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Prologue  
CBGA 2010 is the XIX Congress of the Carpathian –Balkan Geological Association, one of the longer-
lasting series of congresses in Europe. The first CBGA Congress was organized in Poland in 1925 and the 
penultimate one in Belgrade in 2006.  

CBGA 2010, which is a follow-up of previous successful congresses, aims at bringing together academic 
scientists, institute and industry researchers and scholar students to share their experiences and research 
results about Earth and Environmental Sciences aspects, discuss the practical challenges encountered, 
highlight the necessity and the priorities of the geological science, make proposals, and seek for application 
of policies. It is co-organized by the School of Geology, Aristotle University of Thessaloniki, Greece, the 
Geological Society of Greece, and the Institute of Geology and Mineral Exploration, Greece.  

Earth operates as a constantly changing complex, dynamic system which, however, has not yet been fully 
understood. The Earth system comprises a lot of interdependent components that interact in complex ways. 
Planet Earth is changing in all spatial and temporal scales and although investigated in many respects and a 
huge amount of knowledge, both basic and applied, has been accumulated much more has to be done. The 
understanding of our Planet system and its reaction to natural and anthropogenic changes must be of 
predominance concern. Water shortage, environment protection, mineral resources, climate changes, 
natural hazards, and the Earth’s origin and evolution are some of the priorities. Geoscientists have produced 
enormous amount of knowledge in a great range of topics. However, this knowledge in many cases remains 
unexploited. We have not found the way to inform or better to convince the politicians and the decision 
makers for the necessity of using this knowledge.  The geo-knowledge we possess must be distributed and 
used for the benefit of the present and the next generations: for a safer, healthier and wealthier place to live. 
The XIX CBGA Congress covers a vast spectrum of topics in Earth and Environmental Sciences including 
Geophysics and Meteorology/Climatology as well as some related disciplines. The quality and quantity of 
the participants and their works no doubt will contribute towards this direction.  
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Abstract: The geological map of the Caucasus and adjacent areas of 1:2 500 000 scale, being presented 
on the 19th Congress of the CBGA includes on-shore and off-shore parts of the Black Sea-Caspian Sea 
region (Fig. 1). Small-scale thematic (geologic, tectonic, metallogenic etc) maps of the World and its 
large parts, such as Europe, Middle East etc., have been periodically compiled and published under um-
brella of the Commission for Geological Map of the World (CGMW), for example: carte geologique de 
l’Europe, 1:10 000 000, 1970; carte tectonique de l’Europe et des regions avoisinantes, 1:10 000 000, 
1975; carte tectonique internationale de l’Europe et des regions avoisinantes, 1:2 500 000, 1980; geo-
logical map of the Middle East, 1:5 000 000, 1986; 1:5 000 000 International geological map of Europe 
and adjacent areas,2005, BGR Hannover; the international geological map of the Middle East, 1:5 000 
000, second edition, 2009-2010. The Caucasian region, situated at the junction of the European and Asi-
atic segments of the Alpine-Himalayan orogenic belt and serving as a connecting link between these two 
branches, as a rule, is illustrated by maps of the both segments. The presented map demonstrates up-to-
date level of knowledge on geological structure and evolution of the region. 

Keywords: Caucasus, Eurasia, Tethys, Gondwana, pre-collisional, post-collisional. 
 
1. Introduction  
The tectonics and geological evolution of the Cau-
casus, or Black Sea-Caspian Sea region, in whole, 
are largely determined by its position between the 
still converging Eurasian and Africa-Arabian litho-
sphere plates, within the wide zone of a continent-
continent collision. The region in the Late Protero-
zoic-Early Cenozoic belonged to the now-vanished 
Tethys Ocean and its Eurasian and Gondwan-
ian/Africa-Arabian margins (Zakariadze et al., 
1998, 2007). Within this convergence zones, there 
existed a system of island arcs, intra-arc rifts, back-
arc basins etc. characteristic of pre-collisional stage 
(Late Proterozoic-Early Cenozoic) of evolution of 
the region. During syn-collisional (Oligocene-
Middle Miocene) and post-collisional (Late Mio-
cene-Quaternary) stages of the Late Alpine tectonic 
cycle, as a result of the continent-continent com-
plete collision and inversion of the relief,  at the 
place of back-arc basins were formed fold-thrust 
belts of the Great and Lesser Caucasus, and, in be-
tween, intermontane depression instead of Tran-
scaucasian rigid blocks (microcontinents, island 

arcs). Normal marine basins were replaced by 
hemi-closed basins of euxinic type (Paratethys) and 
later on (Late Miocene) – by continental ones with 
subaerial conditions of sedimentation. Deep basins 
of the Black Sea and Caspian Sea do not represent 
remains of the Tethys Ocean, however, they re-
sulted from the Late Cretaceous-Early Paleogene 
rifting, northward of subduction zone that coincided 
with the North-Anatolian-Lesser Caucasian ophio-
lite suture (Adamia et al., 1981, 2007). 

2. Main Tectonic and Tectonostratigraphic 
Units  

There are distinguished rigid (platform, sub-
platform, quasi-platform) and fold-thrust units (Fig. 
2): the Scythian (pre-Caucasus) young platform; 
fold-thrust mountain belt of the Great Caucasus in-
cluding zones of the Northern Slope, Fore Range, 
Main Range and Southern Slope; the Transcauca-
sian and Aras intermountain depressions superim-
posed mainly on the rigid platform zones; Achara-
Trialeti and Talysh fold-thrust mountain belts; Art-
vin-Bolnisi rigid sub-platform zone; Bayburt-
Garabagh fold-thrust mountain belt; Lesser Cauca-
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sus ophiolite suture; Lesser Caucasian part of the 
Taurus-Anatolian-Iranian platform. The youngest 
structural unit includes Neogene-Quaternary conti-
nental volcanic formations and extinct volcanoes. 
The Eastern Black Sea and Caspian Sea basins un-
conformably overlie different structural units of the 
Caucasus, eastern Pontides, Iranian Talysh and Ga-
radagh (Adamia et al., 1981; 2007). 

Within the region, there are developed sedimentary, 
magmatic and metamorphic rocks, dated as Late 
Proterozoic-Phanerozoic. Their formation occurred 
under various paleogeographic (facial) and geody-
namic environments: oceanic and small oceanic ba-
sins, intercontinental areas, active and passive con-
tinental margins. Late Proterozoic-Phanerozoic in-
terval of development is divided into two stages: 
pre-collisional (Late Proterozoic – Early Cenozoic) 
and syn-post-collisional (Late Cenozoic). 

3. Geological Provinces 
The region is divided into the Southern and North-
ern Tethyan geological provinces. During the Late 
Proterozoic, the Southern Province distinctly dem-
onstrated Pan-African tectonic events, throughout 
the Paleozoic it represented platformal area, which 

accumulated mainly shallow-marine sediments. In 
the Paleozoic, the Northern Province is featured by 
strong manifestation of tectonic events: supra-
subduction volcanism, granite-formation, deep re-
gional metamorphism and orogenesis. Throughout 
the Mesozoic and Early Cenozoic, the Southern and 
Northern provinces distinctly differ each from the 
other, too. The boundary between the above-said 
provinces runs along North Anatolian–Lesser Cau-
casian ophiolitic suture belts (Zakariadze et al., 
2007; Adamia et al., 2007). 

3.1. Pre-Collisional Stage. Late Proterozoic-
Paleozoic: Basement Rocks 

Basement rocks are represented by regionally 
metamorphosed sedimentary, volcanic and plutonic 
rocks. Magmatites are represented by two main 
rock complexes of (1) hyperbasite-basite-diorite 
and (2) granite-migmatite composition. The former 
is the carrier of information on oceanic basins of 
Prototethys-Paleotethys, and is represented by rela-
tively small, dismembered, strongly deformed and 
metamorphosed fragments of basites and hyper-
basites. 

 
Fig.1. Physical map of the Caucasus and adjacent areas of the Black Sea-Caspian Sea region. 
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The rocks of pre-Mesozoic oceanic basins of the 
region, generally, are closely associated with gran-
ite-gneiss-magmatite complexes of pre-Cambrian-
Paleozoic basement, and represent   rock   associa-
tions   belonging   to both continental and transi-
tional types of the crust. The rocks are strongly de-
formed: tectonic nappes, slices, tectonic melange, 
accretional prisms etc are frequent. 

Southern Province  
The Pan-African (Neo-Proterozoic) oldest base-
ment of the Anatolia-Central Iranian platform in the 
region crops out northward of Erevan (Armenia, the 
Tsakhkuniats massif). It consists of two pre-
Cambrian terrains: 1. Arzacan (ensialic) and 2. 
Hancavan (ensimatic) unites. The Arzacan meta-
morphic complex is intruded by granites whose 
Rb/Sr isochron age is 620 Ma and the Hancavan 
complex is intruded by trondhjemite whose Rb/Sr 

isochron age is 685±77 Ma (Agamalyan, 2004). 

Boundary between Northern and Southern 
Provinces 
The Sevan (Lesser Caucasian) ophiolite melange 
contains inclusions of different basic-ultarabasic 
olistolites. Metamorphic exotic blocks are repre-
sented by granate-amphibolites, amphibolites and 
micaschists. Sm-Nd mineral isochrones for two 
gabbro-norites have shown Late Triassic age: 
226±13 and 224±83 Ma (Bogdanovsky et al., 1992)  

Northern province  
Transcaucasian massif. The basement of the TCM 
is composed mainly of Variscian granitoides. Rela-
tively small outcrops of differently tectonized and 
metamorphosed basite-hyperbasite rocks are gener-
ally associated with pre-Cambrian – Early Paleo-
zoic gneissose diorites and plagiogranites (“grey 

 
Fig. 2. Tectonic map of the Caucasus. MTU-Main tectonic units; TSU-Tectonostratigraphic units. MTU: 1. Platforms: 
SP -Scythian; TAI - Taurus-Anatolia-Iranian. 2. Fold-thrust mountain belts: Great Caucasus (GC); Achara-Trialeti (AT); Talysh 
(Tl); Baiburt-Garabagh-Kaphan (B). 3. Ophiolite suture belt: Sevan-Akera (SA). 4. Foredeeps: Azov-Kuban (AK), Stavropol high 
(ST), Terek-Caspian (TK), Gussar-Devichi (GD). 5. Transcaucasian massif (TCM) and forelands: Rioni (R), Kura (K), Alazani (A), 
Aras (Ar). 6. Neogene-Quaternary subaerial volcanic formations. TSU: 7.BPE-Pz, Pre-Cambrian-Paleozoic basement; 8. PCPz, 
precollisional Paleozoic. 9. PcMz, precollissional Mesozoic. 10. PcMz-Kz1, precollissional Mesozoic-Early Cenozoic. 11. PcKz2, 
precollissional Early Cenozoic. 12. Spkz2, syn-postcollisional Late Cenozoic. Tectonic zones: Bechasin (Be), Laba-Malka (LM), 
Fore Range (FR), Main Range (MR), Southern Slope (SS), Georgian Block (GB), Artvin-Bolnisi Block (AB). Salients of the base-
ment compexes: Dzirula (Dz), Khrami (Kh), Loki (Lo), Tsakuniats(Ts). Metamorphic complexes: Blib (Bl), Chugush (Ch), Laba 
(La), Buulgen (Bu), Kassar (Ka), Dizi (Di). Volcanic highlands, plateaus and extinct volcanoes: Elbrus (El), Chegem (Cm), Kazbe-
gi (Kb), Keli (Ke), Javakheti (J), Kelbajar (K), Armenia (Am). Pc, Precollissional, SP, Syn-postcollissional.  
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granite” complex), and they are also present within 
the tectonic melange zone. The tectonic melange 
consists of a number of allochtonous tectonic slices 
of different age and facies: phyllites, schists, Paleo-
zoic high-silica volcanics, sheared Late Carbonifer-
ous microcline granites, metabasites and serpen-
tinites.  

Whole-rock Sm-Nd isotopic data for amphibolites 
from different tectonic slices defined a regression 
line corresponding to the age of 810±100 Ma (Za-
kariadze et al., 1998, 2007). 

Data on Neoproterozoic-Cambrian (~750-500 Ma) 
age limits of dioritic intrusions of the Grey Granite 
Basement Complex were received from U-Pb zir-
con studies of gneissose granodiorite and quartz 
diorite-plagiogranite migmatite of the Dzirula sali-
ent (Bartnitsky et al.,1989). Middle-Late Carbonif-
erous age of emplacement of the Potassium Granite 
Basement Complex (“red granites”) is reliably con-
strained by biostratigraphy and various K-Ar, Rb/Sr 
and U-Pb data for micas and zircons (Geology of 
the USSR, 1964). 

Great Caucasus, Main Range Zone, basite-
ultrabasite complexes. Within the MRZ, pre-
Mesozoic basites and ultrabasites crop out along: 
the southern margin of the MRZ, its western sub-
mergence zone, the Fore Range zone and the Be-
chasin zone of the Scythian platform. 

The southernmost stripe of the MRZ is represented 
by thrust slices of ultrabasites, gabbro-
amphibolites, amphibolites and mica-schists, pla-
giogneisses, marbles (the Laba, Buulgen, Chugush 
and Kassar groups). Detailed geochemical studies 
showed that composition of the metabasite series of 
the Paleozoic metabasite complexes correspond to 
the types of oceanic spreading centres (T-type 
MORB) and suprasubduction zones (immature arc-
back arc association).  

Age identification of the basite-hyperbasite com-
plexes of the MRZ was made according to strati-
graphic, paleontologic and geochronologic data. On 
the basis of the stratigraphic position they are dated 
as pre-Middle-Carboniferous. According to paleon-
tologic finds (crinoidea) the upper part of Laba se-
ries is attributed to post-Middle-Ordovician time. 
Results of identification of absolute age of basites 
of the Laba and Buulgen complexes, in whole, well 
agree with stratigraphic and paleontologic data 
(Somin, 2007). 

 

Great Caucasus: basites and ultrabasites of the 
Fore Range Zone. Within the FRZ, outcrops of 
ophiolites are traced as strongly deformed alloch-
tonous tectonic sheets and slices. They are under-
lain by Upper Devonian-Lower Carboniferous vol-
canogenic-sedimentary island-arc type deposits and 
overlain by Middle-Upper Carboniferous molasse. 
According to rare finds of fossil fauna (corals) age 
of volcanogenic-sedimentary series is identified as 
Middle Devonian. Zircon SHRIMP age of gabbro 
of the Maruch nappe is 416±8 Ma, that is in a good 
agreement with the data on Lower-Middle Paleo-
zoic age of ophiolites of the FRZ (Somin, 2007). 
An isolated outcrop of metabasites and ultrabasites 
(the Blibi complex) tectonically underlies Middle 
Paleozoic sediments of the extreme western part of 
the FRZ.  Sm/Nd age is 311±22 Ma, and Lu-Hf 
garnet chronometer confirmed age of 322±14 and 
316±5 and 296±11 Ma (Phillipot et al., 2001). U/Pb 
age of the gabbro-amphibolites is 357-400 Ma 
(Somin, 2007). 

Great Caucasus: granite complex. The rocks of 
Granite Complex (granites, granito-gneisses, mig-
matites and quartz-mica schists) are concentrated 
mainly in the MRZ. These complexes are made up 
of large tectonic slices of the MRZ.  

Redeposited material of both metamorphites and 
granites is abundantly present in Late Paleozoic 
molasses of the Great Caucasus. Geochronologic 
data of granite-gneisses-migmatites show that the 
time of their formation widely ranges from 280-310 
Ma up to 500±40 Ma (Somin, 2007). Rb/Sr 
isochrone dating of potassium-spar granites demon-
strated the values of 280 up to 300 Ma (Geology of 
the USSR, 1964, 1968). 

The Scythian platform (SP). Metamorphic and 
Granite Complexes outcrop in the central part of 
the Bechasin zone of the SP (Geology of the USSR, 
1968). The metamorphic rocks are represented by 
micaschists, metavolcanoclastolites, sericite-
chlorite schists etc. U/Pb ages for zircons of the 
Beschasin complexes indicate their Late pre-
Cambrian-Early Paleozoic origin (Somin, 2007). 
The metamorphic rocks of the Bechasin zone are 
intruded by Late Paleozoic granites, granodiorites 
and quartz diorites, aplites and granite-porphyry. 

3.2. Paleozoic Sedimentary Cover 
Within the both provinces, Paleozoic sedimentary 
cover is represented by various facies of terrigene, 
carbonate, and volcanogene deposits. 
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Southern province 
Continuous Devonian-Lower Carboniferous series 
of shelf deposits developed in Nakhchevan and at 
the south of Armenia consist, mainly, of coral-
brachiopod limestones (often bituminous), quartzite 
sandstones, and argillites. Thick transgressive for-
mation of Permian bituminous algae-foraminifera 
limestones with corrals, brachiopods, ammonoides, 
and conodonts stratigraphically unconformably 
covers Devonian and Lower Carboniferous deposits 
(Geology of the USSR, 1970, 1972). 

Boundary Zone, Ophiolite Suture Belt 
Within the melange of the Lesser Caucasian ophio-
lite suture belt, there are met limestone blocks with 
Middle Carboniferous-Permian conodonts. 

Northern Province 
Within the TCM Paleozoic deposits are represented 
by shallow-marine and continental volcanogenic-
sedimentary rhyolite-dacite-andesite calc-alkaline 
formation hosting limestone lenses and dated by 
corals, brachiopods, conodonts and fossil flora as 
Upper Visean-Namurian-Bashkirian. 

Paleozoic deposits within the Southern Slope of the 
Great Caucasus, known as phyllites of the Dizi se-
ries, outcrop at the central part of the zone and are 
represented by strongly deformed rocks of rela-
tively deep open marine basin located between is-
land-arc units of the TCM and MRZ. In the con-
tinuos succession, there alternate terrigene turbid-
ites intercalated with phtanites, jasper, olis-
tostromes, rarely volcanoclastics of andesite-dacitic 
composition, and lenses of marbled limestones. 
Presence of the Middle and Upper Devonian, Car-
boniferous and Permian was confirmed by cono-
donts (from phtanites), corals, crinoids and fo-
raminifera (Kutelia, 1983; Somin, 2007).  

Within the MRZ, Late Paleozoic sedimentary cover 
is composed of the rocks accumulated under subae-
rial and shallow-marine environments. In the lower 
part of the Late Paleozoic section, there are coarse 
clastic continental molasses, locally coal-bearing, 
with Middle Carboniferous flora. There are regis-
tered volcanics of quartz-porphyry composition. 
The higher horizons of the section constrained ac-
cording to brachiopods to the Upper Carboniferous 
are represented by shallow-marine terrigene molas-
ses. The Permian deposits should also be attributed 
to marine terrigene facies. The terrigene rocks al-
ternate with organogene limestones. The limestones 
contain the following fossils: corals, brachiopods, 

gastropods, pelecipods and foraminifera. (Geology 
of the USSR, 1964 and 1968; Adamia et al., 2003).  
The FRZ bounded to the north by Pshekish-
Tirnaiuz fault and representing sub-lateral narrow 
trough is a depositary of polyfacial Middle Paleo-
zoic and Upper Paleozoic sediments. The Middle 
Paleozoic of this zone relates to the facies of rela-
tively deep sea, while the Upper Paleozoic is repre-
sented by continental or shallow-water molasse 
(Geology of the USSR, 1968; Alpine history, 
2007).  

Within the Middle Paleozoic section of the FRZ, 
there is a distinguished deep-water hemipellagic si-
liceous-volcanogenic formation with radiolarites, 
graptolite  argillites, aleurolites, sandstones and si-
liceous schists (Silurian), terrigene turbidites with 
olistostromes and redeposited material of the rocks 
of ophiolitic association (Devonian-Lower Carbon-
iferous according to conodonts and other fossils). 
The Lower-Middle Devonian thick terrain is attrib-
uted to formations of island-arc – intraarc rifts. The 
section is topped with the Upper Devonian – Lower 
Carboniferous formation of terrigene turbidites, 
olistostromes and limestones. 

The Upper Paleozoic molasse unconformably rest 
upon the Middle-Paleozoic deposits of the FRZ, or 
upon ophiolitic allochthonous sheets of the zone. 
Within the FRZ as well as in the Bechasin Zone, 
they are represented by Middle-Upper Carbonifer-
ous and Permian continental molasse. Island-arc 
type subaerial volcanic rocks are developed at the 
Middle Carboniferous and Permian levels. Age of 
the deposits is established, mainly, by flora fossils 
belonging to North Tethyan paleobiogeographic 
province. At the Upper Permian level, there are 
carbonate-terrigene marine deposits hosting bio-
herm limestone bodies. The formation is dated ac-
cording to fauna fossils represented by brachiopod, 
coral pelecipod, algae, sponge, gastropod, ammon-
oide, foraminifera etc (Geology of the USSR,1968; 
Alpine history, 2007). 

Within the Bechasin Zone, the Paleozoic deposits 
(Cambrian-Middle Devonian) are represented by 
sandy-argillaceous and carbonate shelf facies con-
taining Middle Cambrian trilobites, Silurian grapto-
lithes and Silurian-Devonian conodonts. 

3.3. Mesozoic – Early Cenozoic 
In the extreme south of the region, there remained 
platformal regime and occurred accumulation of 
uniform mainly carbonate shelf sediments. The 
ophiolite belt of the Lesser Caucasus is represented 
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by rocks of the Tethyan oceanic and back-arc ba-
sins, while the northern province demonstrates fa-
cies characteristic of active continental margins 
(Adamia et al., 1981). 

Southern Province 
Triassic sediments of the southern province are rep-
resented mainly by shelf organogene carbonates, 
while the northern part of this province hosts sedi-
ments of the shallow terrigene-coalbearing Upper-
Triassic formation (Geology of the USSR, 1970 
and 1972). Upper Triassic age of terrigene forma-
tion was identified by mollusks and flora fossils.  

Jurassic deposits are represented by shelf facies. 
Within the pre-Araks part of the province, the fol-
lowing formations rest upon the Triassic lime-
stones: diabasic porphyrites with interbeds of tuffs 
(Lias-Dogger); sandy-argillaceous deposits with in-
terbeds of tuffogene sandstones attributed to 
Aaleanian-Lower Bajocian stages; sandy-
argillaceous-carbonate formation with Upper Bajo-
cian, Bathonian, Callovian  ammonites (Geology of 
the USSR, 1972). 

Based on the features of the Albian deposits known 
in the pre-Araks area  and containing abundant fos-
sils of mollusks, it can be considered that this do-
main during the abovesaid time represented shallow 
marine basin, the Upper Cretaceous deposits are 
also represented by shallow-marine and back-arc 
basin formations (flysch). The Paleocene deposits 
represented by shallow marine and back-arc basin 
facies are tightly associated with the Upper Creta-
ceous ones. Fauna fossils are met as sea-urchin and 
foraminifera.  

In the Eocene, there starts the period of intensive 
submarine volcanic eruptions under back-arc and 
shallow-sea basins environment. The volcanics lo-
cally alternating with the terrigenic and carbonatic 
deposits. Besides nummulitides,  these deposits in-
clude large mollusks, sea-urchins, brachiopods, and 
corals. The Eocene volcanic belt of the southern 
province represents a part of the vast andesite belt 
of Middle Asia, running from the Aegean Sea, 
through Turkey, the Lesser Caucasus and Iran as far 
as to Afghanistan.  

