+t1m. Orthoclases which are an intermediate form, have ratios in
between those of sanidines and microclines. 
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Abstract 

Zeolitic rock samples from South Xerovouni contain on average, 57 wt.% HEU-type zeolite, 6 wt.%
clay minerals, 3 wt.% mica (total of 66 wt.% microporous minerals), 19 wt.% feldspars, 10 wt.%
cristobalite and 5 wt.% quartz (total of 34 wt.% non-microporous minerals). Chemically the zeolitic
rock consists mainly of 69.9 wt.% SiO2, 13.2 wt.% Al2O3, 1.2 wt.% Fe2O3t, 1.0 wt.% MgO, 3.0 wt.%
CaO, 1.5 wt.% Na2O and 2.2 wt.% K2O. The zeolitic rock shows an average ammonia ion exchange
capacity of 150 meq/100g. HEU-type zeolite accounts for the most of the uptake ability, while clay
minerals and mica contribute to a relative small extent only. The uptake ability of the five zeolitic
rock samples showed positive correlations with the content of HEU-type zeolite as well as with the
total content of microporous minerals (zeolite + mica + clay minerals). Such materials could be
used in a wide range and scale of agricultural, aquacultural, and environmental applications.

Key words: zeolite, HEU-type, Xerovouni, CEC, mineralogy.

1. Introduction

Zeolites constitute a major class of crystalline hydrated aluminosilicate microporous minerals in-
cluding both natural and synthetic species (Breck, 1974). The crystalline framework of the zeolites
is based on a three dimensional network of (Si,Al)O4 tetrahedral and extra-framework alkali and al-
kaline-earth cations, which are loosely bound to the anionic charges within this framework structure
and can be exchanged for other cations, including H+. High quality natural zeolites have many ap-
plications in industry, agriculture and the environment (e.g., Merkle and Slaughter, 1968; Barrer,
1978; Mumpton, 1978; Pond and Mumpton, 1984; Gottardi and Galli, 1985; Dyer, 1988; Tsitsishvili
et al., 1992; Misaelides et al., 1993; Holmes, 1994; Ming and Mumpton, 1995; Misaelides et al.,
1995a,b; Filippidis et al., 1996; Godelitsas et al., 1996a,b; Filippidis and Kassoli-Fournaraki, 2000;
Bish and Ming, 2001; Kantiranis et al., 2002; Filippidis, 2008; Filippidis et al., 2008, 2009). The
great majority of these applications employs their cation exchange capabilities and involves the re-
placement of the existing extra-framework cations with other cations from the surrounding envi-
ronment. Due to the favourable ion-exchange selectivity of natural zeolites for certain cations, these
minerals have been studied for potential use in the treatment of nuclear, municipal and industrial
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wastewaters and acid mine drainage waters. It is of economic importance that natural zeolites are
used in their natural state so that expensive purification is avoided. 

Zeolite-bearing rocks occur in a variety of geologic settings; mostly as alteration or authigenic min-
erals, low temperature-pressure minerals in metamorphic systems, secondary minerals in weather-
ing zones or in vein-deposits. Commercially interesting zeolites are presently limited to authigenic
and alteration settings in finely crystalline sedimentary rocks (Mumpton, 1978). Zeolites are wide-
spread in Greece and clinoptilolite is the most common type (e.g., Tsolis-Katagas and Katagas, 1989,
1990; Stamatakis et al., 1996; Filippidis and Kassoli-Fournaraki, 2000; Kantiranis et al., 2002).
Clinoptilolite is a high silica member of the heulandite group of natural zeolites and occurs in abun-
dant and easily mined, sedimentary deposits in many parts of the world (Mumpton, 1988). The com-
position and purity of natural clinoptilolites and therefore their physicochemical properties vary
widely between deposits and may even vary within the same deposit (Mercer and Ames Jr, 1978;
Kassoli-Fournaraki et al., 2000). 

The present study investigates the relationship between the mineralogy and the uptake ability of
HEU-type zeolite-bearing tuffs from south Xerovouni, Avdella, Evros, Hellas. 

2. Geological setting

The Metaxades upper Eocene zeolite-bearing volcanoclastic sediments belong to the Orestias Ter-
tiary molassic basin of the northeastern Thrace in Greece. This meta-Alpine basin has an elongated
shape and extends into Bulgaria. It is dominated by sediments of Eocene to Pleistocene age, de-
posited uncomfortably on the crystalline basement of the Rhodope massif. In the investigated area
(Fig. 1) the formations recognized are (Koutles et al., 1995): Eocene formations consisting of: a)
breccias-conglomerates (10-15 m thick), which lie uncomfortably upon the metamorphosed base-
ment. Their composition is phyllitic, gneissic, amphibolitic, quartzitic or andesitic; they display a
grading from coarser to finer fragments upwards, b) gray siltstones (~100 m thick) with psammitic
and marly interlayers, c) mostly semi-loose sandstones (40-50 m thick) of varying grain-size, in-
cluding very thin clayey interlayers, d) white to pale gray, yellow or green zeolite-bearing volcani-
clastic tuffs (20-25 m of visible thickness) conformably deposited on the sandstones or siltstones; a
thin layer of gray marl is discernible on the upper part of the tuffs, e) loose white-yellowish marly
limestone (510 m thick) and f) limestone (less than 30 m thick) rich in fossils. Oligocene formations
of relatively great thickness, unconformable deposited on the Eocene formations. They consist of
gray clays, red-yellowish sandstones, white-yellow siltstones and interlayers of marly limestone.
Quaternary sediments of varying thickness, deposited over all previous formations. The complete se-
quence of the above formations is not always present in all sites of the basin. One or more forma-
tions may be locally absent due to tectonic activity, erosion or not deposition. In the broader area,
two main visible faults and several fractures have been observed.

3. Materials and Methods

Five zeolitic tuff samples were taken from South Xerovouni of Avdella-Metaxades area (Fig. 1), in
order to determine their mineralogical and chemical composition, petrographic characteristics, and
uptake ability. The samples were studied in their bulk form, ground (<125 μm) and homogenized.
Samples for mineralogical and chemical analyses were ground further in an agate mortar, while thin
sections were prepared for microscopic study. Chemical analyses of samples were carried out by
AAS on a Perkin Elmer 5000 spectrometer equipped with a graphite furnace. 

XLIII, No 5 – 2763



XLIII, No 5 – 2764

Fig. 1: Geological map and samples locations (modified, Koutles et al., 1995).



The mineralogical composition of the samples was determined by X-ray Powder Diffraction (XRPD)
method. The XRPD analysis was performed using a Philips PW1710 diffractometer with Ni-filtered
CuKα radiation on randomly oriented samples. The counting statistics of the XRPD study were: step
size: 0.01° 2θ, start angle: 3°, end angle: 63° and scan speed: 0.02o 2θ/sec. Quantitative estimates
of the abundance of the mineral phases were derived from the XRPD data, using the intensity of cer-
tain reflections and external standard mixtures of minerals (Kantiranis et al., 2004).

In order to determine the sorption ability of each zeolite-rich sample, the samples were treated with
1M ammonium acetate (NH4OAc) aqueous solution, according to the AMAS method (Bain and
Smith, 1987). Approximately 125 mg of each <125 μm sample was added to a centrifuge tube with
10 mL of the 1N NH4OAc solution. The suspensions were well shaken, agitated for 24 hours, and then
centrifuged. The clear liquid was discarded and the NH4OAc-saturation procedure repeated 9 times,
adding fresh 10 mL of NH4OAc solution each time. After the completion of the 10-day NH4OAc-sat-
uration, the excess NH4OAc was washed with 10 mL of 99% isopropyl alcohol, well shaken, and
centrifuged. The clear supernatant liquid was discarded and the procedure repeated five times. The
samples then were dried in room temperature. Following the NH4OAc saturation, the NH4

+ ions re-
tained by the zeolite-rich samples, are converted using a strong base to NH3 and analysed by an am-
monia electrode. The NH3 concentration was determined using an Orion potentiometric ammonia
gas electrode combined with a Jenway 3045 pH/mV/ion analyser. Each air-dried NH4

+-saturated sam-
ple was placed in a 100 mL Pyrex beaker containing a Teflon covered stirring bar. Deionised nitro-
gen-free water (50 mL) was added and the solution was stirred to suspend the sample. The electrode
was immersed into the suspension taking care to prevent entrapment of air under the concave tip. By
addition of 0.5 mL of 10M NaOH, the NH3 measurements were taken at constant level achievement.
The electrode calibration was performed daily using ammonium calibrating solutions of 10, 100 and
1000 ppm provided by Jenway and hourly using the 10 ppm ammonium solution.

4. Results and Discussion

The study of the thin sections show the presence of zeolite, mica (biotite), clay minerals (mainly
smectite), feldspars, quartz and amorphous material (Fig. 2). Also, were recognized glass shards, i.e.
sites of altered volcanic glass, which consist from outer to inner of clay minerals and fine zeolite crys-
tals (Fig. 3). 

The semi-quantitative mineralogical composition (wt. %), the total micro-porous mineral content (wt.
%) and the uptake ability of all samples are presented in Table 1. The major mineral phase present
in the studied samples is found to be HEU-type zeolite, with percentages varying from 42 wt.%
(sample X1) to 67 wt.% (sample X4), with an average amount of 57 wt.%. These results are in good
agreement with previous studies on the zeolitic tuffs of Metaxades Area, which report an average
amount of 58 wt.% in HEU-type zeolite (Marantos et al., 1989; Tsirambides et al., 1989, 1993; Tsir-
ambides, 1991; Filippidis, 1993; Misaelides et al., 1994a,b, 1995a,b; Koutles et al., 1995; Symeopou-
los et al., 1996; Haidouti, 1997; Tserveni-Gousi et al., 1997; Sikalidis, 1998; Yannakopoulos et al.,
1998; Vlessidis et al., 2001; Filippidis and Kassoli-Fournaraki, 2002; Katranas et al., 2003; Pa-
padopoulos et al., 2004; Filippidis and Kantiranis, 2005; Kantiranis et al., 2006; Filippidis et al.,
2007). In minor amounts plagioclase (5-21 wt.%), K-feldspar (4-19 wt.%), cristobalite (3-17 wt.%),
quartz (3-8 wt.%), micas (3-4 wt.%) and clay minerals (4-11 wt.%), were also determined. The total
percent of micro-porous minerals (zeolite + micas + clays minerals) vary from 49 wt.% (sample
X1) to 75 wt.% (sample X4), while feldspars + quartz + crystobalite constitute the non-microporous
content of the samples varying between 25 wt.% (sample X4) and 51 wt.% (sample X1).
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The chemical compositions of the zeolite-bearing rock samples are presented in Table 2. All sam-
ples contain high amounts of SiO2 varying between 69.24 wt. % (sample X1) and 70.63 wt.% (sam-
ple X4). The Al2O3 content measured from 12.12 wt. % (sample X4) to 14.57 wt. % (sample X1).
Low amounts of TiO2, MnO and Fe2O3T were also found. The total percentage of oxides of the ex-
changeable cations Mg, Ca, Na, and K vary between 6.84 wt. % (sample X4) and 9.11 (sa-mple X1)
with a mean value of 7.75 wt.%. These cations mainly came from the zeolite framework, but also
high amounts of feldspars and /or micas + clays may affect their content, especially in sample X1.
Loss of ignition varies between 6.07 wt.% (sample X1) and 9.42 wt.% (sample X4).

The chemical formula of the HEU-type zeolite in the studied area, calculated from microprobe analy-
ses of prior studies (Tsirambides et al., 1993; Koutles et al., 1995; Kantiranis et al., 2006) is
Ca2.1K0.5Mg0.3Na0.3Al6.3Si29.9O72·18.9H2O.

The measured uptake ability varies between 111 meq/100g (sample X1) and 176 meq/100g (sam-
ple X4), with an average value of 150 meq/100g for all five samples (Table 1). This value is in very
good agreement with the theoretical value of 152 meq/100g calculated taking in considerations the
mineralogical composition of the samples and the theoretical ion exchange capacity values of clinop-
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Fig. 2: Representative microphotograph of the studied samples. Qz=Quartz, M=Mica (biotite), F=Feldspars
(Nicols +).

Fig. 3: A glass shard (white line). H=HEU-type zeolite, Cl=Clay minerals (Nicols //).
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tilolite (254 meq/100g, Mumpton, 1977), smectite (100 meq/100g, Deer et al., 1992) and biotite (25
meq/100g, Deer et al., 1992).

The comparison between the mineralogical composition and the uptake ability, results in positive cor-
relation between the uptake ability and the wt.% composition in zeolite and total micro-porous min-
erals. The correlation coefficients were found 0.99 and 0.95 respectively (Figs 4 and 5). 

Table 1. Semi-quantitative mineralogical composition (wt.%) and uptake ability (meq/100g) of the
South Xerovouni samples.

Sample Χ1 Χ2 Χ3 Χ4 Χ5 Average

HEU-type zeolite 42 62 52 67 59 57

Micas (Biotite) 3 3 4 3 4 3

Clay Minerals 4 6 11 5 5 6

K-Feldspars 19 8 9 6 4 9

Plagioclases 21 8 9 6 5 10

Quartz 8 3 4 3 6 5

Cristobalite 3 10 11 10 17 10

Micro-porous minerals 49 71 67 75 68 66

Uptake ability 111 164 143 176 156 150 

Table 2. Whole rock chemical analyses (wt.%) of South Xerovouni samples.

Sample Χ1 Χ3 Χ4 Average

SiO2 69.24 69.91 70.63 69.93

TiO2 0.08 0.10 0.07 0.08

Al2O3 14.57 12.81 12.12 13.17

Fe2O3t 1.25 1.30 0.92 1.16

MnO 0.09 0.09 0.11 0.10

MgO 0.89 1.22 0.92 1.01

CaO 2.75 2.89 3.33 2.99

Na2O 2.47 1.21 0.90 1.53

K2O 3.00 1.98 1.69 2.22

L.O.I.* 6.07 8.63 9.42 8.04

Total 100.41 100.13 100.10 100.23 

*LOI=Loss of Ignition



The measured uptake abilities gives the opportunity of utilizing the studied South Xerovouni zeolitic
tuffs in a wide range of environmental applications, such as: improvement of drinking water, purifi-
cation of municipal and industrial wastewaters and wastewater treatment units, conversion of sewage
sludge and manure to odourless fertilizer, oxygen enrichment of aqua, fishery and fish breeding for
production of healthier food, soil amendment, odour control and gas purification and drying systems.
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Fig. 4: Correlation of HEU-type zeolite content vs uptake ability of South Xerovouni samples.

Fig. 5: Correlation of total micro-porous minerals content vs uptake ability of South Xerovouni samples.