During the end of the Middle-Late Eocene, vol-
canic activity sharply decreases and under shallow-
marine environment there occurs accumulation of 
mainly sandy-argillaceous and carbonate sediments. 
Within the Upper Eocene section, volcanic rocks 
are represented by thin volcanic band of andesite 

composition (Geology of the USSR, 1970; 1972). 

Ophiolite suture belt 
Mesozoic sedimentary rocks of the suture belt are 
met within the melange as clastic-blocks of various 
dimensions. The oldest rocks dated paleontologi-
cally are Upper Paleozoic limestones and Upper 
Triassic limestones and calcareous sandstones with 
ammonites; basalt and radiolarite associations with 
Triassic radiolarians. In allochthonous ophiolitic 
complex, there are distinguished Jurassic-Lower 
Cretaceous associations. Effusive-radiolarite part of 
the ophiolite locally hosts lenses of Upper Jurassic-
Neocomanian reef limestones. The younger ophio-
litic association starts with the transgressive Al-
bian-Senomanian, which is represented by flysch 
and olistostromes. Higher in he succession, they are 
followed by basalts and Albian-Lower Coniacian 
radiolarites (Zakariadze et al., 1983; Knipper,1991).  
Neoautochthonous complex of the ophiolite belt 
begins with transgressive formation of Coniacian-
Santonian terrigene clastics. The overlying Seno-
nian-Lower Paleogene formations were formed in 
the analogous back-arc basin, as well as sandy-
argillaceous deposits and calk-alkaline andesitic 
volcanic formations. 

Northern Province  
Transcaucasian Massif. The TCM, the extreme 
southern tectonic unit of the Northern Province, in 
the Triassic-Eocene, has been developing as an is-
land-arc-type unit. The Mesozoic starts with subae-
rial volcanoclastics of rhyolite composition contain-
ing Upper Triassic flora (Adamia et al., 2003). 
Lower Jurassic and Aalenian layers are built up of 
arcosic terrigene clastics and shallow water or-
ganogene limestones containing abundant crinoids 
and brachiopods. The Bajocian stage is represented 
by tuffturbidites with rare bands of calk-alcaline 
andesite-basalts, the Bathonian deposits are made 
up of freshwater-lacustrine coal-bearing sandy-
argillaceous rocks followed by variegated lagoon 
Callovian-Upper Jurassic deposits containing sub-
alkaline-alkaline basalts (Geology of the USSR, 
1964, 1970 and 1972; Lordkipanidze et al., 1989). 
The Lower Cretaceous is represented by transgres-
sive basal formation followed by dolomites, or-
ganogenic limestones and marls. Facially uniform 
are, also, the Upper Cretaceous, Paleocene and Eo-
cene deposits built up mainly of neritic organogenic 
limestones and marls. However, in the Paleocene-
Eocene within the TCM, northward of Paleogene 
andesitic belt of Middle Asia, there originated “rear 
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basaltic troughs (rifts)” (Lordkipanidze et al., 
1989): the Achara-Trialeti dividing the Transcauca-
sian massif into the Georgian and Artvin-Bolnisi 
rigid blocks, and the Talysh. Within these troughs, 
the Paleocene-Lower Eocene is represented by 
thick formation of terrigene turbidites, which, in 
some localities, is associated with dacite-rhyolitic 
lavas and pyroclastics. They are overlain by Eocene 
formation of bimodal (basalts, delenites), calc-
alkaline, sub-alkaline and alkaline volcanic rocks. 
In the Talysh, Eocene volcanics are more alkaline 
(Geology of the USSR, 1972) that is associated 
with intrusives of sub-alkaline ultra-basic forma-
tion: sub-alkali peridotites (age 38-41Ma) and gab-
bro-syenites (34-36 Ma). In the Late Eocene, there 
occurs accumulation of mainly terrigene turbidites 
with admixtures of volcanoclastic material (Mame-
dov, 1998; Vincent et al., 2005). 

Great Caucasus. Mesozoic-Early Cenozoic basin 
of the Great Caucasus located behind the island-arc 
basin of the Transcaucasus inheritadly has been de-
veloping, at least, from Devonian and throughout 
Paleozoic and Mesozoic. Lower Jurassic terrigene 
turbidites and volcanoclastics of the central part of 
the Southern Slope Zone conformably follow Trias-
sic levels. The Pliensbachian is, generally, repre-
sented by black slate formation. Tholeiitic basalts 
of MOR-type – pillow lavas and agglomerates- are 
also confined to this level. The higher, Lower and 
Middle Jurassic, layers are composed of terrigene 
turbidites. Volcanic activity is periodically evident 
throughout the Liassic (Geology of the USSR, 
1964, 1968, 1972; Alpine history, 2008). 

During the Aalenian, volcanic eruptions occurring 
under deep marine environment also demonstrated 
features of basalt of MOR-type, however, they 
showed resemblance with island-arc type, too 
(Lordkipanidze et al.,1989). Along the southern 
margin of the SSZ, there are widely spread Bajo-
cian calk-alkaline andesite-basalts. The black slate, 
terrigene-turbiditic and volcanogenic formations of 
the SSZ are dated predominantly by ammonites. 
After the Bajocian, along the southern side of the 
basin there were deposited terrigene sandy-
argillaceous marine Bathonian, Callovian and 
Lower Oxfordian sediments, which northward 
grade into terrigene and carbonate turbidites.  Two 
(eastern and western) en echelon positioned flysch 
basins have been developing, within which turbidite 
sedimentation lasted almost uninterruptedly 
throughout Late Jurassic, Cretaceous, Paleocene 
and Eocene.  

Northern slope of the Greater Caucasus – south-
ern margin of the Scythian platform. The northern 
side of island-arc basin of the Great Caucasus, 
termed as the Laba-Malka-zone or North Caucasian 
monocline or Limestone Dagestan Zone etc, during 
the  Mesozoic-Cenozoic is featured by development 
of continental-shelf deposits. The Triassic, Jurassic, 
Paleocene and Eocene sections are made of shal-
low-water—marine and continental rocks (Alpine 
history, 2007). In the western part of the basin, the 
Lower and Upper Triassic is represented by car-
bonatic rocks while within the Middle Triassic 
there predominate terrigene clastics. Red-colored 
continental molasse of the central part of the North-
ern Slope are dated as Triassic according to pali-
nomorphes. 

The Lower and Middle Jurassic is composed 
mainly of terrigenic clastolites. Shallow-marine fa-
cies alternate with continental coal-bearing ones. 
Starting from the Callovian and until the Eocene 
there remains shallow-marine environment (Geol-
ogy of the USSR, 1968; Alpine history, 2008). 

3.4. Syn- and Post-Collisional Stages, Late 
Cenozoic 

The Oligocene is considered as a beginning of syn-
collisional (or orogenic) stage of development of 
the Caucasus (Geology of the USSR, 1964, 1968, 
1970, 1972). Paleogeographic environment 
changed significantly: inversion of the relief took 
place and deep-water basins were replaced by 
mountain ranges of the Great Caucasus and Lesser 
Caucasus. Domains of shallow-water basins of plat-
formal type of pre-collisional stage sank down and 
turn into intramontane depressions that accumu-
lated molasse deposits. The deposits of the Oligo-
cene-Lower Miocene, resulted from accumulation 
in semi-closed basins of Paratethys, at the most part 
of the territory of the Caucasus are represented by 
argillaceous-sandy gypsiferous facies termed 
Maykopian series. Only at the end of the Miocene, 
shallow-sea environment is replaced by subaerial 
one and simultaneously the clastic material be-
comes coarser. Marine environment of sedimenta-
tion remains only within the territories adjacent to 
the Black Sea and Caspian Sea basins (Adamia et 
al., 2007). 

Starting from the Late Miocene (~12 Ma ago) and 
as far as the end of the Pleistocene, in the central 
part of the region, simultaneously with formation of 
molasse troughs and accumulation of coarse molas-
ses, there occur volcanic eruptions in subaerial 



8 
 

conditions. Volcanic highlands and plateaus were 
formed in Armenia, west of the central  Azerbaijan 
(Kelbajar), Javakheti (Georgia); Elbrus, Chegem, 
and Keli plateau, Kazbegi etc in the Great Cauca-
sus. Emplacement of small hypabyssal postcolli-
sional intrusions occurred in the Transcaucasus, 
Great Caucasus, and pre-Caucasian terrains. Two 
main stages of volcanic activity are distinct: Late 
Miocene-Early Pliocene and Pliocene-Quaternary. 
According to their mineral-chemical composition 
the rocks of the both stages are attributed to calk-
alkaline and sub-alkaline series. Data on absolute 
age demonstrate that the first stage of eruption hap-
pened ~12-6 Ma,   while the second - ~ 3,5-0,05 Ma 
ago (Geology of the USSR, 1964, 1968, 1970, 
1972; Adamia et al., 2007).  

Eastern Black Sea and South Caspian Basins 
The Eastern Black Sea (EBS) and South Caspian 
Sea (SC) basins unconformably overlie different 
structures of adjacent lands. The coastal lines of the 
both basins cut several main tectonic units of the 
Western Great Caucasus, Mountainous Crimea, 
Transcaucasus, Lesser Caucasus, and eastern Pon-
tides (EBS); Eastern Great Caucasus, Caucasian 
Talysh and Iranian Garadag (SC). All these tectonic 
units locate north of the North-Anatolian-Lesser 
Caucasian ophiolite suture, which marks location of 
the oceanic Tethys in the wake of the northward-
dipping subduction zone active, at least, throughout 
Late Paleozoic-Mesozoic (Adamia et al., 1981). 

Eastern Black Sea.Geological structure of the 
Earth crust of the EBS and adjacent land have been 
studied over many decades by several generations 
of geologists and geophysicists from various coun-
tries (Neprochnov et al., 1964; Mindeli et al., 
1965). According to some researchers, deep-water 
depression of the Black Sea deprived of granite 
layer represents a new structure formed mainly dur-
ing the Late Cretaceous, Paleocene-Eocene and re-
sulted from disruption and rifting of the Transcau-
casian massif - paleo-island arc (Adamia et al., 
1974,1981).  

Several tectono-sedimentary units of the Western 
Caucasus-eastern Pontides have their submarine 
prolongations in the EBS. The Paleozoic-Mesozoic-
Early Cenozoic structural-sedimentary unit of the 
Southern Slope of the Great Caucasus, back-arc 
long-living basin, corresponds to the northern pre-
Caucasian (and pre-Crimean) off-shore zone. The 
Shatsky high, which is the submarine prolongation 
of the northern branch of the Transcaucasian island-

arc (Northtranscaucasian arc) delineates at the north 
deep oceanic-suboceanic depression of the Eastern 
Black Sea. At the south, the oceanic deep depres-
sion is confined by the Andrusov and Arkhangelsky 
highs (Tugolesov et al., 1984) that correspond to 
the subaerial paleo-island-arc tectono-sedimentry 
unit of the eastern Pontides (Turkey) – Southern 
Transcaucasus (the Artvin-Bolnisi Block, Georgia). 
Thus, deep “granite-free” area of the Eastern Black 
Sea is bounded to the north (the Shatsky high) as 
well as to the south (the Andrusov and Arkhangel-
sky highs) by these structures. The Achara-Trialeti, 
Late Cretaceous-Early Paleogene rift structure, po-
sitioned at the prolongation of the “granite-free”  
segment of the Eastern Black Sea basin, is also lo-
cated in between the two branches of the earlier un-
divided Transcaucasus.  

The final stage of development of the Eastern Black 
Sea basin and adjacent land, e.i. the neotectonic de-
velopment phase of the region, starts in the Oligo-
cene when convergence of Eurasian and Africa-
Arabian lithospheric plates entailed reduction of the 
Tethys Ocean, inversion of relief, replacement of 
former back-arc basins by mountain-folded con-
structions (the Great Caucasus, Lesser Caucasus, 
Pontides, and Mountainous Crimea) and formation 
of intermontane molasse depressions (Colkhis-
Black Sea) at the place of island-arc system. Semi-
closed basins accumulated mainly fine-clastic mo-
lasse (low land). Only from the end of the Miocene 
(Late Sarmatian) within the intermontane depres-
sions predominate accumulation of coarse molasse 
(high mountain relief). 

South Caspian basin. The Earth crust of the South 
Caspian basin is heterogenous. Its peripherial parts 
are featured by continental crust, and only the 
deepest “granite-free” parts of the basin deprived of 
“granitic” layer demonstrate oceanic/suboceanic 
type of the crust (Gagelgants et al., 1958; Ne-
prochnov, 1968). Oceanic/suboceanic crust of the 
SCB as well as oceanic crust of the Black Sea was 
formed during the Late Cretaceous-Eocene north of 
the northward dipping subduction zone. Off-shore 
prolongation of the Late Cretaceous-Eocene rift 
structure of the Caucasian Talysh, apparently, is 
“granite-free” part of the SCB (Adamia et al., 1974, 
1981; Vincent et al, 2005). Northern segments of 
the SCB are correlated with the Kura-Arasian fore-
land of the TCM and Eastern Great Caucasus. The 
northern part of the Caspian Sea is underlain by 
structures of the Scythian/Turanian platform.  
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COAST OF TRIPITI HILL (HERAKLION HARBOUR, CRETE), IN           

RELATION TO REPORTED ACTIVE FAULTING

Ganas A.1, Palyvos N.2, Mavrikas G.3, Kollias S.1 and Tsimi C.1 

1 Institute of Geodynamics, National Observatory of Athens, 11810 Athens, Greece, aganas@gein.noa.gr 
2 Freelance Geologist, Navarinou 21, 152 32 Halandri, Athens, Greece, palyvos@gmail.com 

3 Freelance Geologist, Anastaseos 3 155 61 Athens, Greece, ymav@yahoo.com 

Abstract: Heraklion is a fast-growing urban centre where knowledge of active faulting is necessary for 
city planning and infrastructure projects. Neotectonic faults (not all necessarily active at present) most 
probably traverse the built-up coastal part of Heraklion, but they require subsurface geological and geo-
physical studies to be precisely located and characterised. In the frame of a research project assigned to 
the Institute of Geodynamics by the Heraklion Municipality, we made detailed geomorphological and 
geological observations in the coastal area of the Tripiti Hill, where previous workers report a NNW-
SSE trending, WSW-dipping, presently active normal fault crossing the port of Heraklion as well as a 
densely built-up part of the city. Based on our observations, we conclude that this fault does not exist. In 
support of our conclusion, we discuss: (1) the nature of a steep contact between Neogene bedrock and 
Quaternary deposits exposed at a roadcut along the coastal avenue, (2) the depositional environment of 
Quaternary deposits at the above outcrop and surrounding area, (3) the buried relief and stratigraphic 
features exposed in a trench excavated by previous workers across the alleged fault trace, and (4) the 
geomorphological context of coastal deposits and marine terrace remnants used by previous workers for 
fault slip rate estimation. This case study is presented as a vivid example of the importance Geomor-
phology and Quaternary Geology have in studies of active faulting. 

Keywords: Active faulting, Coastal Geomorphology, Marine terraces, Heraklion (Crete) 

1. Introduction  
Heraklion city, the capital of Crete Island (Fig. 1a), 
is the fifth largest city of Greece, and its Port (Fig. 
1b) is an infrastructure of high economic impor-
tance. Any issues related to potentially hazardous 
natural phenomena in this area, need to be taken 
seriously in consideration in city planning and in-
frastructure projects. Crete lies in a prominent po-
sition in the fore-arc of the Hellenic Subduction 
Zone, i.e. near the shallow portion of the presently 
active region of convergence where large earth-
quakes are most likely to occur (Delibasis et al., 
1981; Drakopoulos et al., 1983). In contrast with a 
converging tectonic regime at depth, the upper 
crust of Crete displays numerous evidence of ex-
tensional deformation along both arc-parallel, 
high-angle, E-W striking faults and along arc-
normal, high-angle pure-normal and oblique-
normal faults that strike on average N-S (e.g. Fas-
soulas, 2001 and references therein; Ten Veen and  

Meijer, 1998). Other sets of normal faults striking 
NW-SE and NE-SW occur as well. Since the mid-
1990s there have been requests from the local au-
thorities to conduct detailed geological investiga-
tions on fault activity in the urban and suburban 
area of the Heraklion city. However, until today, 
the onshore active-tectonic setting of the broader 
area, including the broader northern part of Herak-
lion basin (of Tertiary age – Vidakis et al., 1996) 
remains poorly known (e.g. Fassoulas 2001; Ten 
Veen and Meijer, 1998). 

A recent study by Papanikolaou et al. (2008) pro-
poses that the harbour and a part of the densely 
built Heraklion city is traversed by a NNW-SSE 
trending, WSW-dipping, certain and active normal 
fault (“F2” in Fig. 1c) at least 1.5 km long, possi-
bly at least 2.5 km long (including its possible off-
shore part), which affects Late Quaternary deposits 
and slips at a rate of ~0.5 mm/yr. This fault has 
been mapped as a neotectonic structure also in 
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earlier studies by the same group (e.g. Papaniko-
laou and Nomikou, 1998 and the unpublished tec-
tonic map of microzonation project “AUTO-
SEISMO-GEOTECH” by the Geology Department 
of the Univ. of Athens, 1998). Upon request of the 
Heraklion Municipality to the Institute of Geody-
namics (National Observatory, Athens), we at-
tempted to study this fault and to collect more data 
about its recent activity, in the frame of a broader 

study aiming at the identification and characteriza-
tion of faults inside the city and its suburbs. 
2. Study methods 
Our study included field mapping (at 1:2500 scale 
– map in Fig. 1c) of the Late Quaternary deposits 
that crop out along the coast in the area around the 
reported fault F2, and observations on their geo-
morphological context (in the field and on 1:5000 

 
Fig. 1. (a)/(b) Location maps. (c) Geomorphological and geological features of the Tripiti Hill.
Locations discussed in the text are indicated by numbers within circles. (d) View of the artifi-
cially modified rocky coast bordering the Tripiti Hill. 
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scale topographic diagrams of the Hellenic Army 
Geographical Service). The outcrop of the contact 
that is interpreted in previous studies as an active 
fault (F2) juxtaposing Neogene and Quaternary 
deposits was cleaned thoroughly and examined in 
detail, as if it were a wall of a paleoseismological 
trench (except for gridding). Non-extensive exca-
vation of the outcrop was also carried out in order 
to obtain more information on the nature and 3D 
geometry of the above contact. In addition, pub-
lished data from a trench excavated by previous 
workers across the proposed surface trace of “fault 
F2” were evaluated and re-interpreted.  

2.1. Geomorphological context and Quater-
nary deposits 

The central part of Heraklion harbour is bordered 
by a cliffed coast composed of Neogene breccias 
(the local bedrock, locally also marly limestone) 
and more or less cemented Quaternary scree and 
coastal deposits (Fig. 1c/d, for more extensive pho-
tographic documentation see Ganas et al., 2009). 
The most prominent geomorphological feature is 
the low-gradient, bedrock surface at 20-24 m 
above mean sea level (a.m.s.l.). This surface is ex-
tensively built-up, covered by modern and ancient 
constructions and related man-made deposits. At 

one of the very few existing outcrops, at location 1 
in figure 1c, we observed well-rounded and sorted 
gravels with bivalve and gastropod shells (Fig. 
2a/b). Even thin and fragile shells are quite well-
preserved, suggesting a littoral deposit, rather than 
reworking of shells into fluvial gravel. A high de-
gree of flattening is common among the softer 
(marl) gravel clasts but, high sphericity predomi-
nates in the hardest (siliceous) gravel clasts, a fea-
ture indicating that the probable littoral gravels 
may consist of clasts reworked from older, fluvial 
gravels, which exist in the Neogene formations far-
ther South (Vidakis et al., 1996). 

Based only on the broader-scale geomorphological 
context of slow uplift and formation of successive 
erosional surfaces of marine origin (at least those 
below ~100 m a.m.s.l. and more) along the Herak-
lion coast and farther East (Mourtzas, 1990, and 
references therein), we interpret the 20-24 m sur-
face as a remnant of a Pleistocene erosional marine 
terrace. We note though, that we do not have the 
evidence that definitively exclude alternative inter-
pretations for its origin (e.g. whether it may be an 
exhumed Neogene paleo-relief). One critical such 
piece of evidence is the –unknown- age of the 
gravel covering the surface at location 1. 

Fig. 2. Views of Pleistocene and Holocene deposits in the Tripiti Hill area.
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If our working hypothesis that the 20-24 m surface 
is probably a Pleistocene erosional terrace is cor-
rect, a -very crude- age estimate for this terrace can 
be obtained from the available knowledge on up-
lifted Pleistocene marine deposits in the broader 
area of Central Crete. In general, along the north-
ern coast of central Crete (e.g. at Chersonissos and 
Malia areas east of Heraklion), marine deposits 
with “Senegalese” warm-water fauna with Strom-
bus bubonius (MIS5 or MIS7 highstands, i.e. ~75-
125 or ~190-230 ka BP) occur at elevations of 2-8 
and 20-30 m a.m.s.l. (Mourtzas, 1990; Caron et al., 
2009 and references therein), suggesting uplift 
rates of the order of 0.3 mm/yr maximum. Based 
on this crude estimate, the ~20-24 m terrace would 
correspond to a MIS5 or older highstand. In the 
area of Heraklion, the only available ages of Qua-
ternary marine deposits are optical and radiocarbon 
ages obtained by Papanikolaou et al. (2008) in 
their trench �2 at the foot of the present-day 
coastal cliff at Tripiti (at about present-day sea 
level – location in Fig. 1c). The ~35-40 kyr age re-
ported by Papanikolaou et al. (2008) yields a 
coastal uplift rate, of the order of 1.25 mm/yr, or 
higher, depending on which Late Pleistocene sea 
level curve is adopted (this is so, because sea level 
during 35-40 ka BP -MIS3- was at least 50 meters 
below present m.s.l.). Until more data become 
available, we would hesitate to endorse the above 
age and the high uplift rate that results from it, 
considering (a) the available data on the coastal up-
lift rate of the broader region and the general mor-
photectonic configuration, (b) that optical dating of 
marine deposits can yield apparently older ages 
due to incomplete solar resetting (only one optical 
dating performed at the specific site), and (c) that 
the two reported radiocarbon ages are contradicting 
each other (one modern age and one at 36.70-40.95 
ka BP). Thus, our preferred interpretation for the 
time being is to accept a crude estimate of ~0.3 
mm/yr maximum uplift rate, based on which the 
~20-24 m probable marine terrace would corre-
spond to a MIS5 or older highstand. 

Coastal deposits are exposed in the natural and ar-
tificial outcrops along the present-day coastal cliff, 
at locations 2 and 3 (Fig. 1c). They consist of hard 
calcareous - siliciclastic sandstones with large-
scale clinostratification (seaward-dipping strata – 
Fig. 2d). These sandstones are possibly products of 
aeolian deposition (Papanikolaou et al. 2008, and 
as suggested by their increased content in angular 
quartzitic sand clasts, as seen in 10x magnifica-
tion). In one location, a layer of well-rounded 

beach gravels with rare gastropod shells (Fig. 2e) 
indicates deposition by waves, i.e. vicinity to a pa-
leo-beach, this not necessarily contradicting with 
aeolian deposition of the sandstones. Detailed 
sedimentological study is necessary for more ro-
bust conclusions though. The calcareous sand-
stones also contain smaller or larger angular clasts 
derived directly from the coastal bedrock (Neogene 
breccias), without reworking by waves. This re-
flects the fact that the sandstones deposited against 
a palaeo-cliff, a relationship clearly seen in outcrop 
at the eastern part of location 2 (Fig. 1d, left) and 
at location 3. At location 2 the palaeo-cliff has an 
amphitheatric shape in plan view, a shape that pre-
determined also the present-day morphology of the 
coast. 