5. Conclusions 

Five zeolitic tuff samples were taken from South Xerovouni of Avdella-Metaxades area, in order to
determine their mineralogical and chemical composition, petrographic characteristics, and uptake
ability. The major mineral phase present in the studied samples is found to be HEU-type zeolite,
with an average amount of 57 wt.%. In minor amounts plagioclase, K-feldspar, cristobalite, quartz,
micas and clay minerals, were also determined. The total percent of micro-porous minerals (zeolite
+ micas + clay minerals) vary from 49 to 75 wt.%, while the non-microporous content between 25
and 51 wt.%. All samples contain high amounts of SiO2 varying between 69.24 and 70.63 wt. %. The
Al2O3 content measured from 12.12 to 14.57 wt. %, while low amounts of TiO2, MnO and Fe2O3T
were also found. The total percentage of oxides of the exchangeable cations Mg, Ca, Na, and K vary
between 6.84 and 9.11 wt.% with a mean value of 7.75 wt.%. These cations mainly came from the
zeolite framework, but also high amounts of feldspars and /or micas + clays may affect their con-
tent. Loss on ignition vary between 6.07 and 9.42 wt.%. The measured uptake ability varies between
111 and 176 meq/100g, with an average value of 150 meq/100g for all five samples, showing a pos-
itive correlation with the zeolite and total micro-porous minerals content. 
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Abstract 

This paper reports, for the first time, the occurrence of an ash layer intercalated within the Plio-Pleis-
tocene lacustrine deposits near Xylokastro area, North Peloponnesus, Greece. Petrographic and geo-
chemical characteristics of the ash layer are the basis of this study. An attempt was made to correlate
the present findings to the reported data from other ash deposits. The composition of the ash bed showed
a dacitic to rhyolitic calc alkaline suit. The geochemistry of the volcanic ash indicates high crustal con-
tamination of the lava and points to an origin from the northwest part of the Aegean volcanic arc.

Key words: Volcanic ash, glass shards, pumice, traces element geochemistry, tephrostratgraphy,
western Aegean Volcanic Arc, Greece.

1. Introduction 

Tephrochronology in its original sense is the use of tephra layers as time-stratigraphic marker beds
to establish numerical or relative ages (Lowe et al., 2002). Tephra layers have been described and
studied in Greece.

Because tephra beds provide essentially instantaneous chronostratigraphic marker horizons, or
isochrons, that can be correlated between sites independently of radiometric dating, they provide a way
of circumventing the various interpretative difficulties associated with radiocarbon dating very recent
(last millennia) archaeological and paleoenvironmental (natural) sites. Because tephra deposits are
found in both archaeological and natural sites, they have the capacity for linking such sites in an un-
ambiguous manner unparalleled by other dating or correlative techniques (Lowe et al., 2000).

Identification of distinct tephra horizons in regions not traditionally associated with tephrochrono-
logical research has considerably extended the geographical distribution of some tephras, thus em-
phasizing the potential of using such time-parallel marker horizons for correlation of sequences on
a wide scale (e.g., Turney et al., 2004).

In Northern Peloponnesus, Greece, a series of Upper Pliocene through Quaternary rocks have been
deposited on a Mesozoic substrate (Koutsouveli et al., 1989). Recently, a volcanic ash layer has
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been identified by the authors, hosted in clayey rocks and sandstone of Upper Pliocene to Lower
Pleistocene age, located close to the eastern slopes of the Koutsa block (Place et al., 2007).

Volcanic ash beds of 4cm thick have been reported in Quaternary offshore deposits, north of the
studied area (Cramp et al., 1989). Volcanic ash/tephra layers/beds have been found in sedimentary
rocks of the same age in several places in eastern Mediterranean Region (Keller et al., 1978; Vinci,
1985; Stamatakis, 1995; Stamatakis et al., 2001). The majority of the Late Neogene to Recent tephra
layers has their origin as either the Campanian volcanic area, or the eastern extension of the Hellenic
Arc (Keller & Ninkovitch, 1972; Richardson & Ninkovitch, 1976). The aim of the present paper is
to characterise the newly found volcanic ash and to consider any genetic relationship with the vol-
canic centers of the region.

1.1 Geological setting

The studied area is part of the Gulf of Corinth rift, which has undergone N-S extension strain, from
Late Miocene through Late Quaternary (Fig. 1) (Armijo et al., 1996; Lykoussis, at al., 2007; Bell et
al., 2008). Steep extensional faults (40°–50°) crop out south of the gulf, in northern Peloponnesus,
mainly trending E–W, which clearly controlled the morphology of the two rift-shoulders (Sorel
2000, Place et al., 2007). The rift was created in two phases, a proto-rift stage that is well developed
in the eastern part and a younger rift stage that is mostly developed in the western part (Ori, 1989). 

On the Mesozoic substrate of the area which belongs to the Pindos Geotectonic Zone, clastic sedi-
ments of fluvial, lacustrine and marine origin have been deposited, having Upper Pliocene – Lower
Pleistocene age (Koutsouveli et al., 1989; Doutsos and Piper, 1990). The Upper Pliocene lithos-
tratigraphic succession is mainly composed of conglomerates, sandstones, claystones/mudstones
and locally sandy marls up to 600m thick (Fig. 2). In general, the lowermost part of the deposits is
more fine-grained, whereas sandstone and conglomerates predominate upwards. 

The volcanic ash bed is located in the lower part of the 600m thick clastic succession, having 400m
overburden sandy marls and conglomerates of the Reithio-Dendro formation (Koutsouveli et al.,
1989) (Fig. 3 & 4).

2. Materials and methods

Five samples from the volcanic tephra horizon were collected from an outcrop of 15m X 50m (Fig.
2) for geochemical and mineralogical analyses. To identify the mineralogy of the host rock, five
more representative samples of overlying and underlying sandstone and claystone have been col-
lected. The sample XLK1 is the stratigraphically uppermost among the studied samples.

Grain size analyses of the bulk ash layer were performed using the sieves of 450, 320, 224, 80, 40
and 32μm. Bulk Mineralogical analysis was carried out by using an X-Ray powder Diffractometer
of Siemens D-5005 type, with copper tube and graphite monochromatographer. The mineralogical
phases were determined by using computer and the software of SOCABIM Company (DIFRAC
PLUS 2004, EVA ver. 10) and the files of JCPDS, at the laboratories of the NKUA, Faculty of Ge-
ology and Geoenvironment.

Major and trace element chemical analysis of the bulk volcanic ash samples was implemented by
ME - XRF06 (major elements) and ME - MS81 (trace and rare earth elements) methods in the lab-
oratories of ALS Chemex Labs, Saskatchewan, Canada. Primitive mantle normalized ratios were cal-
culated from the values of Sun & McDonough (1989).
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Fig. 1: Location map of the volcanic ash
layer (rectangular red). Simplified regional
geotectonic map of the eastern Mediter-
ranean. The main volcanic centres of South-
ern Aegean Volcanic Arc [SEVA] are shown.

Fig. 2: Lithological column of the sedi-men-
tary succession that hosts the vol-canic ash-
bed, Xylokastro area, Corinth.

Mineralogical, and a petrographic/scanning electron microscope survey for the volcanic ash compo-
nents, i.e. glass shards, pumice particles and feldspars was performed in thin sections, using optical
microscope and scanning electron microscope at the laboratories of the NKUA, Faculty of Geology
and Geoenvironment. The scanning electron microscope was a JEOL JSM-5600 equipped with Ox-
ford Link ISIS 300 Energy Dispersive microprobe analytical system. The beam current was 0.5nA and
diameter 2μm. SEM and microprobe analysis were performed on slides as well as on natural samples. 
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3. Results 

The XRD analysis revealed that sandstone is mostly composed of quartz, feldspars and calcite,
whereas mudstone and claystone contain variable amounts of calcite, quartz, feldspars, smectite,
and mixed-layers. The volcanic ash bed is mostly composed of amorphous phase as it is determined
by its characteristic hump at 20-26o degrees. Other components that occur in minor or trace amounts
are: feldspars, mostly sanidine and anorthoclase, calcite and quartz (Table 1). 