The aforementioned sandstones, as well as the 
Neogene bedrock at location 2 are covered by 
Pleistocene scree that is also exposed in the natural 
or artificial exposures along the present-day coastal 
cliff (e.g. Fig. 1d and Fig. 2c/f). Calcareous sand-
stone blocks (possibly displaced) are also found 
underneath scree at location 4 (not shown in Fig. 
1c). The scree consists of generally poorly sorted 
clasts of Neogene breccias sized up to large boul-
ders. Bedding is locally observable in the less 
coarse parts of the deposit. The scree covers 
anomalous palaeo-relief, as seen at the artificial 
outcrop at location 4, or at location 6 (Fig. 2f). 

Less oxidized, less cemented, relatively steeply 
dipping Quaternary deposits are observed also at 
location 5, in steep contact with the coastal bed-
rock (Fig. 3a/b). Based on 11 measurements of ap-
parent bedding dips in two small excavations at lo-
cation Y in figure 3a, we estimated a true dip of 
34/212 (dip/dip direction). The deposits consist of 
a pale yellowish or reddish matrix of silt, sand and 
fine angular (and few rounded) pebbles, locally 
with bedding and poor sorting. The larger clasts 
are angular or sub-angular (with rare rounded 
ones) and consist of hard marls or marly limestone, 
cemented conglomerate consisting of well-rounded 
fine pebbles, and very rare and ill-preserved frag-
ments of reworked mollusc shells (only one 
found). Upon close scrutiny of the outcrop and of a 
cut we made transverse to it (Fig. 4), the morphol-
ogy of the steep Quaternary / Neogene (bedrock) 
contact was found to be very irregular, with char-
acteristic steps and parts of the Neogene breccias 
overhanging above the Quaternary deposits (Fig. 
4). Based on these features, we interpret the con-
tact as a steeply dipping unconformity that corre-
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sponds to a buried paleo-relief of a paleo-cliff. A 
similar example is the scree / bedrock contact at 
location 6 (Fig. 2f). Based on the lithofacies of the 
Quaternary deposits that deposited against the pa-
leo-cliff, we assign them to a depositional envi-
ronment of a scree cone, fed by material shed di-
rectly by the paleocliff as well as wash from the 
terrace above it. No ceramic fragments were found 
in the scree, suggesting that they most probably 
pre-date the extensive Minoan settlement that is 
found on the 20-24 m erosional surface right above 
location 5 (Dr. Serpetsidaki, Heraklion Ephorate of 
Antiquities, pers. comm.). 

Holocene coastal deposits were found in the rem-
nant of a coastal cave, during excavation of a small 
trench aimed at verifying the non-tectonic nature 
of a steep scree / Neogene bedrock contact right 
next to it (Fig. 2f - see Ganas et al., 2009). They 
include layers rich in archaeological material (ce-
ramic shards and schist tools) and  a thick (> 15 
cm), open-work layer of well rounded, high-
sphericity pumice clasts covered by a possible vol-
canic tephra layer (Fig. 2g) – Prof. N. Galanidou, 
University of Crete, and Dr. Serpetsidaki, Herak-
lion Ephorate of Antiquities, pers. comm. These 
deposits of volcanic ejecta are most probably re-

 
Fig. 3. (a) The scree / bedrock depositional contact (unconformity) at the artificial road
cut at location 5 (Fig. 1c). 1/2 and X/Y: locations discussed in the text.  (b) Close-up
views of the scree. 
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lated to the Minoan eruption of the Santorini 
(Thera) volcano 

3. Discussion of observations in relation to 
reported active faulting 

3.1 The Quaternary / bedrock contact at location 
5: buried paleo-cliff vs. normal fault 

Previous investigators (Papanikolaou et al., 2008) 
interpreted the steep contact between Quaternary 
deposits and Neogene bedrock at location 5 (Fig. 
3a), as a tectonic contact (“fault F2”) against which 
Pleistocene marine terrace deposits have been 
dragged during fault displacement to attain rela-

tively steep dips (post-depositionally, due to de-
formation). In the previous section we describe the 
observations based on which we consider the Qua-
ternary deposits at location 5 as scree cone depos-
its. The dip of the Quaternary deposits at location 5 
is a normal depositional dip for scree, without any 
need to evoke tilting due to fault displacement. We 
did not find any evidence of “marine terrace depos-
its” at the outcrop. As far as the Quaternary/Neo-
gene contact is concerned, upon careful examina-
tion of the outcrop and of the small cut we made 
transverse to it, we found no evidence in support of 
this contact being a tectonic one. As discussed in 

 
Fig. 4. The scree / bedrock depositional contact (unconformity) at the artificial road cut 
at location 5 (Fig. 1c), as seen in a cut made transverse to the existing outcrop.  
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section 3 and shown in Fig. 4, the contact is an 
anomalous erosive surface. The irregularity of the 
contact is also reflected in the large difference be-
tween the “fault strike” reported by the previous 
workers (N145oE) and our measurement of the 
strike of a hypothetic “best-fit” plane at the lower 
part of the contact (N089oE ±5o). We could not 
find the fault plane (“mirror”) reported by previous 
workers, neither any evidence of shearing along 
the bedrock/Quaternary contact or any other indi-
cation of deformation within the Quaternary depos-
its.  

A large step at the height of point X in figure 3a is 
covered by a scree bed, which is not disturbed by 
faulting or some type of cracking or shearing. This 
feature directly contradicts the interpretation of the 
scree/bedrock contact as a fault striking transverse 
to the outcrop at location 5, because should this 
have been the case, a fault splay off-shooting from 
point X (which in 3D, corresponds to a slope 
break-line of the contact surface) and displacing 
the scree bed above would be necessary, in terms 
of fault mechanics, since part (1) of the scree (east 
of point X) cannot slip downwards together with 
part (2) west of point X – Fig. 3a.  

Further evidence against the reported fault F2 is 
the lack of any interruption of the morphological 
continuity of the ~20-24 m surface along the pro-
posed fault trace. A normal fault slipping at 0.5 
mm/yr (as reported) would have produced a dis-
tinct morphological scarp some tens of metres high 
across this surface, considering the hardness of the 
underlying bedrock and the crude estimate for its 
possible age that we may propose (MIS5 or older, 
if a marine terrace, even older, if an exhumed sur-
face).  

3.2 Published trench data re-interpretation 

Having interpreted what we consider a buried pa-
leo-cliff at location 5 as a NNW-SSE trending, 
WSW dipping fault (F2), Papanikolaou et al. 
(2008) excavated a trench across its proposed trace 
a few metres to the North of location 5, for paleo-
seismological investigation (Fig. 5). The trench 
exposed man-made fill covering a scarp composed 
of marine sands (layer A1) and an organic-rich 
clay layer (layer A2) resting above marly breccias 
(A3). The arguments given by the previous work-
ers in support of the reported presence of “fault 
F2” in trench �2 are: (a) the abrupt interruption of 
layers A1/A2, (b) the increase of the thickness of 
the man-made fill in front of the scarp, and (c) the 
fact that a and b occur at the expected projection of 
“fault F2”, according to their measurement of its 
strike at location 5. The reported fault zone is not 
described, no mention of any kind of direct or indi-
rect indications of deformation is made (for types 
of such evidence see e.g. McCalpin 1996 or Pav-
lides 2003), and no photographs of “fault F2” in 
trench �2 are presented in either Papanikolaou et 
al. (2008) or the relevant technical report by Vassi-
lakis and Papanikolaou (2005), where several pho-
tographs of various other themes from trench �2 
and other trenches are given. In their sketch of the 
trench stratigraphy redrawn in figure 5, “fault F2” 
is drawn as a perfectly straight, dashed line, and 
crosses a stratigraphic contact (the boundary be-
tween units M4 and M5) without displacing it. 

As far as argument (a) is concerned, the lateral 
continuity of layers A1/A2 is interrupted by an 
erosional surface of moderate apparent dip (a bur-
ied degraded scarp). This gentle scarp is the result 
of erosion, either natural or man-made. No in-
trench evidence supporting an interpretation that 
this is a degraded fault scarp is presented (see e.g. 
McCalpin, 1996 for examples). The increase of the 
thickness of man-made fill in front of the scarp 

 
Fig. 5. Sketch of the stratigraphy in trench �2 of Papanikolaou et al. (2008), re-
drawn.
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(argument b) reflects the presence of a depression, 
but it does not tell us anything about the process 
that created this depression (erosion vs. fault dis-
placement). Thus, argument (b) would be relevant 
to a discussion of recent displacements, after the 
existence of a fault zone had been independently 
verified. It is not on its own a conclusive indication 
of the existence of a fault zone though. Argument 
(c) does not come from within the trench itself, but 
it is based on the interpretation of the steep bed-
rock/Quaternary contact at location 5 as a WSW-
dipping normal fault. 
Considering (1) our interpretation of the contact at 
location 5 (a buried paleo-cliff rather than a fault - 
see section 3 and earlier discussion), (2) the lack of 
in-trench evidence supporting the previous 
worker’s inference of a fault within �2 and, (3) the 
geomorphic evidence against “fault F2” farther 
inland, we did not pursue the question further by 
excavating a new trench, given also that the area 
has been paved and planted in the mean time. 

3.3 On the use of coastal deposits and marine 
terraces as markers of vertical displace-
ment for the estimation of the slip rate of 
alleged “fault F2” 

Previous workers (Papanikolaou et al., 2008) esti-
mated that “fault F2” slips at a rate of about 0.5 
mm/yr. Using the “unconformity surface of a ma-
rine terrace over Pliocene marl” (the bedrock) as a 
vertical displacement (throw) marker they derive 
~20 m of cumulative throw. Based on the discus-
sion of slip rate estimation in Papanikolaou et al. 
(2008) and the 20 m of inferred fault throw, it is 
indirectly understandable that the “unconformity 
surface of a marine terrace over Pliocene marl” re-
fers to –part of- the 20-24 m erosional terrace sur-
face in section 3. Their terrace is mapped differ-
ently though (much narrower than the 20-24 m ter-
race as we define it in figure 1c) and is depicted as 
a feature covered by marine deposits. More spe-
cifically, the boundaries of the “marine terrace” 
deposits shown in their geological map (on the 
same topographic substrate as ours), are drawn 
with white dashed line above our geological map 
in figure 1c. We will be referring to them as “PMT 
deposits” in the following to avoid confusion with 
our mapping of Quaternary deposits.  

Based on our field mapping (Fig. 1c), east of “F2” 
(on the alleged upthrown block) the boundary of 
the reported PMT deposits encompasses: part of 
the 20-24 m erosional terrace (no preserved marine 

deposits outcropping at the time of our mapping 
except at location 1), a possible younger erosional 
terrace at 12-16 m a.m.s.l. (on bedrock, no marine 
deposits preserved on it), the scree between loca-
tions 2 and 4, and the calcareous sandstones at lo-
cations 2 and 3. The calcareous sandstones are 
substantially lower than the 20-24 m erosional ter-
race level, and rest against steep paleo-relief at the 
outer edge of this terrace, i.e. their geomorphologi-
cal context suggests that they belong to a coastal 
depositional sequence that formed during a sea-
level highstand other than the one during which the 
20-24 m erosional terrace formed. In other words, 
the boundary of the PMT deposits reported by pre-
vious workers as a marine terrace on the alleged 
upthrown fault block does not include any marine 
or coastal deposits that can be correlated to the 20-
24 m terrace (based on which, 20 m of throw are 
estimated). The reported occurrence of PMT de-
posits immediately west of “F2” (on the alleged 
downthrown block), is based on a mis-interpre-
tation of the depositional environment of the Qua-
ternary deposits at location 5 (undisturbed scree vs. 
marine deposits rotated due to drag along a fault). 
To the South of location 5, in all the available 
natural exposures among spoil and buildings 
within the area where the PMT deposits suppo-
sedly occur, we found only Neogene breccias (Fig. 
1c).  

Age control for slip rate estimation by Papaniko-
laou et al. (2008) comes from dating of a marine 
sand layer in their trench �2 at location 5 (unit A1 
in Fig. 5, 35-40 ka BP based on OSL and 14C dat-
ing). This age is –implicitly- transferred to the 20-
24 m marine terrace remnant on the “upthrown 
fault block”, and combined with the alleged 20 m 
of cumulative “throw” of this terrace to obtain 0.5 
mm/yr of slip rate.  

Assuming -for the sake of argument- that fault F2 
were existent, correlation of the marine sands in 
the trench (unit A1) with the erosional marine ter-
race at 20-24 m would be possible only in the fol-
lowing three cases:  

(a) if the dated marine sands were found on the -
alleged- “downthrown fault block” (but they are 
not, they lie on the “upthrown”  block, i.e. the 
same block as the 20-24 m terrace) or,  

(b) if a second fault (other than F2, trending 
oblique to it, passing between the 20-24 m terrace 
and the trench and downthrowing the block to its 
North) had downthrown the northern part of the 
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20-24 m marine terrace by about 22 m down to the 
level of the dated sands in trench �2 and the ero-
sional surface they underlie (yet, there is no evi-
dence of such a fault) or,  

(c) if the 20-24 m terrace was a depositional (con-
structional) terrace, underlain by a depositional se-
quence at least 22 m thick (the vertical distance be-
tween the outer edge of the 20-24 m terrace and the 
marine sands in �2), to which the dated sands be-
longed. However, the 20-24 m terrace is clearly 
erosional, underlain by Neogene breccias.  

The dated deposits in the trench being on the same 
alleged fault block as the erosional 20-24 m terrace 
without any fault in-between, their correlation is 
clearly precluded by the geomorphological context, 
something that is evident in the 3D view in fig. 6. 
The dated sands lie at a level of ~22 m lower than 
the outer edge of the 20-24 m terrace, at a horizon-
tal distance of only 55 m. What lies in-between is a 
coastal cliff 22 m high (20 m visible height + 2m 
buried), a geomorphic feature that post-dates the 
20-24 m terrace and is in its turn post-dated by the 
dated sands in the trench that rest against its base. 
Hence, the assignment of the age obtained by pre-
vious workers for the sands in trench �2, to the 20-
24 m terrace (so that “slip rate” estimation is made 
possible), appears geomorphologically problem-
atic, even if fault F2 were existent. 

We note that, if we were to accept the proposed 

age of the sands in trench �2, it would be only a 
minimum-limiting age for the 20-24 m terrace. If 
F2 were existent and a throw of 20 m had been re-
liably estimated based on an existent marker hori-
zon, the only slip rate information that would be 
obtainable –directly- with the given data, would 
be: (a) a minimum slip rate estimate of 0.05-0.06 
mm/yr, based on the minimum value of –alleged- 
vertical displacement of the dated sands estimable 
within the trench (this would be about 2 m, assum-
ing no erosion of the “downthrown fault block” in 
�2), combined with the 35-40 kyr age, and (b) a 
maximum slip rate estimate of about 0.5-0.6 
mm/yr (the estimate given by the previous workers 
as true slip rate), based on the –alleged- 20 m 
throw of the 20-24 m terrace, and the minimum-
limiting age for this terrace that the dated deposits 
in the trench would provide.  

4. Conclusions  
A presumed NNW-SSE trending, WSW-dipping 
active normal fault that according to previous 
workers traverses the coast at the central part of 
Heraklion harbour, is not verified by our detailed 
geomorphological and geological observations in 
the field. At a large road cut where the reported 
fault supposedly crops out (with marine terrace de-
posits on its downthrown block rotated due to 
normal drag) we observed instead a steep deposi-
tional contact (unconformity) between a subverti-
cal palaeo-cliff on Neogene bedrock, and Quater-

 
Fig. 6. 3D View of the Tripiti hill, with erosional marine terrace remnants (certain and
possible), to show the relationship of dated marine deposits in Trench �2 of Papaniko-
laou et al. (2008) with the erosional terrace at 20-24 m. 
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nary scree with inclined depositional bedding dip. 
The reported presence of the same fault in a trench 
on Holocene deposits a few metres to the North of 
the road cut, in our reading of the published in-
trench observations, is not based on any evidence 
of faulting within the trench, but on the assumed 
presence of a fault at the aforementioned road cut.  

Neotectonic faults (not necessarily active at present 
or during the last 125 ka) most probably exist in 
the broader Heraklion harbour area, but they re-
quire extensive subsurface studies to be precisely 
located and characterized in terms of recent (Late 
Pleistocene – Holocene) activity or lack thereof. 
Reporting an active fault that reaches the ground 
surface in a densely built-up urban or otherwise 
highly sensitive area can be a cause of substantial 
concern among the population and authorities. 
Therefore, active fault studies must include careful 
evaluation of the relationships between reliably 
identified faults and correctly interpreted Quater-
nary deposits or landforms. The same goes for pa-
leoseismological studies, paleoseismology being “a 
particularly successful example of applied Quater-
nary Geology” (Wallace, 1986, in McCalpin, 
1996). This case study was presented as a rather 
vivid example of the above, as well as of the ne-
cessity for careful, independent validation of each 
component of geoscientific syntheses in general 
(or, at least of the main, critical components).  
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Abstract: The deep structure of the Polish Outer Carpathians and its basement, that is southern prolon-
gation of the North European Platform, has been recognized by deep boreholes as well as by deep seis-
mic sounding profiles. The Polish Outer Carpathians are built up from the flysch deposited during Late 
Jurassic-Neogene times. Their form nappes thrust over the southern part of the North European platform 
covered by the autochthonous Miocene deposits. Relationship between basement and flysch nappes in 
the Outer Carpathians is based on interpretation of seismic and magnetotelluric survey. The Precam-
brian basement beneath the Outer West Carpathians is divided into two basement blocks: the Upper 
Silesia Block on the west and the Małopolska Block on the east. The Krakow-Smilno Fault system 
marks the boundary between two different tectonic realms within the North European Plate. In the area 
southwest of Krakow, the Precambrian basement is covered discordantly by Devonian and Upper Paleo-
zoic formations. The Mesozoic sequences are known only from the eastern part of the investigated area, 
their thickness significantly increase eastwards. The Miocene deposits lay discordantly on the various 
Paleozoic, Mesozoic and Paleogene rocks. The series of mainly normal faults reach top of Paleozoic, 
sometimes Miocene rocks. The biggest strike-slip faults cuts also allochthonous flysch sequences. In the 
area southeast of Kraków, the oldest rocks are represented by Precambrian phyllites covered by Paleo-
zoic, Triassic Jurassic, Upper Cretaceous and Miocene deposits. The investigated top of Jurassic horizon 
is cut by series of faults, dividing the Mesozoic basement into separate blocks. The large thrust Łąkta 
faults are cutting through Paleozoic, Mesozoic, Miocene and allochthonous flysch sequences. The 
southwestern fault systems developed under mainly extensional regime with strong strike-slip compo-
nent, while southeastern systems developed under mainly compressional regime. 

Keywords: Carpathians, flysch, basement, overthrust, fault, seismic survey. 
 
 
1. Introduction 
The structural style of the Polish Outer Carpathians 
and its basement was recently refined by seismic 
survey data from the areas southwest and southeast 
of Krakow (Figs. 1, 2). This survey was performed 
by Geofizyka Kraków Ltd. and tied to geophysical 
and geological borehole and surface data .The 
Carpathians define an extensive mountain arc, 
which stretches at a distance of more than 1 300 
km, from Vienna area in Austria, to the Iron Gate 
on the Danube in Romania (Fig. 1). To the west, 
the Carpathians are linked with the Eastern Alps 
whereas to the east, they continue into the Balkan 
mountain chain. Traditionally, the Carpathians are 
subdivided into their western and eastern parts. 
The West Carpathians consist of an older, internal 
orogenic zone known as the Inner or Central Car 

 
 
pathians and the external, younger one, known as 
the Outer or Flysch Carpathians (Golonka et al., 
2005; Ślączka et al., 2006). The interpreted seismic  
survey was located in generally northernmost part 
of the Outer Flysch Carpathians). 

2. Previous work  
The deep structure of the Polish Outer Carpathians 
and its basement, that is southern prolongation of 
the North European Platform, has been recognized 
previously mainly by extrapolation of outcrops and 
by deep boreholes supplemented by magnetotellu-
ric, gravimetric, magnetic, geomagnetic, and deep 
seismic sounding profiles. This work on the strati-
graphy of Outer Flysch Carpathians was summa-
rized by Ślączka et al. (2006, see also Oszczypko, 
2004). The Carpathian Foredeep as well as rela-
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tionship between basement, its sedimentary cover 
and allochthonous flysch nappes was summarized 
by Oszczypko et al. (2006). 

The results of these works depict the North Euro-
pean Platform as a great continental plate amalga-
mated in the Precambrian and Paleozoic. Its base-
ment consists of Proterozoic, Vendian (Cadomian) 
and Lower Paleozoic (Caledonian) fragments, de-
formed and metamorphosed. The platform sedi-
mentary cover includes Paleozoic, Mesozoic and 
Neogene sequences (Oszczypko and Tomaś, 1985; 
Moryc et al., 2005; 2006; Oszczypko et al., 2006; 
Pietsch et al., 2007; Golonka et al., 2009). 

The Precambrian basement beneath the Outer West 

Carpathians is divided into two basement blocks: 
the Upper Silesia Block on the west and the 
Małopolska Block on the east, (Żaba, 1999; Że-
laźniewicz in Golonka et al., 2005) The Upper 
Silesia Block belongs to the larger plate known as 
Brunovistulicm (Dudek, 1980.). The palaeo-
geographic provenance of the Małopolska block to 
the Dobrudgea-Crimea sector of Baltica was sug-
gested by Lewandowski (1993) on the basis of pa-
leomagnetic data. The refraction seismic data 
(Janik et al., 2009) prove the different crustal struc-
tures of the both blocks. Differences in the distri-
bution of metamorphic zone boundaries between 
Upper Silesia and Małopolska testify to subsequent 
mutual strike-slip displacements of the two blocks 

Fig. 1. Tectonic sketch map of the Alpine-Carpathian-Pannonian-Dinaride basin system (after Kováč et al., 1998) with 
location of the investigated area and major strike-slip faults. V-K–Vienna-Krakow fault, B-Z–Bielsko-Biała–Zazriva 
fault, Sk–Skawa river fault, K-S–Krakow-Smilno fault (extension of Kraków-Lubliniec fault)  
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along the Kraków-Lubliniec Fault Zone (Że-
laźniewicz in Golonka et al., 2005). This fault was 
active through the Phanerozoic times until Quater-
nary (Zuchiewicz et al., 2002; Tokarski et al., 
2006). It extends southeast of from Krakow under 
the Outer Carpathian thrust to Rajbrot south of 
Bochnia (Kraków-Rajbrot fault, see Moryc, 2006) 
and according to Zuchiewicz et al. (2002) further 
through Gorlice area to Polish-Slovak border. The 
diapiric-type migration of the less competent older 
formations along the strike-slip fault forms the so-
called tectonic windows or out-of-sequence (see 
Jankowski, 2007) thrust zones (Ropa window west 
of Gorlice for example). Following this “windows” 

rule we can expect extension of this fault to Smilno 
in Slovakia and perhaps further to Presov and Vi-
horlat area (Żaba, 1999). 