The grain size distribution in the bulk ash layer is presented in Fig. 5. Chemical analyses of the vol-
canic ash samples revealed that they are composed primary of silica (55.80-60.74%) and alumina,
(14.42-15.74%). Iron and alkalies occur in minor amounts, whereas Mg and Mn occur in trace
amounts (Table 2a & b). The Harker plots (Fig. 6) shows the variation of the composition of the

Fig. 3: The ash-bed hosted in the claystone host rock.
Note the tectonic deformation of the bed, due to neo-
tectonic manifestations. Scale in inches.

Fig. 4: A closer view of the 10cm thick ash bed show-
ing bedding of off-white to dark grey layers.

Table 1. XRD mineralogical analysis of the volcanic ash bed and the host rock, Xylokastro area,
Corinth

Description VG Fl Qtz Cc Chl ill-sm

XLK-1 sandstone MD MJ MD

XLK-2 claystone MD MD MD MD MD

XLK-3 claystone just above ash MJ MD MD TR

XLK-4 volcanic ash MJ MD TR TR

XLK-5 (2) volcanic ash MJ MD TR

XLK-6 (1) volcanic ash MJ MD TR TR

XLK-7 volcanic ash MJ MD TR

XLK-8 volcanic ash MJ MD TR

XLK-9 claystone just below ash MJ MD MD TR

XLK-10 mudstone MD MD MD MD MD

Explanatory notes: VG=volcanic glass, Fl=anorthoclase and/or sanidine, Chl=chlorite, ill-sm=illite-smectite,
Cc=calcite, Qtz=quartz, MJ=major constituent, MD=medium constituent, TR=minor/trace constituent
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Fig. 5: Grain size distribution in the Xylokastro volcanic ash bed. 

Fig. 6: Harker plots for the major elements, of the Xylokastro volcanic ash bulk samples and glass showing the
variations in their composition. (The empty cycles represent the bulk sample compositions and the full cycles
the glass microprobe analyses).
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Fig. 7: Classification of the feldspars from the Xylokastro vol-
canic ash layer.

Table 2a. Major element analyses of bulk samples
from Xylokastro tephra layer.

Sample XLK1 XLK 1W XLK2 XLK3 XLK4
SiO2 57.18 60.34 55.8 60.74 60.19
TiO2 0.36 0.3 0.33 0.3 0.3
Al2O3 14.84 15.5 14.42 16.11 15.74
Fe2O3 2.14 1.78 2.66 1.75 1.83
MnO 0.06 0.07 0.07 0.07 0.07
MgO 1.01 0.62 0.98 0.53 0.62
CaO 5.86 3.57 6.28 3.56 3.96
Na2O 3.07 3.43 2.95 3.56 3.42
K2O 1.94 1.96 1.83 2.14 2.03
P2O5 0.088 0.07 0.083 0.096 0.085
LOI 13.10 11.40 13.40 10.95 11.45
Total 99.65 99.04 98.80 99.81 99.69

Table 2b. Trace element analyses of bulk samples
from Xylokastro tephra layer.

Sample XLK1 XLK 1W XLK2 XLK3 XLK4
Ba 650 670 560 660 680
Rb 91.7 75.4 93.7 83.3 80.6
Sr 353 324 387 390 342
Y 18.6 16.5 18.5 16.5 15.3
Zr 307 347 299 337 337
Nb 32.4 36.2 31.6 35.5 35.3
Th 88.1 87.5 89.6 86.6 79.2
Pb 125.5 136 123.5 137.5 137
Ga 21.9 23.2 20.6 21.8 22
Zn 56 49 56 46 49
Cu 21.4 11.1 23.4 9.6 11.5
Ni 56.3 28.8 59.9 19.3 28.4
V 36 29 36 26 28
Cr 39 19 33 9 17
Hf 9.6 10.9 9.4 10.6 10.6
Cs 37 40.3 35.7 39.6 39.4
Sc 3.3 2.1 3.2 1.6 1.9
Ta 1.56 1.72 1.54 1.73 1.73
Co 7.2 4.5 7.5 3.5 4.4
Li 22.6 12.8 21.8 11.5 12.2
Be 11.95 13.55 11.5 13.2 13.1
U 21.3 22.3 20.6 21.7 21
W 11 12.7 10.5 12.3 12.2
Sn 3.4 3.9 3.4 3.7 3.6
Mo 7.87 8.32 7.3 7.36 7.39
La 86.1 71.3 91 70.3 63.6
Ce 145.5 127 150 125.5 113.5

Th/U 4.14 3.92 4.35 3.99 3.77
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Fig 8a: SEM images of the Xylokastro ash bed: Glass shards. Note the fineness of the particles [size <20μm].

Fig. 8b: SEM images of the Xylokastro ash bed: Pumice and feldspar fragments [left image]. The particle size
of both components is higher than that of the glass shards.

Table 3. Representative microprobe analyses of volcanic glass particles.

Table 4. Representative microprobe analyses of feldspars from the ash layer.

Analysis S4 S7 X10 X11 X6 X7 X8 X9
SiO2 68.77 71.59 69.26 69.04 68.68 69.43 71.07 69.65
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.30
Al2O3 17.95 14.89 16.25 16.85 17.00 16.48 16.46 17.00
FeO 1.75 1.98 1.69 2.08 2.60 1.51 1.12 1.55
CaO 0.85 1.10 1.02 0.88 0.88 1.08 0.99 1.04
Na2O 3.69 3.83 5.00 4.40 4.35 4.44 3.57 3.73
K2O 2.00 1.42 1.78 1.74 1.49 2.06 1.80 1.73
Total 95.01 94.81 95.00 94.99 95.00 95.00 95.01 95.00

Analysis S10 S12 S13 S5 S6 S9 X5 X5A
SiO2 69.04 66.45 62.89 67.55 69.06 68.73 68.73 69.87

Al2O3 17.64 19.63 17.99 17.98 17.62 17.12 17.98 17.1
FeO 0.00 0.00 4.11 0.00 0.00 0.87 0.00 1.88
CaO 0.00 1.45 8.46 0.86 0.00 0.00 0.61 1.15
Na2O 4.86 4.87 3.38 5.11 4.86 3.67 4.56 5.56
K2O 8.46 7.60 1.17 8.49 8.46 9.56 8.12 4.08
Total 100.00 100.00 98.00 99.99 100.00 99.95 100.00 99.64
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Fig. 9: Geochemical discrimination dia-grams for the Xylokastro volcanic ash bulk samples and glass: a. TAS
classification diagram (Middlemost, 1994), b. SiO2 - K2O binary classification diagram of Pecerillo & Taylor,
(1976), c. AFM ternary classification diagram of Irvine & Baragar, (1971). A.: Na2O+K2O, F: FeOt, M: MgO,
d. R1-R2 binary classification plot (De la Roche et al, 1980). The empty cycles represent the bulk sample com-
positions and the full cycles the glass microprobe analyses.

Fig. 10: The Xylokastro ash-bed [red circles] in the Zr vs. SiO2 systematics (after Seymour et al., 2004).



Xylokastro volcanic ash bulk samples and glass for the major elements. The higher CaO values in
the bulk samples is most likely due to trace amounts of calcite (Table 1), but mainly to an early crys-
tallization of Ca- and Mg-rich mafic minerals in the melting lava. This suggestion is supported by
the simultaneous negative trend of MgO versus SiO2 (Fig. 6).