The Polish Outer Carpathians are built up from the 
Upper Jurassic-Neogene flysch deposits strongly 
imbricated due to thrusting. All the Outer Carpa-
thian nappes are thrust over the southern part of the 
North European platform covered by the autoch-
thonous Miocene deposits of the Carpathian Fore-
deep on the distance of 70 km, at least. During 
overthrusting movement the northern Carpathians 
nappes became uprooted from the basement and 
only their basinal parts were preserved. The fol-

 
Fig. 2. Map of the Polish Carpathians south of Krakow with location of seismic profiles and major strike-slip faults. 
V-K – Vienna-Krakow fault, Sk – Skawa river fault, K-S – Krakow-Smilno fault (Łąkta fault). 
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lowing Outer Carpathian nappes have been distin-
guished: Magura Nappe, Fore-Magura group of 
nappes, Silesian, Subsilesian and Skole nappes 
(Fig. 2). A narrow zone of folded Miocene deposits 
was developed along the frontal Carpathian thrust 
(Oszczypko, 1998; 2004; Oszczypko and Oszc-
zypko-Clowes M., 2003; Golonka et al., 2005; 
2009; Oszczypko et al., 2006, Ślączka et al., 2006). 

3. Methods 
Several seismic boundaries within the North Euro-
pean Platform and allochthonous cover were iden-
tified explicitly in the area southwest of Kraków, 
margin between Wadowice and Kraków. The seis-
mic profiles in this area were tied to borehole data 
from wells (see Pietsch et al., 2007; Golonka et al., 
2009): Głogoczów IG1, Potrójna IG1, Sucha 
Beskidzka IG1, Zawoja 1 among the others (Fig. 
2). The seismic boundaries were defined on the ba-
sis of interpretation of time reflection seismic sec-
tions in version of final sums after migration 
(Geofizyka Kraków Ltd.) tied to geophysical and 
geological borehole and surface data. Geological 
identification of seismic boundaries was made on 
the basis of synthetic seismograms (seismic model-
ing 1D), computed with the LogM program in the 
GeoGraphix (Landmark Graphics Corp.) system 
for all boreholes where PAP measurements were 
made.  

Correlation of seismic horizons was performed in 
the SeisVision program of the GeoGraphix system. 
The following boundaries were identified: JMsp – 

the Magura unit base, JSsp –the Silesian unit base, 
the flysch base – Flsp, PALstr - the top of various 
Paleozoic formations pinching out to the Sub-
Miocene surface, C1str – the top of the Lower 
Carboniferous, D2str – the top of carbonate forma-
tions of the Middle Devonian, Cm+D1str – the top 
of shaly-sandstone formations of the Lower Devo-
nian and the Lower Paleozoic (Cambrian) and Pr – 
the top of consolidated basement, mainly Precam-
brian. 

4. Results 
The characteristic features of the top of Precam-
brian boundary are horsts and troughs of general 
direction NW-SE turning W-E in the area south-
west of Kraków. The Precambrian basement is 
covered discordantly by Devonian and Upper Pa-
leozoic formations. The Devonian rocks were en-
countered north of Babia Góra in borehole Zawoja 
1, their southern extent remains unknown. In some 
Precambrian horsts, Devonian rocks are missing. 
The Devonian is covered by Lower and Upper 
Carboniferous deposits similar to those known in 
the Carpathian Foreland and Upper Silesian Coal 
Basin. The Mesozoic sequences are known only 
from the eastern part of the investigated area, their 
thickness significantly increase eastwards. The 
clastic Eocene-Oligocene rocks, mainly conglom-
erates of the Zawoja Formation, representing 
autochthonous Paleogene were drilled in Zawoja 1 
well. The Miocene deposits lay discordantly on the 
various Paleozoic, Mesozoic and Paleogene rocks 

 Fig. 3. Interpreted SE-NW seismic transect I-I, through Wieprz 1 (W-1), Potrójna IG 1 (P IG 1), Sucha Beskidzka 
IG 1 (SB-IG 1) and Zawoja 1 (Z-1) boreholes. Faults: (1) reaching top of Lower Carboniferous, (2) reaching top of 
Paleozoic, (3) reaching Miocene, (4) reaching surface. Horizons abbreviations explained in text. 
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(Ślączka et al., 1976; 2006; Golonka et al., 2005; 
2009; Pietsch et al., 2007). 

The NW-SE seismic transect I-I (Fig. 3) is going 
through the Wieprz 1, Potrójna IG 1, Sucha 
Beskidzka IG 1 and Zawoja 1 boreholes. The Flsp 
boundary is dipping from 60m un northern part to 
above 3300 m b.s.l. in southern part, over the 35 
km distance. The flysch sequences form nappes 
and thrustsheets. The top of Paleozoic surface, cut 
by several faults is also gradually dipping under 
Carpathians. The consolidated basement seismic 
boundary is tied to Potrójna IG among the others 
(Figs. 2, 3). Outside boreholes, it was interpreted 
according to reflex character. The Precambrian-
Paleozoic structure is characterized by horsts and 
grabens NW-SE, and W-E oriented, dipping south. 
The series of mainly normal faults reach Top of Pa-
leozoic, sometimes Miocene. The biggest fault be-

tween Zawoja 1 and Sucha Beskidzka IG1 bore-
holes cuts also allochthonous flysch sequences. 
The displacement of nappes of the Carpathian 
overthrust and diapiric extrusion of plastic forma-
tions of the lower flysch units occurred along this 
fault (Pietsch et al., 2007; Golonka et al., 2009).  

The SW-NE seismic transect II-II (Figs. 2, 4) is go-
ing through the Ślemień 1, Lachowice 7 and 
Głogoczów IG 1 boreholes. The fault system form-
ing the flower structure is cutting the platform 
basement as well as allochthonous flysch se-

quences reaching the surface. This system known 
as Skawa Fault Zone (Cieszkowski et al., 2006; 
Zuchiewicz et al., 2009) is related to huge strike-
slip crustal fault. 

In the area southeast of Kraków, the oldest rocks 
are represented by Precambrian phyllites covered 
by Lower Cambrian sandstones and mudstones, 
Lower Devonian clastics, Middle and Upper De-
vonian carbonates, Lower Carboniferous carbon-
ates, Upper Carboniferous coal-bearing series, and 
Permo-Triassic red beds. Jurassic is represented by 
Liassic and Dogger claystones, mudstones and 
sandstones, coaly layers and by Malm carbonates. 
Upper Cretaceous sandstones, marls and lime-
stones cover Jurassic deposits with unconformity. 
The Miocene molasse complex, covering Meso-
zoic, contains clastics and evaporites (Moryc, 
2006; Florek et al., 2006). 

The wavely seismic image on the Figs. 5 and 6 
shows the upper complex built by folded flysch 
sequences characterized by changing seismic 
boundary, and lower complex built by Miocene, 
Mesozoic and Precambrian rocks characterized by 
more regular, quietly dipping reflexes. The quality 
of seismic survey performed in 1978 – 2007 and 
limited number of deep boreholes with full pack-
age of well logging caused difficulties in distin-
guishing fault zones originated under different 
stress regimes, with varied depth and directions. 

Fig. 4. Interpreted W-E seismic transect II-II through the Ślemień 1 (S-1), Lachowice 7 (L-7) and Głogoczów IG 1 
(G IG-1) boreholes. Faults: (1) reaching top of Lower Carboniferous, (2) reaching top of Paleozoic, (3) reaching Mi-
ocene, (4) reaching surface. Horizons abbreviations explained in text. 
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The diffraction waves were helpful; they broke 
correlation of phased seismic horizons allowing 
identifications of faults. The following boundaries 
were identified: the flysch base-Flsp, the Sub-
Miocene surface-M1, the top of Upper Jurassic 
carbonates-J3, the top of Middle Jurassic clastics-
J2, and the top of Triassic and older formations-T1.  

The N-S seismic transect III-III (Figs. 2, 5) is go-
ing through the Łapanów-1 and Grabina-11 bore-
holes. The Mesozoic basement is covered by thin 
Miocene and thick flysch complexes in this tran-
sect. The bottom of flysch sequences is tied to 
boreholes and quite well visible. The image of 
Miocene strata is poor and hard to interpret. The 
top of Upper Jurassic carbonates (J3) horizon is 
well visible. It is cut by series of faults, dividing 
the Mesozoic basement into separate blocks. The 
large (250 ms vertical displacement) thrust Łąkta 
fault is cutting through Paleozoic, Mesozoic, Mio-
cene and allochthonous flysch sequences. It is 
closing Łapanów oil field, accumulating hydrocar-
bons in Malm and Miocene reservoir rocks. The 
Łąkta fault is related to the Krakow- Smilno Fault 
system (Figs. 1,2). Another large thrust fault, 
showing similar displacement is located in the 
northern part of the profile. The. Grabina – 
Nieznanowice graben is located in the Grabina-11 
borehole vicinity. It is limited by the thrust faults 
reaching only Miocene sequences below Carpa-

thian flysch. The inverted Podgrodzie horst is lo-
cated south of this fault zone.  

The W-E seismic transect IV-IV (Figs. 2, 6) is go-
ing through the Nieznanowice-2, Grabina-5 and 
Grabina-4 boreholes. The poorly visible Miocene 
sequences are covered by Carpathian flysch in the 
eastern part of the profile. The top of Jurassic (J3) 
and intra-Miocene horizons are well distinguished 
in the western part following the same structural 
monoclinal pattern. The very strong positive reflex, 
tied to the top of Upper Jurassic, is cut by the sys-
tem of thrust faults dipping in opposite directions 
and closing Grabina – Nieznanowice graben. The 
erosional, deeply cut valley in the top of Jurassic is 
visible at the eastern end of the profile (Fig. 6)  

5. Discussion: the origin of major faults and 
differences in structural styles 

Interpretation of seismic survey, allows identifica-
tion of dislocations cutting only basement rocks 
and less frequent dislocations cutting both flysch 
nappes and their basement. Analysis of magneto-
telluric data (Golonka et al., 2009) basically con-
firms the interpretation of seismic survey.  

In the area southwest of Kraków faults cutting only 
the consolidated basement and the Paleozoic cover 
were formed during the Variscan Orogeny during 
the Carboniferous and Early Permian times (Figs. 

 
Fig. 5. Interpreted S-N seismic transect III-III through the Łapanów-1 (L-1) and Grabina-11 (G-11) boreholes. Faults: 
(1) normal fault (2) thrust fault. Horizons abbreviations explained in text. 
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3, 4). Normal faults reaching the Sub-Miocene sur-
face prevail there. Some of them display trace of 
later Neogene reactivation. They have NE-SW to 
W directions. Also during Jurassic and Cretaceous 
times intensive extension took place. This exten-
sion is linked with the Pangea break-up and the 
origin of Alpine Tethys (Golonka et al., 2006). 

Due to the Miocene tectonic movements, most of 
the older normal faults were covered by allochtho-
nous flysch nappes forming the blind faults. Dur-
ing the last stage of the geodynamic development 
the Carpathians thrustsheets moved towards their 
present position and dextral strike-slip faults of 
N—S direction developed. Typical strike-slip fault 
forms an asymmetrical flower structure. Its orien-
tation coincides with the surface position of the 
major faults of. Skawa river fault zone perpendicu-
lar to the strike of the Outer Carpathian thrust 
sheets (Pietsch et al., 2007; Golonka et al., 2009).  

Some normal faults of E-W orientations were re-
newed during the stress period and they controlled 
formation of morphostructures – horsts and de-
pressions of E-W orientation. Huge fault, oriented 
NEE – SWW, cuts formations from the Paleozoic 
basement through the flysch allochton between the 
boreholes Zawoja 1, from the south, and Sucha 
Beskidzka1 and Lachowice 7, from the north. It 

constitutes a fragment of the major Vienna-Krakow 
fault zone (Fig. 1). The displacement of nappes of 
the Carpathian overthrust and diapiric extrusion of 
plastic formations of the lower flysch units oc-
curred along this fault.  

The thrust faults in the area southeast of Krakow 
clearly indicate the compressional regime (Figs. 5, 
6). Stress data point to present-day compressive re-
activation of the Carpathians (Jarosiński in 
Golonka et al., 2005) The Alcapa block, advancing 
towards NNE exerts thin-skinned compression in 
the flysch nappes of the Outer Carpathians. Alcapa 
push seems to involve also the autochthonous 
basement of the Małopolska Massif domain, as 
analogue SHmax orientation was documented un-
der the front of the accretionary wedge and in the 
foreland (Jarosiński in Golonka et al., 2005). 
Therefore, resistive contact between the Alcapa 
and Małopolska Massif can be anticipated. In con-
trary, contact between overriding and subducting 
plates in the Upper Silesian Massif segment of the 
Outer Carpathians seems to be weak, as the Alcapa 
push does not affect the basement. In this domain, 
SHmax rotations can be interpreted in terms of 
stress partitioning due to interference of two stress 
generating factors, SE-oriented Mid-Atlantic ridge 
push that might propagate from Bohemian massif 

Fig. 6. – - Interpreted W-E seismic transect IV-IV through the Nieznanowice-2 (N-2), Grabina-2, 4, 9 and 10 (G-2,
G4, G-9, G-10) boreholes. Faults: (1) normal fault (2) thrust fault. Horizons abbreviations explained in text. 
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to the basement of the Upper Silesian Massif and 
Alcapa push component that governs stresses in 
the nappes. The Krakow- Smilno Fault system 
(Figs. 1, 2) marks boundary between western, 
mainly extensional, with strong strike-slip compo-
nent and eastern compressional regime affecting 
the basement rocks, their Miocene cover and often 
also the Carpathian flysch nappes. The thrust sys-
tem is also related to the triangle zone located in 
the Miocene sequences north of investigated area 
(Porębski and Oszczypko, 1999; Krzywiec et al., 
2004). 

6. Conclusions 
1. Tectonics of the Polish Outer Carpathians and its 
basement reflects the long, Late Precambrian to 
present plate tectonic process. 
2. The newest mapping, lithostratigraphic, seismic 
and magnetotelluric surveys confirmed the nappe 
structures of the Outer flysch Carpathians. 
3. Interpretation of seismic and magnetotelluric 
survey allows observation that defines relationship 
between basement and flysch nappes in the Outer 
Carpathians. 
4. The basement structure in the southwest and 
southeast of Krakow displays different structural 
styles.  
5. Southwestern fault systems developed under 
mainly extensional regime with strong strike-slip 
component. 
6. Southeastern fault systems developed under 
mainly compressional regime. 
7. The Krakow-Smilno Fault system marks the 
boundary between two different tectonic realms 
with the North European Plate. 
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Abstract: This paper defines the petrographic features of the Boeothian Flysch, an Early Cretaceous 
turbidite deposit which marks the boundary between the External/Internal Hellenides in central-southern 
Greece (south of the Kopais plain). The results from this study represent a preliminary contribution in 
reconstructing the Early Cretaceous palaeogeography of a limited segment of the Alpine Tethys (i. e. the 
Pindos Ocean), mainly supported by provenance changes of the detrital modes of arenites and related 
tectonic events. The Boeothian Flysch, whose stratigraphic succession is made up by basal conglomer-
ates grading upwards to sandstones and pelites, interlayered with Calpionellid micrite limestones, is here 
supposed to belong to the Early Cretaceous flysch family, cropping out along all the western and central 
Europe Alpine Chains for more than 7,000 km, from the Gibraltar Arc to the Balkans. These flysch 
commonly mark the contact between the internal and external areas and usually show a provenance 
linked to internal areas, mainly made up by crystalline sources and, locally, by ophiolitic complexes. 
Representative samples of sandstones have been analyzed for petrographic compositions in order to de-
tect the source areas. The data obtained suggest that the provenance of the Boeothian Flysch is closely 
related to sediment sources belonging to internal domains and formed by a Jurassic carbonate platform 
and metamorphic basements, connected to the Pelagonian Terranes (Auct.), and by ophiolitic com-
plexes. Thus, it is also possible to hypothesize that Early Cretaceous uplift and rejuvenation processes 
affected these internal domains with production of a detrital supply, filling the innermost sector of the 
Pindos Ocean, whose external margin was bounded by the Parnassos microcontinent. This uplift process 
can, probably, represent the beginning of the late Cretaceous tectogenesis, widely recorded in almost all 
the central-western Alpine Tethis.  

Keywords: External Hellenides, Early Cretaceous flysch, sandstone petrography, provenance, palaeo-
geographic reconstruction.  

 
1. Early Cretaceous flysch in the Europe 

Alpine and Betic-Maghrebian Chains; 
palaeogeographic significance and objec-
tives of the paper 

The boundary between the internal and external ar-
eas in the western and central Europe Alpine 
Chains is usually marked by the presence of Early 
Cretaceous flysch, whose outcrops extend for more 
than 7,000 km from the Maghrebian Chain s. l. 
(including the Betic-Rifian Chain and the Calabria-
Peloritani Arcs) to the Balkans, through Apenni-
nes, Alps, Dinarides, Hellenides and Carpathians 
(Fig. 1). 

The deposition of these turbidite sequences (Late 
Jurassic-Early Paleocene) occurred in sedimentary 
basins floored by oceanic crust or strongly thinned 
continental crust and connected with the break-up 
of Pangaea (i. e. the Alpine Tethys).  

The time span occurred between the end of the ex-
tension of these oceanic areas and the onset of their 
closure, usually coupled with subduction of oce-
anic crust and consequent formation of large 
ophiolitic bodies, was probably very short because 
a Late Cretaceous-Early Tertiary convergence-
related evolution affected almost all these oceans 
(Schmid et al., 2008 and references therein).  
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In fact, the different oceanic segments of the cen-
tral Alpine Tethys (Ligurian-Piedmont, Vahicum 
and Valais Oceans and Rhenodanubian Flysch Ba-
sin; Fig. 2) as well as its easternmost sectors (Ma-
gura Basin, Pieniny Klippen Belt, Severin-Ceahlău 
Ocean and “Nish-Troyan flysch trough” in the 
Carpathians and Balkans) experienced middle-late 
Cretaceous tectonic events (Oszczypko, 2006; 
Săndulescu, 1994; Plašienka, 2003; Zagorchev, 
2001; Schmid et al., 2008). The only exception is 
represented by the Maghrebian Chain, where these 
tectonic events seem to have not been recorded in 
its evolutionary geological history or, if recog-
nized, they have often been neglected and/or not 
sufficiently emphasized (Puglisi, 2009). 

The consequence of the plate tectonic re-
organization during middle-late Cretaceous in the 
oceanic basins of the Alpine Tethys, was the strong 
deformation of the Early Cretaceous flysch.  

In particular, this paper is aimed to check the 
sedimentary provenance and the palaeogeographic 
setting of the Boeothian Flysch (Clément, 1971; 
Celet et al., 1974; Celet et al., 1976), an early Cre-
taceous flysch of the Hellenides segment of the 
Alpine Chain.  

This formation was probably deposited in the inner 

sector of the Pindos Ocean, an Early Triassic-to-
Eocene basin located between the Apulian mi-
croplate and the Pelagonian terranes (Channel and 
Kozur, 1997; Van Hinsbergen et al., 2005). 

The present study, performed by petrographic ap-
proach, will be associated to a comparison with 
other coeval deposits of different sectors of the 
central Europe Alpine Chains, in order to verify 
the existence of a same tectonic framework on the 
base of similar compositional characters.  

2. Geological setting of the Boeothian Flysch  

The Boeothian Flysch crops out in the innermost 
sector of the External Hellenides (southern part of 
the Boeothia, south of the Kopais plain, Fig. 3) and 
it represents a thin terrigenous succession, 30 to 
120 m thick, formed by a rhythmic alternance of 
variegated marls, shales, thin-bedded sandstones 
and marly limestones, with conglomerate horizons 
in its lower part. Limestone beds are locally rich in 
calpionellids, whose association is known in litera-
ture as related to an Upper Berriasian age (New-
mann and Zacher, 2004, and references therein).  

The innermost sector of the Pindos Ocean seems to 
be the sedimentary basin of the Boeothian Flysch. 
This basin represents one of the two branches of 
the central sector of the Neotethys Ocean (Pindos 

Fig. 1. Early Cretaceous flysch along the western-central Europe Alpine Chains, from the 
Gibraltar Arc to the Balkans (from Puglisi 2009; modified after Durand-Delga 1980). 
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Ocean to the west and Vardar-Axios Ocean to the 
east; Clift, 1992; Degnan and Robertson, 1998), 
separated by the Pelagonian microcontinent 
(Mountrakis, 1986; Jones and Robertsaon, 1991), 
which comprised major platforms (including the 
Parnassos platform in its western sector) during Ju-
rassic times (Fig. 2)., 
Thus, the Boeothian Flysch represents the first 
siliciclastic sedimentary input in the Pindos Ocean, 
occurred during Early Cretaceous times, when 
westerly directed compressions affected the 
Pelagonian microcontinent, leading the progressive 
suturing of the Hellenide orogenetic belt.  

This compression, during Early Cretaceous times, 
emplaced remnants of the Vardar-Axios Ocean 
(ophiolite obduction) onto the Pelagonian micro-
continent, while the subduction of the Pindos oce-
anic basement eastwards beneath the Pelagonian 

microcontinent continued until the end of Creta-
ceous with accretion of the main volume of Meso-
zoic-Upper Cretaceous sediments of the Pindos 
Ocean basin to the western margin of the Pelago-
nian microcontinent (Mountrakis, 2006).  

Furthermore, the Late Cretaceous sedimentary 
evolution of the Pindos Ocean is marked by abun-
dant radiolarian and organic-rich facies, followed 
by a Middle Cenomanian sediment-starved charac-
terized by the presence of black shales, suddenly 
interrupted by new calcareous and/or siliciclastic 
supply during Late Cretaceous times (Newmann 
and Zacher, 2004) 

3. Petrographic characters of the Boeothian 
Flysch sandstones 

The Boeothian Flysch sandstones mainly contain 
high amounts of serpentinized ophiolitic clasts, 

Fig. 2. Large-scale palaeogeographic reconstruction for Late Jurassic–Early Cre-
taceous times (from Puglisi 2009, modified by Channell and Kozur, 1997; Cson-
tos and Vörös, 2004; Stampfli, 2005).  
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whose provenance is still debated because it can be 
dubitatively related to the Vardar-Axios or Pindos 
oceanic crust (Robertson, 1991), and sub-angular 
to sub-rounded shaped quartz grains together a 
conspicuous lithic fraction, mainly represented by 
metamorphic and carbonate rock fragments.  
The samples, collected from thin-bedded well-
cemented sandstones cropping out in southern 
Boeothia (Fig. 3), show grain size ranging between 
-1,5 φ and 0 φ.  
The petrographic study of the Boeothian Flysch 
sandstones is focused on recognizing the gross 
composition and the textural characters of the 
grains in order to detect the provenance of the de-
trital supply.  
This study has been carried out by means of modal 
analyses, performed by thin section point-counting 
according to the criteria suggested by Dickinson 
(1970) and Gazzi et al. (1973) in order to minimize 
the effect of grain-size on the estimation of the 
rock composition. 
The results of the modal analyses of the Boeothian 
Flysch sandstones are listed in table 1.  
The detrital framework of the analyzed rocks is 

characterized by a dominant extrabasinal fraction, 
made up by abundant lithic fragments (carbonate 
and ophiolite-like clasts, and minor amounts of 
epimetamorphic and plutonic rock fragments), by 
quartz and low percentages of feldspars, almost 
exclusively represented by plagioclase single 
grains.  
Carbonate rock fragments show different grain size 
and structural characters; the finer clasts can be as-
cribed to micritic limestones, whereas the coarser 
ones can be related to different categories, such as 
(i) peloid limestones, (ii) calcarenites and/or cal-
cilutites, (iii) breccia limestones with clasts of pel-
microsparites, pel-bio-microsparites with benthic 
foraminifers and algal and sponge fragments (Fig. 
4a).  
In particular, the occurrence of sponge fragments 
such as Cladocoropsis cfr. mirabilis FELIX (Fig. 
4b) could suggest a provenance from carbonate 
platforms.   
The ophiolitic clasts, usually sub-rounded, locally 
show a porphyritic-like texture due to the presence 
of plagioclase phenocrysts (highly altered and of-
ten replaced by calcite), set in fine-grained oligo- 
to meso-hyaline groundmass; this latter is mainly  
formed by a felt of twinned plagioclase microlites, 
opaque minerals and rare ghosts of mafic minerals.  
Otherwise, it is also possible to observe ground-
masses with an ophitic-like structure, where sub-
hedral plagioclases, still recognizable, form a very 
intricate felt with the interstices filled by opaque 
minerals and probably by other mafic minerals, 
which are difficult to be identified because of their 
strong alteration (Fig. 4c ).  
Epimetamorphic rock fragments are also subordi-
nately present as clasts of phillites and metapelites 
(Fig. 4d) and as very frequent polycrystalline detri-
tal quartz grains with crenulated and sutured crys-
tal-crystal boundaries, whose provenance is con-
nected to low rank metamorphic sources. 
According to the Basu’s (1985) criteria, quartz 
grains of the analyzed sandstones can be subdi-
vided into monocrystalline grains (of low and high 
undulosity, i. e. ≤5° or >5° apparent angle of ex-
tinction, measured with a flat-stage) and polycrys-
talline grains (with few or many subgrains, i. e. ≤4 
or >4 crystal units/grain).  
Polycrystalline quartz grains are usually more 
abundant than the monocrystalline ones and, in 
particular, the monocrystalline grains with high 
undulosity and the polycrystalline quartz grains 

 
Fig.  3. Geological sketch map of the southern Boeothia 
(central-southern Greece), where the analyzed samples 
have been collected. 
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with many subgrains (Qm’’ and Qp’’ in table 1, re-
spectively) are the most representative varieties.  
A further important petrographic character of the 
analyzed rocks is the extreme scarcity of feldspars 
in spite of the abundance of lithic fragments and, 
subordinately, of quartz. 

Feldspars, in particular, are almost exclusively rep-
resented by single grains of plagioclase crystals 

whose content never exceeds the 7 %; K-feldspar 
is nearly always absent and its presence is only re-
corded in traces, within some very rare coarse-
grained plutonic-like rock fragment. 

Furthermore, it is important to remember that the 
above-mentioned Qm’’ and Qp’’ are the weakest 
varieties among of the detrital quartz grains and 
they point to be selectively destroyed by mechani-

Table 1. Modal point counts of the Boeothian Flysch sandstones 
  A3 C1 C2 C3 D5 D7 F1 F2 F4 F17 

Q 

Qm’ 7.9 1.3 5.3 4.4 6.9 7.7 6.9 7.9 8.3 5.6 
Qm’’ 10.9 6.1 5.8 6.3 12.5 13.0 10.7 12.7 10.9 11.9 
Qp’ 8.4 2.4 4.1 5.3 11.2 10.9 7.2 9.6 10.5 8.2 
Qp’’ 12.7 9.2 8.9 7.1 16.3 15.9 13.7 15.7 13.7 14.7 
Ch 2.4 0.6 0.9 1.3 2.1 1.5 1.1 2.2 1.7 1.4 

F Ps 5.3 2,5 3.5 4.9 6.3 5.9 5.7 4.3 3.9 5.5 
Ks - - - - - - 0.4 0.7 - 0.9 

L 

Cmic 3.6 8.3 7.5 9.1 3.1 2.7 3.5 4.0 3.9 5.8 
Ccalc 1.9 12.5 11.9 12.3 7.8 8.4 3.1 2.1 2.5 4.1 
Co/p 4.8 19.7 16.6 13.8 6.7 3.9 - 2.4 - - 
Fo - - 0.3 1.4 - - 0.4 - - - 
Oph 13.7 15.8 13.8 10.3 5.7 7.2 16.9 14.7 13.7 8.5 
Ls 5.8 3.1 4.3 6.1 3.3 6.9 2.3 1.7 4.3 0.9 
Lm 10.1 11.9 9.6 8.7 10.5 11.3 17.1 12.6 17.4 19.7 

 Ms 2.3 - - 1.7 3.4 1.1 1.2 1.1 1.9 3.5 
 Op 2.1 2.4 1.9 2.9 - - 0.8 1.9 2.5 1.7 
 Mt 6.2 4.2 5.6 4.4 4.2 3.6 6.9 4.9 0.9 1.3 
 Cm 1.9 - - - - - 2.1 1.5 3.9 6.3 
  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 Q 48.4 21.0 13.4 26.8 53.0 51.4 44.5 53.1 49.7 47.9 
 F 6.0 2.7 1.9 5.4 6.8 6.2 6.9 5.5 4.3 7.3 
 L 45.6 76.3 84.7 67.8 40.2 42.4 48.6 41.4 46.0 59.4 
  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 Qm 21.5 7.9 12.0 11.8 21.0 21.7 19.8 22.7 21.1 20.1 
 F 6.0 2.7 1.9 5.4 6.8 6.2 6.9 5.5 4.3 7.3 
 Lt 72.5 89.4 86.1 82.8 72.2 72.1 73.3 71.8 74.6 72.6 
  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
 Lc*+ Ls 40.4 61.4 63.9 69.9 56.3 54.2 23.4 31.3 25.6 27.7 
 Lm 25.3 16.6 14.8 13.8 28.3 28.0 38.5 31.7 41.6 50.5 
 Oph 34.3 22.0 21.3 16.3 15.4 17.8 38.1 37.0 32.8 21.8 
  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Symbols of the parameters adopted for the modal analysis 
Q= Qm + Qp, where: Q= total quartzose grains including Qm= monocrystalline quartzose 

grains subdivided into Qm’= low undulosity (< 5°) and Qm’’= high undulosity 
(> 5°), Qp= polycrystalline quartzose grains (including Ch= chert), subdivided into 

Qp’= with few subgrains (≤ 4 crystalline units per grain) and Qp’’= with many 
subgrains (> 4 crystalline units per grain); 

F= total feldspar grains, nearly exclusively represented by single grains of plagioclase (Ps); 
L= Lc + Lm + Ls+Loph, where: L= unstable fine-grained rock fragments (< 0.06 mm, 

including: Ls= terrigenous sedimentary, Lc= carbonate, Lm= epimetamorphic 
lithic fragments and Fo= fossils), Loph= ophiolitic-like clasts; 

Lt= L + Qp, where: Lt= total lithic fragments (both unstable and quartzose); 
Ms= micas and/or chlorites in single grains; Op= opaque minerals, Mt= siliciclastic 

matrix; Cm= carbonate cement; 
Lc*= carbonate rock fragments (also including the chert clasts, Ch) subdivided into: 
Cmic = micritic limestones, Ccalc = calcarenites and/or calcilutites, Co/p = oolithic 

and/or peloid limestones, Fo = fossils. 
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cal processes during prolonged transport and/or 
during successive sedimentary cycles. 

The abundance of these peculiar varieties of detri-
tal quartz (i. e. Qm’’ and Qp’’), typical compo-

nents of epimetamorphic rocks, together with the 
scarcity of feldspar grains, should be indicative of 
the presence of low-grade metamorphic rocks in 
the sediment sources. In any case, these data point 
to the exclusion of conspicuous contributions from 
plutonic and/or high grade metamorphic source. 
However, in the western Pelagonian zone there are 
several large granitic bodies of Late Carboniferous 
age rich in K-feldspar 

Finally, based on the composition (Fig. 5), the ana-
lyzed sandstones of the Boeothian Flysch can be 
referred to the litharenite litharenite group (sensu 
Folk 1974; mean composition Q40.9F5.4L53.7).  

In addiction, the analyzed rocks usually show a 
middle-low textural maturity, testified by the sub-
angular to sub-rounded shape of the grains, by a 
very poor sorting and by the presence of locally 
abundant siliciclastic matrix. These characters 
strongly points to very short transports, probably 
related to a rugged topography, as a consequence 
of a very unstable tectonic setting, and to a loca-
tion of the sedimentary basin very near to the 
source areas.  

In particular, with regards to the siliciclastic ma-
trix, thin section analysis gives strong evidences 

Fig. 5. Quartz-Feldspar-Lithic Fragment and Heavy Mineral Assemblage ternary plots
showing the gross co-mposition characterizing the sandstones of the Early Cretaceous
Maghrebian flysch (i.e. Los Nogales, Tisirène, Guerrouch and Monte Soro Flysch), 
northern Apennines (Gottero Sandstones) and eastern Carpathians (Sinaia Flysch). The 
data of the heavy mineral assemblages available in literature only regard two Early
Cretaceous Maghrebian flysch (i.e. Los Nogales and Monte Soro Flysch; Puglisi,
1981; 1987; Puglisi and Coccioni, 1987). Heavy Mineral Assemblage abbreviations:
Gar= garnet, Mon= monazite, Xen= xenotime and Pic= picotite).       

Fig. 4. Thin section microphotographs (25 x) of coarse-
grained arenaceous turbidites from the Boeothian Flysch 
(Internal Hellenide Chain). a: clasts of shallow-water 
detrital limestones with benthonic foraminiferal (Milio-
lidae and Textulariidae families) and sponge fragments 
(Cladocoropsis cfr. mirabilis FELIX, b); c: diabase-like 
clasts with typical ophitic texture; d: epimetamorphic 
rock fragments.     
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that the infilling of the interstices often represents 
the result of mechanical compaction, crushing, de-
formation and squeezing of pelitic and also of 
metavolcanic rock fragments. Thus, this inter-
granular material can be partially ascribed to a 
pseudomatrix-like product (sensu Dickinson, 
1970), commonly believed to represent a 
diagenetic product derived from the deformation of 
the weaker lithic fragments, which become par-
tially, or exclusively, a typical siliciclastic matrix. 

In table 2 and Figure 5, the detrital modes of the 
Boeothian Flysch are compared to those of 
Maghrebian Early Cretaceous flysch (Jebel 
Tisirène, Guerrouch and Monte Soro Flysch), of 
Late Cretaceous turbidites of northern Apennines 
(Gottero Sandstones) and of the eastern Carpathi-
ans Early Cretaceous Sinaia Flysch.   

In particular, the Q-F-L ternary plot clearly dis-
plays the different gross compositions between the 
above-mentioned Early Cretaceous flysch, closely 
related to different source rocks. 

The most different character is the absence of 
ophiolitic supply in the Early Cretaceous Maghre-
bian flysch. The Maghrebian Basin, in fact, seems 
to have been mainly developed on thin continental 
crust and, locally, it experienced only a partial 
oceanization, as testified by the occurrence of 
Middle to Upper Jurassic slices of basic rocks with 
an E-MORB affinity, scattered in the Rifian Chain 
(Morocco) and in Sicily (Durand-Delga et al., 
2000). Otherwise, the other sectors of the Alpine 
Tethys reached real oceanic conditions, testified by 

ophiolitic slices, olistoliths or slide-blocks, in-
cluded within the Cretaceous sedimentary deposits 
of the Ligurian-Piedmont Basin.  

4. Conclusive remarks 
Detrital modes of the sandstones of the Boeothian 
Flysch suggest a provenance from the internal do-
mains, which can be identified with the Hercynian 
crystalline Pelagonian terranes and their Mesozoic 
carbonate covers and with ophiolitic complexes.  

According to many Authors (Robertson and Moun-
trakis, 2006, and references therein), in fact, the 
Pelagonian zone is commonly interpreted as a Her-
cynian continental fragment of Gondwanan affinity 
(Mountrakis, 1986; 2006), covered by a thick and 
widespread Mesozoic carbonate platform. Ophioli-
tic nappes were detached onto this platform, start-
ing from Late Jurassic up to Middle Cretaceous 
times, as a consequence of obduction processes 
occurred in the western margin of the adjacent 
Vardar Ocean (Eohellenic orogenic phase, Auct.). 

In particular, the ophiolite-like detritus can tenta-
tively be related with the so-called Pindos-
Vourinos-Othris Ophiolites (Robertson and Moun-
trakis, 2006), derived from the western side of the 
Vardar Ocean (Fig. 2) and overthrust thick plat-
form carbonate sequences of the Pelagonian mi-
crocontinent during Middle-Late Jurassic times 
(pre-Kimmeridgian, Brown and Robertson, 2004), 
rather than with the Vardar-Axios Ophiolites. 
These last, in fact, also closely connected to the 
above-mentioned obduction processes, which prel-

Table 2. Quartz-Feldspar-Lithic Fragment detrital modes of arenites of Early Cretaceous flysch from Betic-
Maghrebian Chain, northern Apennines and eastern Carpathians. 

 
Jebel Tisirène Flysch  

(Rif, Morocco; Gigliuto and Pug-
lisi, 2002) 

Los Nogales 
Flysch 

(Puglisi & 
Coccioni, 

1987) 

Guerrouch 
Flysch 

(Raoult et 
al., 1982) 

Monte Soro Flysch 
(Gigliuto and Puglisi, 

2002) 

Monte Soro 
Flysch  

(Puglisi, 
1981; Car-
misciano 

and Puglisi, 
1983) 

Gottero 
Sandstones 

(Valloni 
and Zuffa, 

1984) 

Sinaia 
Flysch 

(Grasu et 
al., 1996) 

  Jebel Tisirène Section Punta Ce-
res Section 

Betic 
Coirdillera 

(Spain) 
Algeria Sicilian Maghrebian Chain Northern 

Apennines 
Eastern 

Carpathians 

 
Calcareous 
turbidites  

(n= 5) 

Arenaceous 
turbidites 

(n= 7) 

Arena-
ceous tur-

bidites 
(n= 8) 

Arenaceous 
turbidites 
(n= 11) 

Arenaceous 
turbidites  
(n= 16) 

Calcareous 
turbidites 
(n= 50) 

Arenaceous 
turbidites 
(n= 17) 

Arenaceous 
turbidites  
(n= 33) 

 
Arenaceous 
turbidites 

 

 
Arenaceous 
turbidites 

 
 x σ x σ x σ x σ x σ x σ x σ x σ x x 
Q 17.5 4.95 79.3 6.98 88.1 6.24 78.6 7.23 83.8 13.8 11.7 3.55 85.0 4.23 82.2 5.61 51,0 76.5 
F 2,3 1.37 6.2 1.84 9.9 2.69 15.5 5.71 13.1 6.22 0.2 0.27 13.7 3.06 13.8 4.15 39.0 10.5 
L 80.3 9.53 14.5 5.13 2.0 1.23 3.9 2.75 3.1 2.31 88.1 7.38 1.3 0.35 4.0 2.12 10.0 14.0 

 100.0  100.0  100.0  100.0  100.
0  100.0  100.0  100.0  100.0 100.0 

Q, F and L= total Quartz, Feldspar and Lithic Fragment grains. x and σ = average and standard deviation, n = number 
of analyzed samples (modified after Puglisi, 2009). 
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ude the imminent closure of the Vardar Ocean, 
seem to have been tectonically emplaced onto the 
Pelagonian massif during Cretaceous times (Van 
Hinsbergen et al., 2005, and references therein), 
slightly later the deposition of the Early Cretaceous 
Boeothian Flysch.  

Furthermore, contribution from Mesozoic carbon-
ate sources is testified by the abundance of carbon-
ate clasts, whose litology, together with the rare 
occurrence of sponge fragments (Cladocoropsis 
cfr. Mirabilis FELIX, Fig. 4b), suggest a prove-
nance from a widespread carbonate platform. In 
fact, the informal name of “Cladocoropsis lime-
stones” (or “Cladocoropsis Zone”) has long been 
used through the Dinaride and Hellenide Chains 
(Turnsek et al., 1981 and Scherreiks, 2000, respec-
tively), and in particular within the Pelagonian 
Zone, to represent reefal limestones, as remnants 
of a widespread Jurassic platform.  

Finally, low-rank metamorphic detritus (mainly 
phyllite and quartzite clasts) has always been rec-
ognized in the sandstones of the Boeothian Flysch. 
These clasts can be derived from the phyllites and 
quarzites of the Permian-Early Triassic metaclas-
tics of the western Pelagonian margin (Mountrakis, 
1986).   

Moreover, we consider that part of the western 
margin of the Pelagonian microcontinent (i. e. the 
Boeothian and Parnassos domains), which re-
mained uncovered by ophiolite nappes, formed the 
foreland basin system (sensu DeCelles and Gilles, 
1996) of the orogeny.  

During Early Cretaceous times, in fact, the Boeo-
thian domain corresponded to the foredeep depo-
zone of the foreland basin system, filled by mate-
rial derived from the erosion of the emerged ophio-
lites and its Pelagonian basement, whereas the 
Parnassos domain, west of the Boeothian foredeep, 
could correspond to the forebulge depozone of the 
same system, separated  from the Apulian conti-
nent by a westernmost small oceanic strand of the 
Pindos Ocean, as a probable backbulge. 

The following westward migration of the orogeny 
is marked by the Paleogene flysch of the Parnassos 
area, which started when this zone was trans-
formed into a foredeep depozone. 

In conclusion, on the basis of the detrital modes, 
provenance and tectonic framework of the Boeo-
thian Flysch, we emphasize its belonging to the 
Early Cretaceous flysch family, cropping out along 

all the western and central Europe Alpine Chains, 
from the Gibraltar Arc to the Balkans. 
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Abstract: Western Anatolia is characterized by N-S and NE-SW oriented extensional neotectonic re-
gime and with E-W, NE and NW-trending depression fields. The Aegean region has been subjected to 
active N-S extensional tectonics, under the control of the westward movement of the Anatolia plate 
bounded by the North Anatolian and East Anatolian faults. Tectonic evolution stages of SW Turkey can 
be divided into four main periods (from latest Cretaceous to the late Miocene). These are in ascending 
order; (1) Closure of the Pamphylian basin and emplacement of Antalya nappes (during the latest Creta-
ceous and the Paleocene), (2) Emplacement of Lycian nappes (end of Eocene-Early Oligocene), (3) 
Forming of the Oligocene molasse basins, (4) Opening of the Baklan and Acıgöl grabens (late Miocene) 
under the NW-SE and N-S extensional regimes of which has developed simultaneously. The Middle-
Upper Eocene sedimentary sequence in Acıgöl (Başçeşme formation), Burdur (Varsakyayla formation) 
and Isparta (Kayıköy formation) basins (SW Turkey) have commenced with conglomerates and coarse 
grained sandstones and change to the shale dominated turbidites and limestone interbeds in the upper 
most part. Generally, the amount of fauna fossils and calcium carbonate content increase upward from 
the conglomerate to the limestone. The main sedimentary structures of the coarse conglomerate and 
sandstone constituents in the lower most part of the Eocene sequence indicate the terrestrial (alluvial 
fan) andtransitional (tidal flat) environments. Further more thin bedded sandstone- mudstone alterna-
tions point out marine facies (flysch facies) through the eastern part of study area (Isparta region).  As a 
result of this study it can be mention this palaeoenvironmental changes associated with sea level fluctua-
tion depends on the transgression and tectonic activity. 

Keywords: SW Turkey, Eocene transgressive deposits 
 
1. Introduction
Southwestern Turkey is a place of the active conti-
nental extension and thus the most seismically ac-
tive regions of the world (Jackson, 1984; Bozkurt, 
2001). This region is affected in order of NW-SE, 
N-S and NE-SW extensional neotectonic regimes 
during the late Miocene and the result of this re-
gime has been formed E-W, NE and NW-trending 
depression fields (Fig. 1).  
The aim of this paper is to present an overview of 
the tectono-sedimentary settings of the Paleocene- 
Upper Eocene transgressive deposits in SW Tur-
key. In this aim, it has been done sedimentary fa-
cies analysis (based on lateral and vertical facies 
relationships, provenans studies) on Acıgöl, Bur-
dur and Isparta Eocene outcrops and investigated 
in relation to pre-Eocene basement rocks. 

2. Methods and Terminology 
The Eocene deposits have been studied in three 

sections cropping out at the following three locali-
ties and these are Acıgöl, Burdur and Isparta re-
gions (Fig.1). The term facies is used to average 
grain size, grain textural parameters including type 
of framework support, orientation fabric, grading, 
roundness, sorting and type of stratification, as 
well as sometimes the internal structures and ge-
ometry of clastic bodies.  

3. Geological setting  
The western Turkey is characterized by an active 
tectonic regime that has been moving to the west-
ward extrusion of the Anatolian block since the 
late Serravalian (12Ma) leaving in its southwestern 
part, Acıgöl, Burdur and Isparta regions, a trail of 
NE-SW oriented, normal-fault bounded basins 
(Bozkurt, 2001, 2003; Koçyiğit, 1999, 2005). The 
Burdur - Isparta region is a transitional zone be-
tween two distinct neotectonic domains in Turkey: 
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The Burdur graben system as the northeastern part 
of the Fethiye-Burdur fault zone and the Kovada 
graben at the apex of the Isparta angle. Each field 
represents a particular stress regime. These basins 
continue to settle progressively getting deeper 
from southwestern (Acıgöl, Burdur) toward the 
eastern (Isparta) direction (Fig.6).   

West Anatolia is formed by four main tec-
tonostratigraphic units and these are; Bornova 
Flysch zone, the Menderes Massif, the Lycian 
Nappes and Bey Dağları Autochton (Şengör and 
Yılmaz, 1981; Collins and Robertson, 1999; Okay 
et al., 2001; ten Veen et al., 2009). The Bornova 
flysch unit is located within the İzmir-Ankara 
ophiolite belt and consists mainly of irregular bed-
ded sandstone, shales and clayey limestones with 
giant Cretaceous limestone olistolithes. The 
Menderes Massif represents a relatively autoch-
thonous Panafrican augengneiss basement, which 
is overlain by a pre-Devonian–Eocene metasedi-
ment cover (schists and marbles). Lycian nappes 
and overlying supra–allochthonus sediments oc-
cupy a large area between Menderes Massif in the 
north and Bey Dağları in the east. The Lycian 
nappe zone in the SW-Anatolia consists domi-
nantly of serpantinized peridotite, gabbro, diabase, 
chert, and giant limestone olistolithes. Further-
more, the Mesozoic carbonate sediments belonging 
to Bey Dağları autochthon are also observed 
around the area surrounding Isparta. Jurassic–

Cenomanian carbonates of the Bey Dağları masif 
occupy a large part of the region and consist domi-
nantly of neritic and pelagic limestones, dolomitic 
limestones and dolomites.    