The study of the samples by SEM presented good sorting, without any evidence of compaction and
restricted transportation, as there is no abrasion evidence on grains, fragmentation of glass shards.
The diatom frustules that rarely occur in the ash bed retain their minute structure, being preserved
unbroken. Microprobe analyses of volcanic glass particles and feldspar crystals are shown in Tables
3 & 4 respectively. The classification of the feldspars of the samples is presented in Fig. 7. showing
that the dominant feldspar is sanidine and also the presence of anorthoclase and plagioclase. The
SEM-EDS observations suggested slight alteration of both the glass shards and the pumice particles
(Fig. 8a & b). The common alteration sequence detected, is the following: 1) etching on glass-grain
surfaces 2) formation of silica spheres and quartz overgrowths 3) precipitation of very thin, individual
flakes of illite-smectite on glass shards or development of illite-smectite aggregates filling pores 4)
formation of Fe-oxides rim along cracks and in voids 5) alteration on plagioclase crystals. The glass
fractions consist of shards, bubble wall fragments and micro-particles of pumices. Glass shards show
typical conhoidal fracture and different particle shape. Many shards exhibit characteristic U- and Y-
shapes (tri-cuspate) that have resulted from disruption of highly vesicular pumices that were formed
where three bubbles were in close proximity. Other shard derived of double –concave plates that
formed the wall between two adjoining bubbles, whereas some particles are angular and lenticular,
or highly vesicular. The vesicles, spherical or elongated, have been arranged in groups and in some
cases they are curved.

4. Discussion and Conclusions

Mineral and chemical composition is used in the description of volcanic ash deposits. Description
of particle size and shape as well as the types of vesicles are also used in ash petrography. The type
of material present in volcanic ash is a function of a) the kind of source rock emitted, b) the modi-
fication by transport and contamination during transport or deposition c) the alteration processes
(devitrification and/or weathering).
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Fig. 11: Trace element spider plots of the
Xylokastro volcanic ash bulk samples,
Thera [Santorini] pumices (data from Vi-
taliano et al., 1989), and. pumices from
western Peloponnesus (data from Bathrel-
los et al., 2009).



The studied samples of the distinct volcanic ash layer, reported for the first time in the studied area,
seem to have been deposited in a lacustrine environment displaying parallel-laminated fine tuff lay-
ers, possibly formed by subaqueous pyroclastic flows that are generated by eruptions in shallow
water or close to a shore. The lacustrine nature of the deposit is determined by the examination of
the diatom species found in the volcanic ash and the host rock (Cyclotella Sp., Prof. B. Owen). Its
main components are glass shards and pumice particles. According to Izett et al (1981), pumice
shard develop from relatively high viscous rhyolitic magmas with temperature <850o C, whereas the
bubble wall and bubble junction shards develop from low viscosity rhyolitic magmas at temperature
>850o C. Their coexisting in the ash layer could be attributed to successive eruptions, or settling ve-
locity or/and disturbance. The cooling-contraction fragmentation of shard glass points out to
ash/water interaction Kokelar (1986). The homogeneous fine-grained, well-sorted and parallel lam-
inated ash layers are products of either a single volcanic event from a subaqueous flow that dis-
persed in the water column, or distant eruption. In the latter case, the homogeneity is produced by
winnowing during aerial transport. The Xylokastro ash has shown a greater percentage of bubble wall
shards with the co-occurrence of blocky types as compared to pumice shard. Rose and Chesner
(1987) have pointed to the high drag coefficient of the bubble wall shard which resulted in its pref-
erential dispersal over great distances.

The XRD analysis of the finest [<32μm, off-white] and the coarser fraction [450-320μm dark grey]
of the volcanic ash particles showed that there does no any difference in their mineralogy, hence the
difference in the color is attributed to differential grain size. The lamination observed in the field is
due to the alternation of coarse-rich and fine-rich intercalations in the ash. The thickness of each
micro-layer is variable but always <2cm, comparing the dark and bright intervals. Moreover, the
bright and dark layers themselves most likely propose repetitive volcanic manifestations in a cer-
tain/short period of time, or almost simultaneous manifestations of neighbouring volcanoes that fed
the area with successively deposited sheets of ash. 

The ash layers have undergone and early alteration processes that refer to the effects of devitrifica-
tion and/or weathering. Altered glass shards are characterized by silica remobilization and devel-
opment of sorptive phases as clay minerals. The devitrification process is not intense, as the surfaces
of glass shards remain relatively fresh, and the alteration products are rare. It is also confirmed by
the Th/U ratio [~4] which displays no uranium-loss attributed to devitrification (Table 2).

The composition of the bulk samples showed a dacitic to rhyodacitic calc alkaline suit with relative
high potassium (fig. 9). The glass itself has more silicic composition than the bulk sample (fig. 6)
indicating a rhyolitic, calk alkaline suit as well (fig. 9). This difference is probably due to the min-
eralogy of the bulk samples, which contain minerals with variable SiO2 content (Table 1). 

In the binary diagram Zr versus SiO2 - systematics proposed by Seymour et al. (2004), the bulk
sample composition is plotted a little above the field of Santorini pyroclastics (fig. 11). The fineness
of the glass and pumice particles (fig. 5), judges for a rather long distance source of the volcanic ma-
terial.

As it was pointed out by Fischer (1965), in areas of successive eruptions and water sedimentation
feldspar or quartz may reach the water bottom at the same time as glass shards from a previous erup-
tion, due to differential settling velocity. The spider area plots for the trace element composition
(Fig. 11) shows similarity with the trace element area plots of Santorini pumices and the newly
found western Peloponnesus pumices which are assumed to originate from the Aegean volcanic arc
(Bathrellos et al., 2008). The differences between those plots are due to a) the lack of analytical date
for some elements in each group, b) the higher thorium content of the Xylokastro tephra, which is
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accompanied by high uranium value (Table 2) and c) Xylokastro tephra shows higher enrichment in
LIL elements than the others. Magma-crust interaction is an explanation for the high LIL/HFS ele-
ment in calc-alkaline magmas (Mitropoulos et al., 1987). Differential crustal assimilation could ac-
count for the geochemical differences between the Aegean volcanic centers and may be interpreted
as evidence for slightly higher sediment input in the western parts of the arc. Among the volcanic
centers of the SEVA, Santorini is situated in the region which has suffered maximum crustal thin-
ning and lithosphere extension, and where asthenospheric mantle may be uprising to replace exist-
ing sub-continental mantle. The crust and lithosphere thickness is higher in the margins of SAVA.
Xylokastro volcanic ash having enrichment in LIL elements indicates high crustal contamination of
the lava and points to an origin from the northwest part of the Aegean volcanic arc (Methana, Aegina,
Poros, Sousaki (Cromyonia) or neighbouring volcanic centers, not exposed today). However, among
the possible feeding centers is the Soussaki volcanic terrain is the closest, lying 50 Km eastwards.
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Abstract 

Vein-type zeolites in Kizari area, (western Thrace) are found within fresh to zeolitic altered volcanic
rocks of andesitic to dacitic composition. The zeolites stilbite-Ca, Sr-bearing heulandite-Ca and
laumontite occur in epithermal-style crustiform quartz/chalcedony-calcite veins crosscuting lavas
and volcanic breccias. Open-space filling is common and well-shaped crystals (up to 3cm) were ob-
served. Smectite, feldspar, magnetite, pyrite and rutile occur in minor amounts in the veins. Halite
and barite grains are included in stilbite-Ca. SEM-EDS data indicate high Sr (up to 4.4 wt. % SrO)
and Ba (up to 2.9 wt. % BaO) contents for heulandite-Ca. It is suggested that the studied zeolites
are intergral parts of the porphyry-epithermal mineralizing systems which operated in the area dur-
ing the Oligocene. Their formation took place in the outmost transitional propylitic to fresh zones
of the porphyry-epithermal systems and in a submarine environment as indicated by the geological
and mineralogical evidence.