There is also that the extension occurred in two 
distinct stages and there was a short time interval 
corresponding to N-S compression between them. 
The first phase of extensional basin formation in 
the region began in Early Oligocene (Rupelian) 
time subsequent to the main Menderes metamor-
phism and the imbrication of the Menderes Massif 
(Bozkurt and Mittwede, 2005; Koçyiğit, 2005). 
The second phase commenced by latest Miocene-
Pliocene time and is attributed to the combined ef-
fects of back-arc extension to the north of the Ae-
gean arc and westward tectonic movement of the 
Anatolian plate along its bounding structures, the 
North Anatolian and east Anatolian fault systems. 
The between of these two phases may have corre-
sponded to a time of tectonic quiescence or N-S 
continental compression (Bozkurt et al., 2005).   

The geology of the study area –Acıgöl, Burdur and 
Isparta- is primarily characterized by NE-SW- 
trending foreland depressional basins the margins 
of which are generally limited with normal faults 
both of margin. These marginal faults control 
within the Eocene basins. On the other hand,   the 
marginal faults of the NE-trending grabens are 
typically left-lateral oblique-slip extensional faults 

 
Fig. 1. Simplified geological map of the Eocene-Oligocene deposits and surrounding area in SW Turkey.  (1) Acıgöl, 
(2) Burdur and (3) Isparta regions. 
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with an almost straight in trend traces (Bozkurt, 
2003). 

4. Sedimentary features of the transgressive 
Eocene sequences in the study areas 

Middle-Upper Eocene sedimentary sequence in 
Acıgöl, Burdur and Isparta areas (SW Turkey) 
have represented mainly the transgressive se-
quence. The sequences of Acıgöl-Burdur domains 
(Başçeşme- Varsakyayla Formations) composed of 
reddish-claret conglomerates, sandstones, silt-
stones are represented by fining upward sequences 
whereas Isparta (Kayıköy Formation) region show-
ing turbiditic character are mainly composed of 
sandstone and shale alternations with few chert in-
terbeds and conglomerate intercalations (Fig. 

2,3&4). The main sedimentary structures of the 
conglomerate and coarse-grained sandstone con-
stituents in the lower most part of the Eocene se-
quence indicate the alluvial fan and tidal environ-
ments (Fig.5,6). Generally the amount of fauna 
fossils and calcium carbonate content increase up-
ward from the conglomerate to the limestone while 
the amount of coarse detritic material decreases in 
this interval (Toker, 2009).  

The sequence of the Eocene deposits commences 
with conglomerates and the most common compo-
nents of pebbles are black dolomites, serpentinites, 
and ophiolithic fragments. The conglomerates are 
red, massive, poorly sorted, matrix-supported and 
their main sedimentary structure is the planar 
cross- stratification. Pebbles show horizontally ori-

 
Fig. 2. Measured section of Başçeşme Formation the northern part of Acıgöl. It can 
be shown in figure 1, S-1 section.  
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entation and imbrication structures Their basal 
parts were laid down in terrestrial (alluvial-fan) 
conditions, while the upper part in shallow marine 
–marine environments (Akkiraz, 2009) (Fig.6).  
The conglomerates are conformably overlain by 
quartz sandstones and these sandstones are greyish 
cream coloured, medium to coarse grain, poor 
laminated and intercalated with coal seams.  It can 
be interpreted to deposit on tidal flat environment. 
Typical representatives are suspension feeders (bi-
valves, gastropods) living at or below the sediment 
surface. These clastics are succeeded by up to 
350m thick sequence of Eocene transgressive 
limestone deposits. Further up the foraminiferal 
limestones rich in larger foraminifera (in particu-
lar, such as Nummulites fabiani, Discocyclina sp., 
Halkyardia) and coralline algae were deposited. 
These limestones generally comprise of cream– 
coloured reefal limestone and in some places, in-
clude sandstone, sandy limestone and mudstone. 
These limestones were deposited in an intertidal 
environment, including an ecologic reef complex 
(Göktaş et al., 1989). The Oligocene formations 
unconformably overlie on this transgressive depos-
its. Thickness of these limestones is up to 150m in 
Acıgöl area.  

On the other hand the Eocene outcrops through the 
eastern part (Isparta region) were deposited on ma-

rine environment (Fig.6). This sequence com-
mences with grey, coarse–grained, poorly sorted, 
clast–supported conglomerates and yellowish red, 
medium - to coarse–grained sandstones. Further up 
it is observed sandstone- mudstone alternations 
(Fig.4). Thick bedded sand–mud couplets with 
well developed normal grading and commonly    
T-abc division of Bouma sequence are represented 
to deposit from turbidity currents, ranging from 
high concentration to low concentration (Stanley 
and Kelling 1978; Stow and Piper, 1984). The Eo-
cene turbiditic sediments in which deposited on Is-
parta area can be termed for the flysch sediments. 

5. Tectono-sedimentary evolution of SW-
Anatolia 

In SW-Anatolia, two sets of nappes thrust over the 
Bey Dağları carbonate platform: the Lycian Nap-
pes to the northwest, and the Antalya Nappes to 
the east (Poisson, 1977; Gutnic et al., 1979; 
Robertson, 2000). The Lycian Nappes, issued from 
the Northern branch of the Neotethys were initially 
thrust southwards upon the margin of the Anato-
lian micro-continent during the Late Cretaceous. 
Subsequent southwards thrusting across the Anato-
lian micro-continent brought the Lycian Nappes to 
their present position during the Langhian (Pois-
son, 1977).  

 
Fig. 3. Measured section of Varsakyayla Formation the northern part of Burdur Lake. 
It can be shown in figure 1, S-2 section. 
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The Palaeocene–Upper Eocene supra-allochtho-
nous sediments which are observed around the 
southwestern Turkey rest unconformably on dif-
ferent tectonostratigraphic units, such as the Ly-
cian Nappes (Poisson, 1976; Özkaya, 1991; Şenel, 
1991; Collins and Robertson, 1997, 1998, 1999), 
the Menderes Massif (Poisson, 1976; Özkaya, 
1991; Özer et al. 2001), and the Bey Dağları car-
bonate platform (Özkaya, 1991; Collins ve Robert-
son, 1998) (Fig 6). The non– metamorphosed Pa-
laeocene–Eocene supra–allochthonous sediments 
generally consist of turbiditic sandstone–mudstone 
alternations, coaly sandstones and mudstones, bio-
clastic and reefal limestone lenses, blocks of lime-
stone. The supra–allochthonous sediments are 
separated from the basement rocks by a regional 
unconformity (Sözbilir, 2002).  

On the other hand, tectonic development of the 
Oligocene –Late Miocene sediments which uncon-
formably overlie the supra–allochthonous sedi-
ments, which the letter have been regarded as the 
sediments of piggy–back basins (Akgün et al., 
2000; Gürer and Yılmaz, 2002; Sözbilir, 2002) or 

molasses basins (Koçyiğit, 1984; Göktaş et al., 
1989; Yağmurlu, 1994; Sözbilir, 2005). These ba-
sins are accepted as sequences of continental and 
shallow marine sediments of transition between 
palaeotectonic and neotectonic periods in western 
Turkey (Koçyiğit, 1984). In these basins, sedimen-
tary sequences are described by interdependence 
between tectonism and sedimentation, the latter of 
which involves fining–and coarsening–upward 
sedimentary cycles. In some places, the sequences 
include reefal limestones. The Oligocene-Late 
Miocene sediments, which are generally composed 
of coarse-grained conglomerates, have unconform-
able boundary underlying Eocene flysch sedi-
ments.  

According to Poisson et al. (2003), tectonic evolu-
tion of the SW-Anatolia and surrounding areas can 
be divided into four main periods. These periods 
started with the closure of the Pamphylian basin 
was completed during Mid-Late Paleocene times 
and the Antalya Nappes were thrust on to margin 
of the Anamas Dağ and Akseki Massif to the NE 
and on to Beydağları to the SW (Fig.  7). During 

 
Fig. 4. Measured section of Kayıköy Formation the north side of the Isparta region. It can be shown in figure 1, S-3 
section. 



46 
 

the end of Eocene-Early Oligocene Lycian Nappes 
and related the Beyşehir-Hoyran Nappes were em-
placed from the NW and NE onto Beydağları and 
Anatolian platforms (Anamas-Akseki) and mean-
while, syntectonic sedimentation has commenced 
in the Acıgöl- Burdur- Isparta regions (Fig.7). The 
supra-allochthon basins of which are characterized 
by alluvial-fan, fluvial, tidal and shallow marine 
environments have developed during the Eocene. 
The thick bedded and coarse grained clastic sedi-
ments cover the metamorfic units of the Menderes 
Massif in the northern regions of Acıgöl and Oli-
gocene coarse conglomerates cover the ophiolithic 
melange and Mesozoic carbonate units in the NE 
regions of Isparta. Acıgöl and Burdur grabens be-
gan to be opened with neotectonic period of Tur-

key and extension in the region commenced in the 
Late Miocene and has continued, possible without 
a break and is still presently active (Kaymakcı, 
2006).  

6. Conclusions 
Our goal has been to gain insight into the Eocene 
transgressive deposits and particularly the tectono-
sedimentary developing of Acıgöl-Burdur-Isparta 
basins. After the emplacement of the Lycian nap-
pes in the SW-Anatolia, the according to their divi-
sion of the basins are Paleocene-Upper Eocene su-
pra-allochthon basin formed on the ophiolithic 
basement. The sedimentary sequence of the supra-
allochthon basin consists dominantly of alluvial –

 
Fig. 5. Field photos of the Eocene outcrops and relationship with Oligocene sediments in Acıgöl (Başçeşme Fm.), 
Burdur (Varsakyayla Fm.) and Isparta (Kayıköy Fm.). (a-b) Başçeşme Formation in Acıgöl area; (c) Varsakyayla 
Formation in Burdur area; (d-e) Kayıköy Formation in Isparta area. 
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fan, fluvial, tidal and shallow marine sedimentary 
constituents. 

The collected data allow us to hypothesize that the 
Paleocene-Upper Eocene tectono-sedimentary his-
tory was characterized by pre-transgressive con-

glomerates-sandstone, transgressive shallow ma-
rine-marine deposits (reefal limestone and flysch 
like fine grained sediments). The tectono-sedime-
ntary evolution of the Eocene outcrops in SW Ana-
tolia has been probably developed through pro-
gressive different depositional environments (such 
as shallow to basinal marine) towards to the east-
ern part of Turkey (Toker et al., 2009).  
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Abstract: The Late Cenozoic tectonics in the Eastern Carpathians and the Pamir-Hindu Kush region are 
compared to ascertain structural position and origin of strong mantle earthquakes in the Vrancea and 
Hundu Kush megasources. Intensive Oligocene–Quaternary deformation took place in the Pamir-Hindu 
Kush region. Under compressive regime, large upper crust blocks were detached and displaced up to 
several hundred kilometers. Relics of the oceanic crust of the Precambrian, Hercynian Paleo-Tethys and 
Early Meso-Tethys were overthrusted by the upper crust blocks and subsided to the depth of 40–70 km, 
where they were metamorphosed into higher density metabasites of the granulite-eclogite type. In the 
Pliocene–Quaternary, the region was quickly elevated, mainly because of decrease of density of the up-
per mantle. As a result, the detached dense metabasite slab began to move down to the depths of 270–
300 km. The same processes took place in the Vrancea area. The basic rocks of the Inner Carpathian 
zones were moved and underthrusted the Moesian Platform with simultaneous overthrusting by the Out-
er Carpathian zone. Under the load of the Outer zone nappes and the Focsani basin sediments, the basic 
rocks were metamorphosed into the dense metabasite slab. After decrease of the upper mantle density 
because of asthenospheric convection beneath the Carpathians, the slab began to move downwards. De-
struction of the moving slabs produced the mantle earthquakes.  

Keywords: mantle earthquakes, metabasites, change of rock density. 
 
1. Introduction 
To study mantle seismicity in the Alpine-
Himalayan orogenic belt, the authors extracted 
from the catalogs (Karnik 1968; Shebalin et al. 
1974; Kondorskaya and Shebalin 1982; Moinfar et 
al. 1994; Papazachos and Papazachou 1997; Kon-
dorskaya and Ulomov 1999; Trifonov and Karak-
hanian 2004; National Earthquake Information 
Center 2007) and merged parameters from earth-
quakes between 1850–2007 with magnitudes 
Ms>5.0 and focal depths >40 km (>50 km in areas 
with high topograhic felief and the thickened 
Earth’s crust). Overwhelming majority of such 
earthquakes is concentrated along the Hellenic and 
Cyprus arcs, Aegean region, Zagros, Middle Cas-
pian, Vrancea megasource of the Carpathians and 
Hindu Kush megasource of the Pamir-Hindu Kush 
zone (Fig. 1). The Hellenic and Cyprus seismicity 
is related to active subduction. Seismicity in the 
other areas does not demonstrate association with 
such processes. The Vrancea and Hindu Kush me-
gasources are the most active among them. Com-

parative analysis of the megasource tectonics is 
carried out in the paper.  

2. Hindu Kush megasource  
In the Pamir–Hindu Kush area, the epicenters of 
mantle earthquakes follow a convex distribution, 
extending from the Western Hindu Kush margin 
up to the eastern margins of the Pamirs and Kara-

 
Fig. 1. Histograms of the number (n) of earthquakes 
with Ms>5 in different depths (km) of the mantle seis-
mic focal zones. 
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korum (Fig. 2). 90% of the mantle earthquakes and 
95% of the released seismic energy are concen-
trated within the Hindu Kush megasource that is an 
1.5x1.5º area in the Western Hindu Kush. In this 
area, the hypocenters reach depths of ~270 km and 
rarely 300 km, while to the east, the maximum hy-
pocenter depths decrease to 200km and earthqua-
kes with Ms>5.7 are absent deeper than 150km.  

Some researchers associate this seismic activity 
with recent subduction processes. Vinnik et al. 
(1977), Tapponnier et al. (1981) and Burtman and 
Molnar (1993) based their models on the fact that 
the hypocentral area dips to the north in the west-
ern part of the Pamir–Hindu Kush zone (the Hindu 
Kush megasource) and to the south in its eastern 
part. So, they proposed the northern subduction of 

the Indian plate beneath the Hercynian Northern 
Pamir–Western Hindu Kush zone in the west and 
the southern subduction of the Afghano-Tadjik ba-
sin basement beneath the Pamirs in the east. Ne-
gredo et al. (2007) assumed that west India contin-
ued moving north after the early collision, reached 
Hindu Kush in ~8 Ma and began to subduct be-
neath it. They represented results of the numerical 
modeling of slab subsidence.  

The subduction models meet the following objec-
tions (Ivanova and Trifonov, 2005). First, they do 
not explain why the subduction of the Indian plate 
takes place only  in the northwestern flank of this 
indentor (Hindu Kush), but not in front of it (Pa-
mirs), and why the subduction of the Afghano-
Tadjik basin is absent just to the south of it and 

 
Fig. 2. Tectonic zones, granites and epicenters of earthquakes with Ms>5.7 in the Pamir-Hindu Kush-Karakorum re-
gion, after (Ivanova, Trifonov, 2005) with changes. 1 – nappes and thrusts; 2 – strike-slip faults; 3 – other major faults;
4 – boundaries of basins; 5 – granite batholiths, continued to develop in Miocene; 6 – epicenters of earthquakes with 
depths of hypocenters h<70 km (a), 70>h>150 km (b) and h>150 km (c); 7–9 – magnitudes of earthquakes: 7 – Ms
=5.7–6.5; 8 – Ms =6.6–7.4; 9 – Ms =7.5–8.3. TS – Tien Shan; AT – Afghano-Tadjik basin; T – Tarim basin; NP –
Northern Pamir and its continuations (Bt, H, Nk); Al, V, Kb, M, Ru, C, Ct – zones of the Central Pamir type, includ-
ing SW – South-Western Pamir and Badakhshan; P – Pshart suture and its continuations, shown as grey; Gs – sup-
posed continuation of the Pshart suture in Tibet; SE – South-Eastern Pamir–Nuristan and its continuations in Tibet and 
Afghanistan; KK – Northern Karakorum and its continuation in Tibet; HA – Hilmend-Argandab block; KH – Southern
Karakorum and Eastern Hindu Kush; S – Shiok suture; B – Bangun suture; К – Kohistan; L – Ladakh; HH – Hazar
block of the Himalayas. 1 – Herat (Main Herirud) fault, 2 – Main Karakorum thrust, 3 – Main Mantle thrust, 4 – Dar-
vaz reverse-sinistral fault, 5 – Pamir-Karakorum dextral fault, 6 – Central Pamir fault, 7 – Chaman sinistral fault. 
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takes place in the east, where the basin is reduced. 
Second, the detailed location of hypocenters of 
earthquakes with magnitudes Ms>5.7 within the 
Hindu Kush megasource showed that the hypocen-
tral area is almost vertical, thus dips neither to the 
north nor to the northwest (Ivanova and Trifonov 
2005, fig. 5). Third, the Indian plate could not 
reach Hindu Kush in the Late Cenozoic, because 
by that time there already existed the lithosphere 
slab along the Main Karakorum thrust. Thus, the 
subduction models do not correspond to the geo-
logical and seismological data.   

In Oligocene–Miocene, the upper crust tectonic 
zones of the Pamir arc were detached and dis-
placed laterally, therefore the arc curvature in-
creased because of lateral shortening (Ivanova and 

Trifonov 2005). The Archaean granite-gneiss 
block of the South-Western Pamir and Badakhshan 
was primarily a part of the continental crust of the 
Central Pamir zone, which was situated above the 
Early Meso-Tethys subduction zone between sub-
oceanic basin in the south and volcanic arc, formed 
on the Hercynian Northern Pamir and Western 
Hindu Kush. Relics of the basin are represented by 
the Pshart suture and are manifested in the seismic 
cross-section of the adjacent Vanch-Yasgulem part 
of the Central Pamir by the ~15-km thick layer of 
the high-velocity “crust-mantle mixture” (Kha-
mrabaev, 1980). Until the end of Miocene, the 
Archaean block was displaced to the east, at mini-
mum, 150 km. A major part of the oceanic crust 
beneath the former position of the Archaean block 
was overthrusted by the Hercynian zone. This 
oceanic crust (slab) could be supplemented by rel-
ics of the Hercynian and Archaean oceanic basites, 
converged with the slab contributing to the Ceno-
zoic orogenesis. Analogous rocks to the Hercynian 
basites are exposed in the Northern Pamir sutures 
and analogs to the Archaean ones are represented 
by amphibole gneisses and garnet amphibolites 
with eclogite boudines in the allochtone units of 
the South-Western Pamir.  

According to seismic profiling data, the 25-km 
thick Archaean block overthrusted the South-
Eastern Pamir zone. As a result, the total thickness 
of the South-Western Pamir crust reached 60 km 
(Kuhtikov 1981). The thickness of the Northern 
Pamir and Western Hindu Kush crust is similar 
(Khamrabaev, 1980). Covered by the continental 
crust, relics of the oceanic crust were subsided 
down to 50–70-km depths, where they could be 
metamorphosed into garnet granulites and eclo-
gites, similar with the mantle in term of their den-
sity. Studies of the Late Cenozoic magmatic rocks 
showed abundance of eclogite xenoliths (Kuhti-
kov, 1981). Velocities of the longitudinal waves 
are increased to 0.3–0.4 km/s in the Hindu Kush 
megasource and are decreased to 0.1–0.2 km/s in 
the surrounding mantle with respect to average 
ones for the Globe (Vinnik et al., 1977). The seis-
mic focal zone is probably enriched with the dense 
metabasites that began to move downwards after 
decrease of upper mantle density in Pliocene–
Quaternary and produced the mantle earthquakes 
(Fig. 3).  

3. Vrancea megasource 
113 mantle earthquakes have been registered in the 
Vrancea area since 1862. Except two the earliest 

 
Fig. 3. Schemes of development of the Pamirs crust: 
(Т3) Late Triassic till Norian, (T3–J1) end of Triassic and 
Early Jurassic, (N1

3) Late Miocene, and (N2–Q) Pli-
ocene–Quaternary, and formation of the Hindu Kush 
megasource of mantle earthquakes. 1–sedimentary cov-
er; 2–platform carbonates; 3–Paleozoic continental
crust; 4–Paleozoic oceanic crust; 5–continental crust of 
the Central and Southern Pamirs; 6–Mesozoic oceanic
crust; 7–metabasites. ATB–Afghano-Tadjik basin, NP–
Northern Pamir, SWP–South-Western Pamir, PS–Pshart
suture, SEP–South-Eastern Pamir, K – Karakorum. 
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events that are possibly inaccurately located, all 
earthquakes occurred in the area 45.2–45.9º N / 
26.2–27.3º E. Hence, in the first approximation, 
the seismic focal volume has a form of the vertical 
column with diameter ~80 km and depth up to 170 
km. The epicentral area is situated in the junction 
of the eastern and southern segments of the Carpa-
thian arc, in its Outer zone and the Focsani basin of 
the Foredeep (Fig. 4). The Outer zone is the accre-
tion prism of the Mesozoic and Paleogene flysh 
that was detached and overthrusted onto the shal-
low-water Middle Miocene deposits of the Focsani 
basin at the end of the Middle Miocene and the be-
ginning of the Late Miocene (Artyushkov et al., 
1996). The basin had begun to sink earlier and 3 
km of deposits had been accumulated there before 
the main thrusting. Thickness of the thrusted com-
plex is 8–12 km and could reach primarily 10–14 
km, when later erosion is taken into account. How-
ever, according to the quoted authors, this increase 
of the sedimentary layer thickness did not produce 
an isostatic uplift of the topographic relief that 
could reach 1.5–2.4 km according to the calcula-

tions and it remained at ~0.5 km. Thus, the 1–2-km 
uplift was compensated by densification at depth. 
The 9-km thick Neogene–Quaternary sedimentary 
cover was accumulated in the Focsani basin to the 
southeast of the Outer zone; it was deformed and 
thrusted in front of it (Sandulescu, 1984; Artyush-
kov et al., 1996).  

The Focsani basin covers the Precambrian Moe-
sian platform (Sandulescu 1984). The Intramoesian 
and Peceneaga-Camena faults strike correspon-
dingly along the south-western and north-eastern 
basin flanks. The latter fault is a thrust that dips to 
the SW and separates the Moesian and epipaleo-
zoic Scythian platforms (Sandulescu, 1984). The 
narrow North Dobrudja Cimmerian orogenic zone 
follows along the northeastern side of the fault. 
The zone is formed by a system of nappes, thrusted 
onto the Scythian platform. Two nappe units with 
the Triassic basites between them are differentiated 
(Khain, 2001). In recent structure, the North Do-
brudja zone is associated with the Peceneaga-
Camena thrust and possibly converge along it at 
depth with the Vrancea megasource.  