Key words: vein-type zeolites, stilbite-Ca, Sr-bearing heulandite-Ca, laumontite, submarine.

1. Introduction 

Exploration activities during the last two decades in western Thrace resulted in the discovery of sev-
eral zeolites deposits hosted mainly in Tertiary volcaniclastic rocks at Petrota, Pentalofos, Metax-
ades, Lefkimi, Ferres and Skaloma regions (Kossiaris et al., 1987; Marantos et al., 1989;
Tsolis-Katagas & Katagas, 1990; Karafoti & Arikas, 1990; Tsirambides et al., 1989, 1993; Filip-
pidis, 1993; Skarpelis et al., 1993, 1995; Kitsopoulos & Dunham, 1994; Stamatakis et al., 1996,
1998; Kirov et al., 1999; Hall et al., 2000; Kassoli-Fournaraki et al., 2000; Marantos, 2004; Perraki
& Orfanoudaki, 2004; Filippidis and Kantiranis, 2005). The most common zeolites present in west-
ern Thrace are of HEU type (heulandite-clinoptilolite), but minor amounts of mordenite, analcime,
stilbite and laumonite also occur. According to the above authors, the zeolites were formed from the
alteration of volcanic glass, and are accompanied by clays, silica polymorphs (quartz, cristobalite),
feldspars and calcite. 

In addition, vein-type zeolites occur in a few localities (e.g. Virini, Feres, N. Santa and Vathi/Kilkis)
(Michael et al., 1984; Filippidis et al., 1988; Marantos et al., 2004, 2007), and show similarities to
hydrothermal zeolites found in many parts of the world (e.g. Ferroe islands/Danemark, Nova Sco-
tia/Canada, Fassatal/Italy, Baical/Siberia, Andreasberg/Germany, Teschen/Czech Republik, Kongs-
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berg/Norway, Tergahorn/Island, Troodos Complex/Cyprus and Nasik, Poona/India (Extra Lapis,
2007). 

Contrary to the papers published on the mineralogy, petrology and geochemistry of western Thra-
cian zeolitized volcaniclastic deposits, there is limited information on the formation of vein-type
zeolites in Thrace and in Greece in general. This study describes a new occurrence of vein-type ze-
olites in western Thrace, located within an andesite quarry at Kizari/Sapes in Rhodope prefecture,
and present a model for their genesis based on mineralogical, mineral-chemical and geological data. 

2. Regional geology

The geodynamic evolution of northeastern Greece includes an early oceanic-continental subduc-
tion/collision, growth of the thickness of the crust, and post-collisional extensional collapse of the
orogen resulting in the formation of several supra-detachment basin-controlled volcanosedimenary
formations from the Lutetian (48 - 43Ma) through the Oligocene up to the Pliocene (Krohe &
Mposkos, 2001; Papadopoulos & Anastasiadis, 2003). Slab break-off and/or slab delamination were
principal mechanisms for the generation of extensive post-collisional magmatism in the area (Pe-
Piper et al., 1998). The resulting plutonic-subvolcanic and volcanic rocks in Evros-Rhodopi region
show calc-alkaline, high-K calc-alkaline, to shoshonitic affinity (Papavasiliou & Sideris, 1984; In-
nocenti et al., 1984; Eleftheriadis, G., 1995; Christofides et al., 2004; Magganas et al. 2004). For the
basic to intermediate and acid magma generation an enriched mantle source region, extensive dif-
ferentiation within the crust, subordinate magma mixing and/or a partial melting of crustal material
has been documented. The main phase of the Tertiary magmatism took place during the Oligocene
and is represented by submarine/terrestrial volcanics and subvolcanic rocks associated with vol-
canosedimentary series composed of marls, sandstones, clays and intercalations of volcanic rocks
(lavas, tuffs, pyroclastics).

Numerous porphyry Cu-(Mo) and epithermal Au-Ag-type systems formed during the Tertiary mag-
matic event in northeastern Greece, and are genetically related to microdiorite, microgranite, an-
desite and the dacite porphyries (Arikas & Voudouris, 1998; Melfos et al., 2002). Faults and veins
trending NW-SE, NE-SW and NNW-SSE influenced the distribution of magmatic rocks and spatially
related magmatic-hydrothermal mineralization. 

3. Local Geology

The Kizari area belongs to the eastern part of Komotini basin and also forms the northern extension
of the eroded Tertiary volcanic edifice of Konos/Sapes: the Tertiary volcanosedimentary formations
consist of M-U Eocene conglomerates, sandstones, marls, tuffs and tuffites, overlain by an Oligocene
volcanic sequence dominating the entire area of Konos-Kizari (Fig. 1). The later consists of pyro-
clastics, lava flows and domes of andesitic to dacitic composition. Two types of intrusive stocks
have been recognized in the broad area: an older, hydrothermally altered dacite stock with por-
phyry/epithermal-type mineralization at Konos area (Voudouris et al., 2006; Ortelli et al., 2009) and
the 32 Ma (Del Moro et al., 1988) quartz monzodiorite of Kirki. The majority of magmatic rocks in
the Kizari-Konos area are hydrothermally altered as a result of repeated hydrothermal activity dur-
ing the lifespan of the above mentioned porphyry-epithermal system. Alterations typical of both
high-sulfidation- and low-sulfidation epithermal gold deposits are the products of interaction be-
tween rocks and fluids of acid and near-neutral to alkaline pH respectively (Voudouris, 1993). These
alterations are fault-contolled and related mainly to the N-S and E-W trending faults in the area.
The western part of the studied area is covered by the Silver Hill conglomerate (Shawh & Constan-
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tinides, 2001), composed of angular to subrounded fragments of advanced argillic altered volcanic
rocks and quartz-amethyst veins within an argillic matrix (Fig. 1). According to Shawh & Constan-
tinides (2001) the Silver Hill conglomerate represents a mass flow deposited marginal to the Ko-
motini Graben during its subsidence.

4. Description of the vein-type zeolite occurrences 

The dominant rock types in the studied area are pyroxene-hornblende-bearing andesites, as well as
volcanic breccias. The zeolite-bearing veins are fault-related and occur within E-W and N-S trend-
ing veins, which crosscut andesitic lavas and volcanic breccias in the broad area (Fig. 2). Fresh an-
desitic lavas consist of plagioclase, clinopyroxenes and hornblende phenocrysts embedded within a
groundmass (up to 70 vol. %) containing microliths of the above minerals surrounded by a glassy
matrix. Magnetite occurs both as phenocrysts and disseminated in the matrix. The volcanic breccias
contain up to dm andesite angular to subrounded fragments within a fine-grained tuffitic matrix.
The breccia fragments are identical to the above mentioned porphyritic lavas, whereas the matrix of
the breccias is holocrystallie but finer grained compared to the fragments. Both the groundmass of
the fragments and the matrix, consist of plagioclase and pyroxene microlithes, few K-feldspar and
devitrification products of the glassy matrix.