 
Fig. 4. Tectonics of the Carpathians around the Vrancea area (after Hauser et al., 2007, modified). 1–Neogene–
Quaternary volcanic rocks; 2–Neogene–Quaternary sediments of the Foredeep; 3–Focsani basin; 4–Neogene sedi-
ments of the Transylvanian basin; 5–nappes of the Outer zone (Moldavides); 6–Outer Dacide nappes with the Creta-
ceous posttectonic cover; 7–Median Dacide and Transylvanide nappes with the Cretaceous posttectonic cover;   8–
Carpathian tectonic zones under the Pliocene–Quaternary sedimentary cover; 9–Cimmerian orogen of the Northern 
Dobrudja, exposed or under thin sediments; 10–the same orogen under thick sediments; 11–sedimentary cover of the 
Moesian Platform; 12–main thrusts; 13–faults: IM–Intramoesian, PC–Peceneaga-Camena, TR–Trotus; 14–Vrancea
epicenter area. ZO–seismic profile line. 
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In the seismic profile O–Z, the Moho surface is si-
tuated at 35–40 km depth beneath the inner Carpa-
thian zones, 45–47 km beneath the Outer zone and 
the Focsani basin and ~44 km beneath the Moesian 
Platform (Hauser et al., 2007). Similar changes are 
seen northernmore, in the seismic profile across 
the Ukrainian Carpathians, where the crustal thick-
ness reaches ~60 km beneath the Outer zone and 
the foredeep (Chekunov, 1993). At the lower crust, 
a layer at depths ~40–60 km exhibits longitudinal 
waves velocity 7.4–7.6 km/s. Along the profile O–
Z, the longitudinal wave velocity is 7.0–7.1 km/s 
within the lowest crust. Probably, the high-velocity 
layer of the Ukrainian profile can not be distin-
guished there from the upper mantle.  

According to Artyushkov et al. (1996), the high-
velocity layer in the lowest crust manifests the me-
tamorphic densification of basites that kept a sur-
face of the Focsani basin in the low level after its 
filling by the Outer zone nappes and the Neogene–
Quaternary sediments. The basites probably mi-
grated from the inner Carpathians, where ophi-
olites are exposed in several zones. Their underth-
rusting resulted the detachment of the lower crust 
and took place simultaneously with overthrusting 
of the Outer zone.  

We assume that the metabasites were not restricted 
in the lower crust, but forming a slab they sub-
ducted into the lithospheric mantle. They were 
possibly supplemented by the basic rocks of the 
North Dobrudja, underthrusted along the Pecenea-
ga-Camena fault zone. In the upper mantle level, 
the basites were moreover metamorphosed to gar-
net granulites and eclogites, reaching the density of 
lithospheric mantle rocks. After the later elevation 
of the asthenosphere under the Carpathians up to 
~80 km depth, 120–170 km higher when compared 
to the adjacent platform (Artyushkov et al., 1996), 
the slab was at the boundary of the mantle area 
characterized by the decreased densities and began 
to move downwards, producing the mantle earth-
quakes (Fig. 5).   

4. Conclusions  
In both areas under discussion, the mantle earth-
quake sources are related to metabasites associated 
with the paleooceanic crust. Decrease of the upper 
mantle density in the Pliocene–Quaternary initiated 
motion of the dense and relatively cold metabasite 
slabs downwards. Because of this motion seismic 
stress increased and phase transformations of the 
slab rocks took place, like deserpentinization and 
(in the larger depths) eclogitization and transition 
of quartz into coesite and possibly stishovite. The 
seismic displacements were caused by decrease of 
strength of rocks in milonite zones rather than in-
crease of stress (Rodkin et al., 2009). The decrease 
of strength was intensified by fluids that were pro-
duced by dehydration of serpentine and amphi-
boles and possibly were evolved by the asthenos-
phere.  

Like the other areas of the mantle seismicity within 
the orogenic belt, the Vrancea and Hindu Kush 
areas are situated in structures, formed in the for-
mer northern margin of the Tethys. It demonstrates 
signs of the successive joining of more or less 
large fragments of Gondwana and the Eurasian 
plates and corresponding migration of subduction 
zones to the southern sides of the joining frag-
ments. These signs are represented by sutures, ob-
ducted oceanic rocks and volcanic arc formations 
of different stages of the Paleo-, Meso- and Neo-
Tethys and indicate presence of the paleooceanic 
slabs within the recent lithosphere. In Oligocene 
and Miocene, intensive tectonic deformation and 
displacement of large volumes of the Earth’s crust 
were associated with magmatic and metamorphic 
processes. They consolidated the Earth’s crust until 
Pliocene. Under this cover, the active asthenos-

 
Fig. 5. Scheme of the Vrancea megasource formation
(after Artyushkov et al., 1996; Hauser et al., 2007, mod-
ified). 1-sedimentary cover; 2-Upper crust; 3-Lower
crust; 4-Lower crust layer, enriched by dense metaba-
sites; 5-slab of dense metabasites (zone of mantle earth-
quake; their hypocenters are shown); 6-astenosphere;
7-lithosphere mantle. OC-the Outer Carpathians. 
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phere replaced partly the lithosphere mantle and 
provoked the retro-metamorphism of the paleoo-
ceanic metabasites. These processes caused the in-
tensive Pliocene-Quaternary uplift of mountains.  

Therefore, motion of the lithospheric slabs down 
and intensive rise of mountains took place simulta-
neously. Their common source was the decrease of 
the upper mantle density, caused by influence of 
the asthenosphere. However, formation of moun-
tains occupied the larger territories of the Alpine-
Himalayan belt, than the mantle earthquakes. Ob-
viously, there were some local geodynamic factors, 
controlled the mantle seismicity. They could be: 
firstly, big primary volume of a slab, causing pre-
servation of its properties for a long time; second-
ly, presence of a major trans-lithosphere fault zone, 
controlling mechanically weakened zones of seis-
mic displacement within the slab. These large 
zones are the Chaman-Darvaz reverse-sinistral 
fault zone in the Hindu Kush area (Ivanova and 
Trifonov, 2005) and the boundary zone between 
the Carpathians and the Moesian plate in the Vran-
cea area (Sandulescu, 1984). 
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Abstract: A new locality tracked down in the Eurotas Valley (Laconia, Greece) yielded mammalian 
dental remains of a young individual referred to as Hippopotamus antiquus. The findings are of very 
large size compared to already known specimens from Greece and W. Europe. The new locality is bi-
ochronologically dated at the Early–Middle Pleistocene. 

Keywords: Hippopotamus Laconia, Peloponnesus, Greece, Pleistocene 
 
1. Introduction 
During a geological survey in Eurotas valley (La-
conia, Peloponnesus) in October 2006, a new 
mammal locality was discovered. The site, dubbed 
“Myrtiá” (MYP), is located in the area among the 
small town of Vlachiótis and the villages of Myrtiá 
and Peristéri, near the road that leads from Myrtiá 
to the main road of Skála–Vlachiótis (Fig. 1).  It is 
a small remnant of an old terrace of the river Euro-
tas, which outcrops above the present floodplain, 
forming a low hill (highest altitude: 38 m). It con-
sists of gravels and loose conglomerates deposited 
in a fluvial environment. Part of the gravels has 
been quarried several years ago.  

The new locality yielded two Hippopotamus mo-
lars that plausibly belong to the same individual, as 
they were found in association and exhibit similar 
degree of wear. 

Fossil mammal localities of Pliocene to Early 
Pleistocene age are already known in the broader 

area of the Eurotas Valley: Georgalas (1941) de-
scribes a proboscidean molar from Skoúra, SE of 
Sparta, which he refers to the Pliocene species 
Anancus arvernensis. Sidiropoulou (1972) refers 
an equid maxillary fragment from Vrontamás, pre-
serving cheek teeth in both sides, to Equus cabal-
lus forma primitiva; however, its dental characters, 
as the short protocones and the narrow styles, indi-
cate that the specimen belongs to a stenonid horse 
of Late Pliocene or Early Pleistocene age. In a ra-
vine of the same region Symeonidis (1970) men-
tions the presence of a (proboscidean?) tusk frag-
ment. The broader area of Vrontamás has recently 
yielded some new mammal remains (Skourtsos 
pers. com. and personal field data). Symeonidis & 
Theodorou (1986a) describe proboscidean skeletal 
and dental material from Vlachiótis, in the vicinity 
of Myrtiá, which they refer to Mammuthus meri-
dionalis. Other Laconian localities, outside the Eu-
rotas Valley, include the cave of Dyrós, which is 
particularly rich in Hippopotamus (Giannopoulos 
2000; Symeonidis & Giannopoulos 2001), as well 
as the important anthropological sites of Apídima 
(Pitsios 1999; Tsoukala 1999) and Lakonís (Har-
vati et al. 2003). 

2. Systematics 
Order: Artiodactyla OWEN, 1848 
Family: Hippopotamidae GRAY, 1821 
Genus: Hippopotamus LINNAEUS, 1758 
Hippopotamus antiquus DESMAREST, 1822 
Material: MYP-1: upper left second molar (M2); 
MYP-2: upper left third molar (M3) (Fig. 2). The 
material is currently stored in the Museum of Pa-

 
Fig. 1. Geographic location of the new fossil mammal 
locality Myrtiá (MYP). Graphical scale in km. Contour 
interval: 100 m. 
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laeontology and Geology of the National and Ka-
podistrian University of Athens. 

Description: The two molars were found in ana-
tomical association; however no maxillary bone 
not even the roots are preserved. Both teeth are in 
pristine condition: the enamel is wrinkled and only 
the mesial cusps (protocone and paracone) of M2 
show some signs of polishing due to very early 
enamel wear. The M3 must not have been erupted 
at the time of death. In occlusal view the teeth ex-
hibit the typical trefoil-shaped crown morphology, 
which is characteristic for the Hippopotamidae. 
The M2 has trapezoid shape, the mesial cusps be-
ing considerably wider than the distal ones. In M3 
the cusp pairs are placed rather oblique in relation 
to the sagittal plane. All cusps are conical and con-
verge towards their apices. In labial or lingual view 
the mesial cusps appear almost straight, or bend 
slightly backwards, while the distal cusps are 
clearly bent toward the centre of the crown. The 
mesial and distal cusp pairs are separated by very 
deep transverse valleys that open lingually and la-
bially. The styles situated mesially and distally of 
each cusp are very strong in M2, particularly the 
hypostyles. In M3 they are considerably weaker; 
the distal metastyle is practically lacking, being 
only visible near the base of the crown. Both mo-
lars have a cingulum. In M2 it is very strong in all 
sides of the tooth: mesially and distally it reaches 
the middle of the crown, while it forms a cuspid in 

the lingual and labial openings of the transverse 
valleys (the lingual one being more robust). In M3 
the cingulum is preserved only mesially and distal-
ly. The distal one is weaker than the corresponding 
structure of M2. The dimensions of M2 are (63.0) 
× (58.5) × 60.0 (mesiodistal diameter × labiolin-
gual diameter × height, in mm), while those of M3 
are (61.0) × (54.0) × 56.8 respectively (the dimen-
sions in parentheses indicate inaccurate measure-
ments, due to incomplete preservation). 

The degree of dental wear can provide information 
on the ontogenetic age of the Myrtiá individual. 
According to Laws (1968), who described the age 
groups of extant African hippos based on the erup-
tion sequence of lower teeth, the first signs of wear 
on lower second molar appear at the age groups 
VII-VIII. The same author, based though on li-
mited observations, states that the same criteria 
approximately apply on the upper teeth too. Thus 
the individual of Myrtiá can be aged into these 
groups, which correspond to an ontogenetic age of 
11±2 to 15±2 years in the extant populations 
(Laws, 1968). 

3. Discussion 
An exclusively African genus during the Holocene, 
Hippopotamus was common in Europe during 
most of the Pleistocene (especially in the western 
part), where it is present in hundreds of palaeonto-
logical localities (Faure, 1981). The genus oc-
curred in South, Central and Western Europe dur-
ing the Early and early Middle Pleistocene, but 
subsequently retreated to the South (Iberian, Italian 
and Balkan peninsulas) till the end of the Middle 
Pleistocene. In the Late Pleistocene the hippos 
were again widespread in Western Europe, reach-
ing as far north as N. England. In general their 
biogeographic range extended north during the in-
terglacials and contracted to southern refugia dur-
ing the glacials. The European population dimi-
nished and eventually became extinct during the 
last glacial.  

The earlier forms (Early to Middle Pleistocene), 
usually referred to as Hippopotamus antiquus, 
were very large. Later forms (generally after the 
mid-Pleistocene) were smaller, comparable in size 
to the recent African species H. amphibius and 
usually referred to as such. A number of other spe-
cies were also proposed, as H. incognitus FAURE, 
1984 and H. tiberinus MAZZA, 1991, based on ana-
tomical peculiarities of the skull or postcranial ske-
leton, though they are not generally accepted with-

 
Fig. 2. Hippotamus antiquus from Myrtiá. Left upper 
second molar (MYP-1): a, occlusal view; b, labial view. 
Left upper third molar (MYP-2): c, occlusal view; d, la-
bial view. Mesial side is on the left. Graphical scale in 
cm. 
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out reservation (Mazza 1995; Petronio 1995). Oth-
er authors consider all European Pleistocene hip-
popotamuses as belonging to the gradually evolv-
ing extant species H. amphibius, in which they 
recognize two subspecies (H. amphibius antiquus 
and H. amphibius amphibius) (e.g. Kahlke, 1990; 
Kahlke, 2001). Since the taxonomy of the genus at 
the species/subspecies level is still debated, the 
two species (antiquus–amphibius) taxonomic 
scheme is provisionally accepted in the present 
study, following Petronio (1995). 

Non-endemic Hippopotamus is already known 
from several sites in Greece (Fig. 3), but it is most-
ly represented by few fragmentary finds in each 
site. The richest sites are located in the Megalópo-
lis Basin —sites Megalópolis (Melentis, 1966a) 
and Kyparíssia (personal data)—, as well as in 
Dyrós Cave (Petrochilos, 1958; Giannopoulos, 
2000; Symeonidis and Giannopoulos, 2001). The 
presence of Hippopotamus sp. is also mentioned 
by Deprat (1904) at Panagia Heria, Euboea, to-
gether with a Late Miocene assemblage, which 
makes this determination rather doubtful. In a later 
publication on the Miocene faunas of the island 
(Mitzopoulos, 1947) the genus is not included in 
the faunal lists. Endemic Hippopotamus (H. 
creutzburgi BOEKSCHOTEN & SONDAAR, 1966) is 
currently known from twenty localities in Crete 
(Lax, 1996; Iliopoulos et al., 2010), the most im-
portant of which is in the mountain basin of Ka-
tharó (Eastern Crete) (Boekschoten and Sondaar, 
1966; Dermitzakis et al., 2005).  

The Hippopotamus molars have only minimally 
changed during the genus’ evolution and, conse-
quently, their morphology is not taxonomically di-
agnostic. Nevertheless, the trapezoid outline of M2 
in occlusal view has been considered as a specific 
character of H. antiquus (Thenius, 1955). In a me-
trical comparison to other dental samples of Euro-
pean Hippopotamus (Fig 4), the molars from Myr-
tiá plot near the maxima of H. antiquus ranges ac-
cording to Faure (1985) and appear to be among 
the largest specimens of the same species accord-
ing to Mazza (1995). Hippopotamus upper molars 
from Greece, which can be metrically compared to 
the Myrtiá material, are known from the following 
localities: Manzavináta (Psarianos, 1954), Elis 
(Thenius, 1955), Haliákmon Valley (Melentis 
1966b), Káto Salmeníko (Symeonidis and Theodo-
rou, 1986b), Ravin Voulgarákis (Kostopoulos, 
1996) and Dyrós Cave (Giannopoulos, 2000). The 
molars from Manzavináta and Haliákmon Valley, 

as well as those from Dyrós, are much smaller than 
Myrtiá, which is also consistent with their specific 
determination by the above authors as H. amphi-
bius. The two M2s from Dyrós (specimens N.84 
and N.86; Museum of Palaeontology and Geology, 
University of Athens) are, however, close to the 
maximum values of the species’ range, as given by 
Faure (1985). The M2 from Elis is similar in size 
to MYP-1, while the M2 from Káto Salmeníko is 
slightly smaller. The locality of Ravin Voulgarákis 
has yielded an almost complete juvenile skull that 
preserves the M2s. With a mesiodistal dimension 
of about 55 mm (Kostopoulos, 1996, Table 146) 
the M2s of this skull are smaller than the ones 
from Myrtiá. 

The available morphological and —especially— 
metrical characters of the molars from Myrtiá sup-
port the attribution of the finds to the species Hip-
popotamus antiquus. 

 

 
Fig. 3. Distribution of non-endemic Hippopotamus-
bearing localities in Greece: 1, Ravin Voulgárakis,
2, Haliákmon Valley (unknown exact location), 3, Per-
díkkas, 4, Libákos, 5, Kapetánios, 6, Q-Profil, 7, Piniós 
Valley, 8, Toíchos, 9, Manzavináta, 10, Elis, 11, Ag.
Dimítrios, 12, Káto Salmeníko, 13, Limnón Cave, 
14, Kyparíssia, 15, Megalópolis, 16, Marathoúsa,
17, Apídima Caves, 18, Dirós Cave, 19, Myrtiá,
20, Kos. Data according to Desio (1931), Psarianos 
(1954), Thenius (1955), Milójčić et al. (1965), Melentis 
(1966a, 1966b, 1969), Sickenberg (1976), Stratigopou-
los (1986), Symeonidis and Theodorou 1986b) Steen-
sma (1988), Koufos et al. (1989), Tsoukala (1999), 
Symeonidis and Giannopoulos (2001), Reimann and 
Strauch (2008) and personal observations. 
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4. Biochronology–Palaeoecology 
Azzaroli et al. (1982) place the first appearance of 
Hippopotamus in Europe at the Early Pleistocene 
(Tasso Faunal Unit, at about 1.8–1.7 Ma), as it is 
known during this time interval from localities in 
Italy and other Mediterranean regions. However, 
scanty specimens from sites of rather earlier, Late 
Pliocene age make probable an even earlier disper-
sal from Africa to Europe (Kahlke, 1987). Thenius 
(1955) dates his H. antiquus findings from Elis to 
the Astian (Late Pliocene), based on correlations 

with mollusk faunas, and this age has been recently 
corroborated by Reimann and Strauch (2008), who 
studied a partially preserved skull from the same 
area. This places the finds from Elis among the 
earliest Hippopotamus of Europe. The other hippo-
yielding localities of Greece are of later or not well 
definable age. Steensma (1988) dates the localities 
of Libákos and Kapetánios to the biozone MNQ19 
(Early Pleistocene). Slightly younger, Ravin Voul-
garákis is dated by Koufos (2001) in MNQ20. The 
findings of the Megalópolis Basin (sites Me-
galópolis, Marathousa and Kyparíssia) are of Mid-
dle Pleistocene age, as the lacustrine sediments of 
the basin are dated from ~900 ka to ~350 ka (van 
Vugt et al., 2000). Of the three faunas, Marathousa 
is probably the older, about at the Early/Middle 
Pleistocene boundary, while Kyparíssia is possibly 
closer to the top of the stratigraphic sequence.  

The fauna of Piniós Valley is dated by Milójčić et 
al. (1965) to the last interglacial or the beginning 
of the last glacial period. However, radiometric 
dates cited by Runnels & van Andel (1999) place 
the fossiliferous sediments well into the late gla-
cial. If these late dates (~ 45–30 ka) are corrobo-
rated, then the taxonomic attribution of the finds, 
referred by Milójčić et al. (1965) to as H. am-
phibius cf. antiquus, might need revision. New ma-
terial collected recently at the locality may yield 
additional data on this problem (Athanassiou in 
preparation). A late date would also raise the upper 
biochronological limit of the genus in Europe, 
which is currently placed at Oxygen Isotope Stage 
5 or 4 (Petronio, 1995; Palombo and Mussi, 2001). 
A late radiometric date of at least 32 ka is also 
cited by Symeonidis and Giannopoulos (2001) for 
the H. amphibius-bearing fauna of Dyrós Cave. 

The specimens from Manzavináta and Haliákmon 
Valley are attributed by Melentis (1966b) and Psa-
rianos (1953) to H. amphibius, on the base of their 
rather smaller dimensions, so a Middle–Late Pleis-
tocene age is more probable for these localities. A 
stratigraphic correlation of several European Hip-
popotamus-bearing localities is given in the chart 
of figure 5. 

The stratigraphic range of H. antiquus is usually 
given as Early–Middle Pleistocene (Faure, 1981; 
Mazza, 1995; Petronio, 1995) and this is a plausi-
ble age for the locality of Myrtiá. Given the very 
large dimensions of the studied specimens and the 
suggested Late Pliocene age of the Elis finds, a 
similar age could also be supposed as possible for 
Myrtiá. However, since Hippopotamus remains 

 
Fig. 4. Scatter plots comparing the mesiodistal (DAP) to 
labiolingual (DT) dimensions in mm of Hippopotamus 
M2 and M3 samples. The blue and green squares repre-
sent the range given by (Faure 1985) for H. amphibius 
and H. antiquus respectively. The blue and green points 
correspond to H. amphibius and H. antiquus measure-
ments respectively, according to Mazza (1995). Meas-
urements of Valdarno, Manzavináta, Elis, Haliákmon 
Valley and Káto Salmeníko according to Leonardi 
(1948), Psarianos (1954), Thenius (1955), Melentis 
(1966b) and Symeonidis and Theodorou (1986b). The 
plots depict clearly the great metrical overlapping of 
samples referred to as H. amphibius and H. antiquus, 
which leads to confusion regarding the taxonomy of the 
European representatives of the genus. 
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have not yet been found in any well-dated Pliocene 
mammal assemblage in Greece, we reserve a Late 
Pliocene date, until the early presence of the genus 
in Greece is supported with more biostratigraphic 
data from more sites. The presence of Mammuthus 
meridionalis in the nearby locality of Vlachiótis 
(Symeonidis and Theodorou 1986a) also indicates 
a wide chronological range of Late Pliocene – Ear-
ly Pleistocene. A direct stratigraphic correlation 
between the two localities is, though, not possible. 

Hippos are adapted to a semi-aquatic way of life 
and depend on the presence of fresh water bodies 
throughout the year. Their presence has also been 
interpreted as an indication of warm climate. This 
is, though, not true, at least for southern Europe, as 
already pointed out by Faure (1981) and as indi-
cated by recently available radiometric dates for 
Piniós Valley and Dyrós Cave, which place these 
faunas into the last glacial. The presence of H. an-
tiquus in Myrtiá, in combination to the coarse-
grained lithology of the site, indicates a fluvial en-
vironment. 

5. Conclusion 
The dental findings (upper M2 and M3) from the 
new locality Myrtiá are referred to a young indi-
vidual of Hippopotamus antiquus. The specific de-
termination is mainly based on the specimens’ very 
large size, compared to recent material, as well as 

to fossils already known from several European lo-
calities. The presence of Hippopotamus in Myrtiá 
suggests a fluvial environment. The new locality is 
biochronologically dated at the Early–Middle 
Pleistocene. 
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Abstract:Neogene/Quaternary deposits along the east shoreline of Thermaikos Gulf (Thessaloniki, 
Greece) occasionally yielded several isolated fossil vertebrate remains. A proboscidean tusk and an 
equid astragalus have been recently unearthed from a new palaeontological spot near Epanomí. The 
finds are referred to Mammuthus cf. meridionalis and Equus sp. Based on biochronological data, the de-
posits are dated to the latest Pliocene. 
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1. Introduction 

The peninsula of Chalkidikí comprises several fos-
sil mammal localities of Early Miocene – Middle 
Pleistocene age, including Petrálona (Sickenberg, 
1964; Tsoukala, 1989), a famous cave locality that 
yielded a complete skull of Homo heidelbergensis 
(Kokkoros and Kanellis, 1960). The Miocene lo-
calities include Sáni (Koufos, 1977), Nikíti (Kou-
fos et al., 1991b), Aghía Paraskeví (Tsoukala and 
Melentis, 1994), Antónios (Koufos and Syrides, 
1997), Sílata (Vasileiadou et al., 2003) and Kryo-
pigí (Tsoukala and Bartsiokas, 2008), while the 
Pliocene ones include Krímni (Sakellariou-Mané et 
al., 1979) and Megálo Émvolo (Arambourg and 
Piveteau, 1929; Koufos et. al., 1991a). The latter 
locality is located on the eastern shoreline of 
Thermaikós Gulf between Aggelochóri and Kal-
likráteia villages, an area that occasionally pro-
vides several isolated vertebrate fossils. The Pleis-
tocene localities of Chalkidikí include, except for 
Petrálona, the site of Sithonía (Tsoukala, 1981).  