The volcanic rocks are relatively fresh and only in the vicinity of the zeolite-bearing veins, are par-
tially altered to smectite, pyrite, magnetite, calcite, silica polymorphs and zeolites. The above sec-
ondary minerals occur either finely disseminated in the groundmass or as replacement of the
phenocrysts. The veins show typical epithermal structures as open space filling and crustification
banding. They reach lengths of up to several meters and are up to 50cm wide. Vein mineralogy
greatly varies within the studied area and mainly two types of veins are distinguished: quartz-chal-
cedony±stilbite (Fig. 2b), and carbonate-rich stilbite-laumontite veins (Fig. 2c to f). The last vein-
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Fig. 1: Simplified geological map of Sapes-Kizari area and location of studied area (open square) (modified
after Bitsios, 1973; Arikas, 1980; Greenwich Resources plc, 2004; Ortelli et al. 2009).



type may also be monomineralic (stilbite- or laumontite only) or may contain alternating bands with
the above mentioned minerals. The quartz-chalcedony-rich veins (up to 5cm wide) are banded with
initial deposition of white-colored chalcedonic silica and final deposition of colourless chalcedony
and fine-grained quartz. Open spaces are filled by pale orange to beige-colored idiomorphic stilbite
crystals and very minor calcite. 

In the carbonate-rich veins the silica polymorphs are missing and vein deposition starts with mi-
norcalcite, followed by laumontite, stilbite and finaly by green-colored calcite (Fig. 2e, f). Hy-
drothermal breccias are common and consist of fragments of volcanic rocks surrounded by a
stockwork of zeolite-bearing veinlets and veins. 

5. Methods

Twenty three thin and polished thin sections of host rocks and zeolite assemblages were studied
with an optical microscope and a JEOL JSM 5600 scanning electron microscope equipped with
back-scattered imaging capabilities, at the Department of Mineralogy and Petrology, University of
Athens, Greece. Analytical methods also included X-powder diffraction measurements obtained
using a SIEMENS type D-500 diffractometer with Cu tube and Co filter at the Department of Min-
eralogy and Petrology, University of Athens, Greece. The definition of the studied zeolites is based
on the nomenclatures for zeolite minerals proposed by Coombs et al. (1998).

6. Mineralogy and mineral-chemistry 

6.1 Zeolite minerals 

Stilbite: Stilbite with ideal formula Na,Ca4(Al9Si27O72)·30H2O is the most abundant mineral in the
veins at Kizari quarry. It occurs in both silica- and carbonate-rich veins as euhedral crystals up to 3cm
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Fig. 2: (a) Panoramic view of lava quarry at Kizari (August 2006); (b) Chalcedony-stilbite veins crosscutting
zeolitic altered lavas at Kizari (August 2006); (c) Stilbite-calcite veins with open-space filling crosscutting
lavas (August 2009); (d, e) Stilbite (stb) and calcite (cal) filling fissures within lavas; (f) Hand-specimen with
orange-colored stilbite (stb) and green-colored calcite (cal). 



with well developed {110}, {010} and {001} faces. In the quartz-chalcedony veins stilbite post-
dates silica polymorphs deposition, and filling fractures and open spaces in quartz or is overgrown
on quartz (Fig. 3a to c). It contains small inclusions of halite (Fig. 3b) and barite and also replaces
Sr-Ba-bearing heulandite-Ca (Fig. 3c). In the carbonate-rich veins stilbite surrounds albite in pseudo-
morphs after plagioclase (Fig. 3e), replaces and is replaced by laumontite (Fig. 3g) and similarly to
the quartz-chalcedony veins also replaces Sr-Ba-bearing heulandite-Ca (Fig. 3i). Stilbite is over-
grown by calcite (Fig. 3f, h). Its composition is close to stochiometry with some K and Sr (up to 0.4
apfu) substituting for Na and Ca in the extra-framework sites (Table 1, Fig. 4). XRD patterns of stil-
bite are shown in Figure 5. 
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Fig. 3: Microphotographs of the quartz-chalcedony±stilbite veins (a-c) and carbonate-rich stilbite-lau-
montite veins (d-i) at Kizari (a) Stilbite (stb) filling vugs in quartz (qtz) veinlet (polariszing microscope
image, +nicols); (b) Stilbite (stb) with halite (hl) inclusions, surrounds quartz (qtz) (SEM-BSE image);
(c) Sr-bearing heulandite-Ca (hul) replaced by stilbite (stb) (SEM-BSE image); (d) Stilbite (stlb) veinlet
in weakly altered andesite. Smectite (sm) is pseudomorph after pyroxene phenocrysts (polariszing mi-
croscope image, +nicols); (e) Stilbite (stb), smectite (sm), albite (ab) and magnetite (mgt) replace pla-
gioclase and clinopyroxene phenocrysts of andesite and also occur in the recrystallized groundmass (mtx).
Stilbite and calcite (cal) also occur in veinlets (SEM-BSE image); (f) Laumontite (lmt) postdates stilbite
(stb) and is surrounded by calcite (cal) (polariszing microscope image, +nicols); (g) Laumontite (lmt) re-
places stilbite (stb) (SEM-BSE image); (h) Idiomorphic stilbite (stb) crystals overgrown by calcite (cal)
(SEM-BSE image); (i) Sr-bearing heulandite-Ca (hul) replaced by stilbite (stb) (SEM-BSE image).



Laumontite: Laumontite with ideal formula Ca4(Al8Si16O48)·18H2O is a very common constituent
at Kizari quarry. It is found in the matrix of hydrothermal breccias, surrounding angular fragments
of andesites, and in the carbonate-rich stilbite veins. It forms white-colored acicular crystals (up to
1cm) with well-developed the {110}, {100} and {001} faces. Laumontite predates and also postdates
the deposition of stilbite-Ca. The chemistry of the analyzed laumontites is very close to the stoi-
chiometric formula. The chemical analyses show a constant Si/Al ratio (Fig. 4). Small amounts of
extra-framework cations (Na up to 0.7 apfu, K up to 0.3 apfu and Sr up to 0.24 apfu) substitute for
Ca (Table 1, Fig. 4). An XRD pattern of laumonite is shown in Figure 5b.

Heulandite: Heulandite series minerals with general formula (Ca0.5,Sr0.5,Ba0.5,Mg0.5,Na,K)9
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Table 1. Representative EPMA data of laumontite (1-2), stilbite (3-6), heulandite (7-10) and smectite
(11-12) 

1 2 3 4 5 6 7 8 9 10 11 12

SiO2 52.38 52.72 55.91 58.03 58.77 56.83 55.66 56.36 57.42 57.66 34.82 33.51

Al2O3 20.06 20.64 14.88 15.25 14.61 15.15 16.80 14.92 15.55 15.14 13.57 13.64

Fe2O3 0.09 0.18 bd bd bd bd bd bd bd bd 18.10 19.27

MgO 0.13 0.10 0.04 bd 0.12 bd bd bd bd bd 18.77 18.67

MnO 0.03 0.05 0.06 bd 0.07 0.01 bd 0.05 0.02 bd 0.31 0.23

CaO 9.54 9.56 6.83 7.32 7.03 7.79 4.89 4.23 4.62 3.99 1.65 1.02

Na2O 0.84 1.14 1.56 0.76 1.22 0.94 1.20 0.75 1.13 1.15 0.39 0.34

K2O 0.72 0.69 0.52 0.08 0.24 0.03 0.53 1.02 0.59 1.33 0.14 0.18

SrO 1.28 0.81 0.57 1.05 0.39 1.39 4.42 2.83 3.67 2.98 0.30 1.08

BaO 0.01 bd bd 0.01 bd bd 1.27 2.89 0.75 1.56 0.11 bd

Total 85.08 85.83 80.37 82.50 82.46 82.14 84.77 83.06 83.75 83.81 86.43 86.01

48(O) 48(O) 72(O) 72(O) 72(O) 72(O) 72(O) 72(O) 72(O) 72(O) 22(O) 22(O)

Si 16.44 16.38 27.27 27.45 27.72 27.27 26.64 27.45 27.27 27.54 5.56 5.42

Al 7.44 7.56 8.55 8.55 8.10 8.55 9.45 8.55 8.73 8.55 2.56 2.61

Fe - 0.06 - - - - - - - - 2.17 2.34

Mg 0.06 0.06 - - 0.09 - - - - - 4.45 4.51

Mn - - - - - - - - - - 0.06 0.03

Ca 3.24 3.18 3.60 3.69 3.60 3.96 2.52 2.25 2.34 2.07 0.28 0.17

Na 0.54 0.66 1.44 0.72 1.08 0.90 1.08 0.72 1.08 1.08 0.11 0.11

K 0.30 0.30 0.36 0.09 0.18 - 0.36 0.63 0.36 0.81 0.03 0.03

Sr 0.24 0.12 0.18 0.27 0.09 0.36 1.26 0.81 0.99 0.81 0.03 0.11

Ba - - - - - - 0.27 0.54 0.18 0.27 0.00 -

bd: below detection limit, Number of cations on the basis of oxygen (Ο)



(Al9Si27O72)·24H2O display highly variable cation content, whereas Ca-, Na-, K-, Sr- and Ba-dominant
compositions are known as heulandite-Ca, heulandite-Na, heulandite-K and heulandite-Sr and heulan-
dite-Ba respectively (Coombs, et al. 1998; Larsen et al., 2005). Minerals with the same framework
topology but with Si:Al ≥ 4.0 are distinguished as clinoptilolites (Coombs et al., 1998). In both quartz-
chalcedony±stilbite, and carbonate-rich stilbite-laumontite veins heulandite occurs as inclusions (up to
400μm) in stilbite (Figs 3c, i). The analyzed heulandites contain up to 1.2 apfu Na, 0.8 apfu K, 1.3 apfu
Sr and 0.5 apfu Ba, and are characterized as Sr-Ba-rich heulandites-Ca (Table 1, Fig. 4). 

6.2 Smectite

Smectite is a common constituent of the altered volcanics, forming pseudomorphs after pyroxene and
hornblende, together with magnetite, pyrite, rutile, calcite and stilbite (Fig. 3d, e). It is also dissem-
inated in the recrystallized groundmass. Representative chemical analyses are given in Table 1. The
analyzed smectites contain 13.9-18.77 wt. % MgO (corresponding to 3.55-4.51 apfu Mg) and 16.16-
19.67 wt. % FeO (2.03-2.83 apfu Fe). 

6.3 Carbonates, Sulfates

In the carbonate-stilbite-laumontite veins, calcite postades zeolite deposition in open spaces (Fig. 3f,
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Fig. 4: Plot of zeolite compositions in terms of (a) (K+Na)/(K+Na+Ca), and (b) in the ternary Na-K-(Ca+Sr+Ba)
diagram. 

Fig. 5: X-ray diffractograms of (a) stilbite and (b) laumontite-stilbite-calcite association from Kizari.



h). Calcite in green colored crystals up to 5cm is common with both skalenohedral and rhombohedral
habits present. In the quartz-chalcedony±stilbite veins minor calcite predates and also postdates quartz
and stilbite deposition. In the volcanic wallrocks calcite occurs in phenocryst phudomorphs as well as
finely disseminated in the groundmass. Microprobe analyses indicate very minor amounts of Mn, Fe
and Mg (<0.1 wt. %). Barite is present as small includions in stilbite crystals in the same veins.

7. Discussion-Conclusions

Zeolites occur in rocks of different mineralogical composition, age and geological environment. Ac-
cording to their mode of occurrence and formation environment, mainly two groups of zeolite occ-
curences have been distinguished (lijima 1980; Gottardi & Galli, 1985; Hay and Sheppard 2001):
(a) those formed under diagenesis to very low-grade metamorphism and (b) hydrothermal genesis.
According to Hay (1966), Bargar & Keith (1995), Chipera and Apps (2001), Sheppard and Hay
(2001), Utada (2001), and Marantos et al. (2007), the formation and distribution of zeolites is con-
trolled by three main factors: a) the composition of the hostrocks, b) the variation in temperature and
pressure, and c) the chemistry of pore water. In general, zeolites are formed under relatively high ac-
tivity of alkalies and alkali earth elements and high pH values. 

Recent studies on southeastern Rhodope zeolites in Bulgaria and Greece suggested a hydrothermal
model, where the zeolitization of the volcaniclastic rocks was caused by low-temperature open hy-
drothermal systems in a shallow-marine environment (Raynov et al., 1997; Sheppard and Hay, 2001;
Yanev et al., 2006; Marantos et al., 2007). 

The present study describes stilbite-Ca, Sr-bearing heulandite-Ca and laumontite in euhedral crys-
tals up to 3cm associated with smectite, albite, magnetite, pyrite and rutile, within epithermal-style
crustiform quartz/chalcedony-calcite veins crosscuting lavas and breccias. Based on geological, pet-
rographical, mineralogical and geochemical data the studied zeolites are of hydrothermal origin and
can be regarded as integral parts of the porphyry/epithermal systems in the area. The Kizari zeolites
are considered to have been formed in the transitional zone between propylitic alteration and fresh
rocks and in a submarine environment as indicated by the presence of halite. The fluids were su-
persaturated in SiΟ2 as can be deduced from the presence of chalcedony and quartz in vugs and
veins of the rocks. The observed rhythmic zoning suggests alternated/repeated deposition of zeolites,
calcite and smectite at several stages.

The chemical composition of zeolites at Kizari (Ca-dominant) and the absence of Na-rich zeolites
(e.g. analcime) may suggest a deeper environment of formation, since at depth the impact of sea
water with Na as the main constituent was rather low during zeolitic alteration as in similar zeolite
occurrences in basic igneous rocks of Troodos Complex, Cyprus (Dill et al., 2007). The formation
of laumontite and stilbite at Kizari may be resulted from the nature of the hydrothermal fluids, which
were more enriched in Ca, Ba and Sr. Minor K and Na amounts in the zeolites at Kizari, are derived
from glass present in the groundmass of the volcanics. Laumontite and stilbite formation together
with albite is attributed to Ca release during breakdown of plagioclase in the rocks. In addition cal-
cium released by the decomposition of An-rich plagioclase was taken up by calcite. This mechanism
is also proposed for the laumontite-stilbite association present in stockwork-like zeolitization in the
basic igneous rocks of the Troodos Complex (Dill et al., 2007). According to Dill et al. (2007), lau-
montite is formed at low PH2O, whereas at higher PH2O stilbite may crystallize according to the fol-
lowing reactions: anorthite + quartz + 4H2O → laumontite and anorthite + quartz + 7H2O → stilbite.
The studied zeolites were formed at relatively low temperatures (<140°C), since stilbite coexists
with heulandite and laumontite between 110 and 120 °C (Bargar 1994), and in the Troodos Complex
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stilbite has derived from laumontite as temperature and pressure dropped below about 140 °C (Dill
et al. 2007). In zoned sequences of zeolites in amygdales and veins in the North Mountain Basalt,
Nova Scotia, the succession of mordenite → heulandite → stilbite are interpreted as developing
under falling temperatures by active hydrothermal circulation (Pe-Piper, 2000).

The amount of the Kizari zeolites is not feasible for exploitation, however the broad area should be
considered as target for future exploration. Under consideration of their abundant zeolitic veins and
alteration, the quarried lavas are probably not much suitable materials for construction purposes.
Nevertheless, the studied zeolites may provide valuable mineralogical specimens suitable for mu-
seum collections and educational purposes. Based on this assumption, the Kizari quarry should be
protected and considered as a visiting site in a broad Mineralogical-Petrological geotope in Rhodopi
region.
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