In September 1999 a proboscidean tusk was found 
exposed due to marine erosion at the west coast of 
Chalkidikí Peninsula, N. Greece, at the area be-
tween the towns of Epanomí and Néa Herákleia 
(Prefecture of Thessaloniki, Fig. 1). The specimen 
was tracked down on the coastal cliff by local 
people, who delivered the information to the Min-
istry of Culture, 10th Ephorate of Byzantine An-
tiquities. The proximal part of the tusk was pro-
truding out of the eroding calcareous-clayey matrix 
and was in part reburied by seashore sand and peb-

bles. The first author carried out an excavation at 
the end of October 1999, recovering most of the 
tusk (Fig. 2). Another excavation that followed in 
May 2000 yielded the distal end of the specimen, 
still remaining in the cliff, under thick vegetation 
cover. In spite of careful prospecting in the area, 
no other part of the proboscidean dentition or ske-
leton was found. The specimen was prepared in the 
laboratory of the Ephorate of Palaeoanthropology–
Speleology (Hellenic Ministry of Culture, Athens) 
and is currently kept in the collection of the 10th 
Ephorate of Byzantine Antiquities (Polýgyros, 
Chalkidikí). 

A brief survey at the site, carried out by the authors 
in 2005, yielded another single find, namely a 
horse astragalus. 

2. Geology 

Western Chalkidikí peninsula is covered by thick 
Neogene–Quaternary continental deposits that un-
conformably overly the Mesozoic basement that 
belongs to the zones of Paeonia and Circum Rho-

 
Fig. 1. Geographic location of the new site Epanomi 
(ENM). 
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dope of the alpine orogen. The Neogene and Qua-
ternary deposits of Western Chalkidikí peninsula 
have been studied in detail by Syrides (1990), who 
groups them in six formations (Antónios, Tríglia, 
Trílophos, Goniá, Moudaniá and Eleochória). The 
deposits are mainly of fluvial, fluvio-lacustrine or 
terrestrial origin and consist of clays, sands, sand-
stones, conglomerates and marly limestones. Their 
age spans from Early or Middle Miocene 
(Antónios Fm.) to later than Early Pleistocene 
(Moudaniá Fm.). The Eleochória Fm. comprises 
travertines of Pleistocene–Holocene age, deposited 
by thermal springs. 

The sediments exposed at the sea cliff at the area 
of the new Epanomí site are alternations of silty 
sands, gritstones to sandstones, clays and thin ra-
ther massive marls of fluvio-lacustrine-marshy ori-
gin, whereas some residual intercalations of red-
beds are shown on the upper part of the section. 
The lithological characters of these deposits recall 
those of the upper horizons of the Goniá Fm, 
namely the Kallikráteia Member (Syrides, 1990). 
The proboscidean tusk was laid within a marly ho-

rizon at the very bottom of the cliff whereas the 
equid astragalus was found in a block of overlay-
ing sandstones.   

3. Systematics 

Order: Proboscidea ILLIGER, 1811 
Family: Elephantidae GRAY, 1821 
Genus: Mammuthus BURNETT, 1830 
Mammuthus cf. meridionalis (NESTI, 1825) 
Material: ENM-1: left tusk (I2). 
Description: The tusk is preserved virtually in its 
entire length. A small part of the tip (probably less 
than 10 cm) is missing. Its length is 280 cm, meas-
ured along its convex ventral side, and 255 cm in a 
straight line from the proximal to distal end, exhi-
biting moderate curvature, as well as rather weak 
but clear torsion. In cross section it is sub-circular 
in shape. Distally, near the base of the tusk, the 
maximum and the minimum diameters are 145 and 
130 mm respectively. The specimen is preserved in 
rather bad condition, particularly distally, as well 
as along its ventral side, where the dentine is frac-
tured in small pieces that are scattered in the sedi-
mentary matrix. This makes the distal end of the 
tusk rather ill defined.  

The tusk was also originally fractured in seven 
pieces, following the fissures of the surrounding 
rock. This permitted the examination of natural 
cross sections before the final restoration of the 
specimen. When examined macroscopically most 
sections exhibit the Schreger pattern, a unique cha-
racteristic of the proboscidean ivory (Owen, 1840–
1845; Palombo and Villa, 2001; Trapani and Fish-
er, 2003). The Schreger pattern consists of two in-
tersecting sets of spiral lines that radiate clockwise 
and counterclockwise from the tusk longitudinal 
axis. This pattern, visible in cross sections, particu-
larly near the periphery of the tusk, is the visual ef-
fect of the undulating arrangement of the dentine 
tubules along the longitudinal axis of the tusk 
(Miles and Boyde, 1961; Fisher et al., 1998; Pa-
lombo and Villa, 2001; Trapani and Fisher, 2003).  

Schreger angle measurements (that is the angle be-
tween the two sets of spiral lines) were carried out 
on photographs taken perpendicular to the natural 
sections of the studied specimen (Fig. 3). The mea-
surements were taken in the section areas where 
the pattern was clearly visible, that is in a rather 
small area of each section, given the bad preserva-
tion state of the specimen. The measured Schreger 
angles exhibit considerable consistency along the 
longitudinal axis of the tusk, as well as from the 

 
Fig. 2. The elephant tusk ENM-1 in situ, partly exca-
vated. 
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axis to its periphery: They are almost always ob-
tuse (only two angles measure slightly above 90°) 
and usually at the range of about 80–85°. The outer 
Schreger lines are, though, not well observable, 
due to the bad preservation of the specimen sur-
face. The dentine/cement junction is also not visi-
ble. The variation of Schreger angles is given in 
Table 1. 

Discussion: The weak curvature and torsion exhib-
ited in the studied tusk preclude its attribution to 
late gomphotheres (Anancus), late Mammuthus 
species and Elephas (Palaeoloxodon) antiquus: 
Anancus has practically straight tusks; Mammuthus 
trogontherii and —particularly— M. primigenius 
tusks are characterised by strong bent and torsion; 
E. antiquus tusks exhibit no torsion. The observed 
morphology of ENM-1 is, however, comparable to 
that of the early forms of Mammuthus, collectively 
referred to M. meridionalis, the tusks of which are 
much less bent and tortuous than the Middle–Late 
Pleistocene species of this genus.  

The study of the Schreger pattern as an optical ex-
pression of the ivory internal structure has been of-
ten used for the identification of the proboscidean 
tusks. The angle between the two sets of lines near 
the tusk periphery (near the dentine/cement junc-
tion), as well as the variation of this angle from the 
axis towards the periphery of the tusk, have been 
used in proboscidean taxonomy to the genus level 
(Palombo and Villa, 2001; Agiadi, 2001; Theodo-
rou and Agiadi, 2001; Trapani and Fisher, 2003; 
Agiadi and Theodorou, 2005; Ábelová, 2008). The 
acute angles formed by the Schreger lines in the 
studied tusk cross sections suggest an attribution to 
Mammuthus, since Elephas exhibits clearly obtuse 
outer Schreger angles (Espinoza and Mann, 1993; 
Palombo and Villa, 2001; Trapani and Fisher, 
2003). However, in elephant ivory the Schreger 
angles tend to get larger from the tusk axis to the 
dentine/cement junction, which seems not to be the 
case in ENM-1. According to Palombo and Villa 
(2001) only Anancus shows acute (<82°) and rela-
tively constant angles throughout the tusk cross 
section. Nevertheless, an attribution to this genus is 
not plausible due to the general shape of the tusk 
(see above). Mammutid and gomphotheriid genera 
of Early Pliocene or earlier age were not consid-
ered in comparison, as —to our knowledge— there 
are not any published descriptions of their Schre-
ger pattern, and because ENM-1 is stratigraphi-
cally associated with an Equus specimen (ENM-2), 
indicating later age. 

 

 
Fig. 3. Cross section of the elephant tusk ENM-1, si-
tuated about 92 cm from its tip, exhibiting the Schreger 
pattern. Two Schreger angles are shown. Graphical 
scale: 20 mm. 

Table 1. Schreger angles in various distances from the tusk tip. The parentheses indicate inaccurate measurement. 

distance from the tip (cm) 71 92 119 183 

x range n x range n x range n 

outer (71) 83 70–89 19 83 74–92 18 76 71–79 5 

inner — 80 74–89 20 82 71–89 20 — — — 
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The discrepancy between our own observations 
and published data regarding the angle constancy 
throughout the tusk sections is attributed to bad 
preservation. Alternatively it might be due to indi-
vidual variation, since the published statistical 
samples are always small. 

Considering the discussed morphological data, the 
proboscidean tusk ENM-1 is tentatively referred to 
Mammuthus meridionalis. 
 
Order: Perissodactyla OWEN, 1848 
Family: Equidae GRAY, 1821 
Genus: Equus LINNAEUS, 1758 
Equus sp. (stenonid type) 
Material: ENM-2: right astragalus (Fig. 4). 
Description–Discussion: The specimen belongs to 
a medium-sized horse of the genus Equus. Its di-
mensions are given in the table 2. ENM-2 is wider 
than high (measurements 4 and 1 respectively; ta-
ble 2). Figure 5 exhibits clearly its relatively wide 
proportions. This is considered by Gromova (1949) 
as a distinctive character of Equus ferus, but a later 
study has shown that this criterion is not valid (De 
Giuli, 1972). Prat (1964) mentioned that the wider 
trochlea of the astragalus might better distinguish 
the caballoid horses than the maximal width. As 
seen in figure 5, the corresponding measurement 3 
of ENM-2 is low when compared to both stenonid 
and caballoid samples. Anyway, ENM-2 is certain-
ly small for a caballoid horse, at least the Middle 
Pleistocene ones (Fig. 5). The distal articular facets 
for the navicular and the cuboid are sharply di-
vided, a condition more frequently observed in 
stenonid horses (De Giuli, 1972). Conclusively, the 
available data indicate that ENM-2 belongs proba-
bly to a stenonid horse. When compared to other 
stenonid horses (Fig. 6), ENM-2 is smaller than the 
robust Equus stenonis from Saint-Vallier, placed 
among the larger specimens from Senèze, and 
among the smaller specimens from Sésklo. 

4. Biochronology–Palaeoecology 

Based mainly on lithostratigraphic indications of 
volcanoclastic origin, Syrides (1990) suggested a 
Pliocene age for the Goniá Fm. that is fully sup-
ported by biochronological evidences. Analysis of 
the micromammalian assemblage revealed from 
the locality of Sílata, placed at the base of the for-
mation indicates a latest Turolian / earliest Rusci-
nian age (Vasileiadou et al., 2003). A Late Rusci-
nian / Early Villafranchian age is suggested for the 
Goniá Fm. deposits exposed in the area of Megálo 
Émvolo (localities MEV and MEM; Koufos et al., 

1991a) in agreement with the age indication pro-
vided by the remains of the giant tortoise Cheiro-
gaster cf. perpignana, discovered to the south of 
Néa Michanióna village (Vlachos, 2007).  

 
Fig. 4. The horse astragalus ENM-2: A, dorsal view; B, 
pedal view. Graphical scale: 20 mm. 

Table 2. Measurements of the astrgalus ENM-2 taken 
according to Eisenmann et al. (1988): 1, maximal 
height; 2, maximal diameter of the medial condyle; 
3, width of the trochlea (at the apex of each condyle); 
4, maximal width; 5, distal articular width; 6, distal ar-
ticular depth; 7, maximal medial depth. 

  1 2 3 4 5 6 7 

ENM-2 60,5 60,7 27,8 63,0 49,7 36,8 53,3 
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Although the few new mammal remains from Epa-
nomí are not sufficient for adequate biochronolog-
ical conclusions, the combination of the two identi-
fied mammal species is rather indicative of a latest 
Pliocene age: Mammuthus meridionalis lived dur-
ing a long time interval that spans from Late Pli-
ocene (upper MN16) to the end of Early Pleisto-
cene (Maglio, 1973; Mein, 1990), whereas the bi-
ostratigraphic span of stenonid horses is similar 
(Forstén 1998), though some late stenonid horses 
possibly survive into the Middle Pleistocene. Fol-
lowing both the lithostratigraphy and the geometry 
of the bedding, the deposits exposed south of Epa-
nomí village should correspond to the upper hori-
zons of Goniá Fm., which are therefore dated to 
the end of Pliocene.  

Palaeoecologically, the presence of a horse certain-
ly points to an open environment, while Mammu-
thus meridionalis is a woodland form. This proba-
bly suggests an open woodland environment, or an 
open environment with forested patches, for the 
Epanomí area during the latest Pliocene. 

5. Conclusions 

The new locality of Epanomí yielded scanty 
mammal remains (an elephant tusk and a horse as-
tragalus), which are referred to Mammuthus cf. 
meridionalis and Equus sp. (stenonid type). The 
currently available material is not sufficient for an 
adequate biochronological study, as both taxa have 
wide stratigraphic distributions. Nevertheless, pre-
vious palaeontological and stratigraphic work car-

ried out in western Chalkidikí Peninsula permits 
the correlation of the new site with the upper hori-
zon of Goniá Fm., limiting its age to the latest Pli-
ocene. Epanomí adds another site to the mammal-
bearing localities of western Chalkidikí. 
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Abstract: Although the first dinosaur discoveries from the Transylvanian Basin were made at Bărăbanţ 
near Alba-Iulia as early as the end of the 19th century, the Latest Cretaceous Transylvanian dwarf dino-
saurs gained their worldwide notoriety only after Baron F. Nopcsa reported his first discoveries in the 
Haţeg Basin. Nopcsa realized the dwarfing tendencies of these dinosaurs and related this tendency to 
their limited environment, which he called “the Haţeg Island”. In order to defend the pattern he identi-
fied, he attempted to outline the spatial extension of this island, as supported by the distribution of illus-
trative non-marine sedimentary deposits. In this context, he discovered several new localities with dino-
saur-bearing rocks. Among these, the most important ones are located in the Alba-Iulia area. These fau-
nal assemblages seem to be coeval with those from the Haţeg Basin. The non-marine Maastrichtian de-
posits from Alba County accumulated after the Late Cretaceous “Laramian” tectogenesis, when a fluvial 
system evolved in the area of the present-day Carpathians. As a matter of fact, the sediments exposed in 
Alba County suggest similar environments to those from the Haţeg Basin. In the red mudstones and the 
channel sandstones of the Şard Formation, several vertebrate teeth and bones have been preserved. In 
this paleobiota, dinosaurs are well represented by the following taxa: titanosaurian sauropods, the basal 
hadrosaurid Telmatosaurus transsylvanicus, the euornithopod taxa Zalmoxes shqiperorum and Z. robus-
tus, the nodosaurid ankylosaur Struthiosaurus transylvanicus, as well as various small theropods. Be-
sides dinosaurs, there are crocodilians (Allodaposuchus and Doratodon), turtles, and lizards. Fishes, 
amphibians, birds, and multituberculate mammals are other vertebrates making up this assemblage. 
More often than not, the remains are fragmentary, scattered and weathered, except for those preserved 
within sediments of lacustrine origin.   

Keywords: Romania, Alba County, Maastrichtian, dinosaurs. 
 
1. Introduction 
Maastrichtian dinosaur remains in Romania were 
first reported in detail from Sânpetru, in the Haţeg 
Basin by Baron F. Nopcsa. He studied these fossils 
and later, he expanded his research into others ar-
eas of Transylvania (Nopcsa, 1905). Subsequently, 
he found new dinosaur localities with similar Late 
Cretaceous vertebrate assemblages as those from 
the Haţeg Basin. As a matter of fact, he outlined 
two regions of interest for such vertebrates, both 
located in the Transylvanian Basin: a first one in 
Vurpăr and Sebeş (both located in Alba County, 
southwestern Transylvania) and a second at Someş 
Odorhei, near the town of Jibou (Sălaj County, in 
northwestern Transylvania).   

Although Nopcsa is considered as the geologist 
who found the first dinosaur remains in Transylva-
nia, the oldest discovery of a dinosaur bone did not 

happen in the Haţeg Basin, but instead in Alba 
County, near Alba Iulia at Bărăbanţ (Codrea and 
Mărginean, 2007; Codrea et al., 2009). His fore-
runner was probably Károly Herepei, museum cu-
rator at that time in Aiud (Téglás, 1886), who con-
sidered that the fossil originated from a large-sized 
Paleogene herbivorous mammal, referred to as 
“Anoplotherium”. 

2. Geological setting 
Located on the southwestern margin of the Tran-
sylvanian Basin (Fig. 1), the oldest post-“Laramic” 
non-marine formations are Late Cretaceous conti-
nental deposits, mainly red beds. Following a his-
tory of marine sedimentation, which ended with 
the flysch deposits of the Bozeş Formation (Santo-
nian-Campanian), a comprehensive sequence of al-
ternating continental and shallow-marine deposits 
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accumulated between the Campanian and the 
Aquitanian (Egerian) within a distinct sedimentary 
area called the Metaliferi Area (Codrea & Dica, 
2005; Fig. 2). The Vurpăr and Şard formations rep-
resented the earliest continental sequences, both 
deposited during the Maastrichtian. Antonescu 
(1973) and Antonescu et al. (1983) carried out pa-
lynological studies and documented a Maas-
trichtian age for the Şard Formation.   

The Vurpăr Formation is a deltaic sequence with 
several short marine transgressions, dominated by 
yellow silty sandstones, conglomerates and silty 
sands (Dimian and Dimian, 1963; Tomescu et al., 
1969).  

The Şard Formation accumulated in fluvial envi-
ronments, documented by floodplain overbank red 
silty mudstones and conglomeratic and sandy 
channel fills (Codrea et al., 2001, 2009; Therrien et 
al., 2002; Therrien, 2005). The sediments are in-
dicative of a meandering fluvial system, with nu-
merous inner bars and channel lags (sandstones 
and coarse conglomerates). The red silty mud-
stones show pedogenic levels with root traces and 
caliche. In several localities, such as at Oarda de 
Jos and Lancrăm, pond and lacustrine tendencies 
developed within the fluvial system, as docu-
mented by green-grey silty clays and limestone bed 
(Codrea et al., 2001, 2009). It is somewhat unclear 
whether the sedimentation continued into the Pa-
leogene. The top of the Şard Formation is overlaid 
by the Priabonian marine deposits of the Ighiu 
Formation.  

3. Dinosaurs from the Alba area 
The local dinosaur assemblage includes: a single 
species of ankylosaur (Struthiosaurus transylvani-
cus NOPCSA, 1915), three ornithopod taxa (the 
euornithopods Zalmoxes robustus WEISHAMPEL, 

JIANU, CSIKI, NORMAN, 2003, Z. shquiperorum 
WEISHAMPEL, JIANU, CSIKI, NORMAN, 2003, and 
the basal hadrosaurid Telmatosaurus transsylvani-
cus NOPCSA, 1900), titanosaurian sauropods, and 
diverse small theropods. The bones are uncommon 
in the Maastrichtian continental deposits of the 
Transylvanian Basin, and occur most frequently as 
disarticulated, scattered, and broken remains 
(Grigorescu, 1987; Codrea et al., 2009); however, 
sometimes the fossils are well preserved, usually 
when found in deposits that accumulated within 
pond and lacustrine environments (e.g., Oarda, 
Lancrăm). There are several similarities between 
these preservational patterns and the taphonomic 
features reported from the Haţeg Basin (Csiki et 
al., 2009). Nevertheless, partial skeletons occa-
sionally occur, even in the red mudstones, preserv-
ing the bones in anatomical connection (e.g., Vur-
păr, Sebeş Glod). The faunal assemblage of the 
Transylvanian Basin is reminiscent of that de-
scribed from the Haţeg Basin by Nopcsa at the be-
ginning of the 20th century. 

Ornithopods 
Telmatosaurus transsylvanicus (NOPCSA, 1900) 
First described as Limnosaurus transsylvanicus 
Nopcsa, 1900 from the Haţeg Basin, the taxon was 
renamed a few years later as Telmatosaurus 
transsylvanicus (Nopcsa, 1903), as the first name 
claimed was already preoccupied by a crocodyli-
form described by O. Marsh, in 1872. Today, it is 
one of the best known Maastrichtian dinosaurs 
from Romania (Weishampel et al., 1993; Dalla 
Vecchia, 2006), based on a large sample including 
a fragmentary skull and various postcranial bones. 
Among the latter, the vertebrae are by far the most 
poorly known.   

In the Alba area, this basal hadrosaurid (Weisham-
pel et al., 1993) is documented by a scapula, tibiae, 

Fig. 1. Location of the Metaliferi sedimentary area in Romania. 
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a radius, and femora. The scapula is well pre-
served. It is relatively long and narrow, with the 
blade slightly expanded on its distal part. Both tib-
iae are incomplete, preserving only the diaphyses 
devoid of articular surfaces. The medial face, ob-
servable in one of them, is relatively straight. The 
radius, quite well preserved, is long, thin, and rela-
tively straight in cranial view. The femora have 
large articular condyles and a well-developed 
fourth trochanter on the medial face of the diaphy-
sis.  

Zalmoxes WEISHAMPEL, JIANU, CSIKI, NORMAN, 
2003      
The genus Zalmoxes (Weishampel et al., 2003) 
was historically referred to as “Mochlodon”, then 
as “Rhabdodon” (Nopcsa, 1902a, b). Two species 
of Zalmoxes, Z. robustus and Z. shqiperorum, are 
reported from Romania according to Weishampel 
et al. (2003).   

In Alba, a large sample of specimens referable to 
Zalmoxes is known from Vurpăr. Remains of these 
dinosaurs are less common in the other localities, 
limited to a few isolated teeth or broken bones: 

fibulae, humerus, tibiae, and dorsal and caudal ver-
tebrae. The teeth are very characteristic, with their 
labial surfaces ornamented by numerous, verti-
cally-oriented ridges (Fig. 3: j, k). The fibula is 
very gracile. The dorsal and caudal vertebrae are 
preserve mostly their centra; some of the dorsal 
vertebrae also preserve the diapophyses (Fig. 3: i). 

Sauropods     
Representative outcrops yielding remains of titano-
saur sauropods are Sebeş, Oarda de Jos, and Lan-
crăm. The specimens include isolated bones, such 
as femora, humeri, tibiae, fibulae, a single metapo-
dial, and caudal vertebrae. The by far best pre-
served bone is a tibia that displays a straight shaft 
with a well developed cnemial crest in its proximal 
part. 

The femur is straight in cranial view and displays a 
slightly sigmoidal curvature of its posterior part 
when seen in lateral view. The femoral head is 
prominent and rounded. The fourth trochanter is 
reduced to a slight rounded prominence on the pos-
terior edge of the femoral shaft and is located in 
the medial-proximal part of the bone.  

 
Fig. 2. Lithostratigraphic units in the Metaliferi area, compared with NW Transylvania (after Codrea & Dica, 2005 
and Codrea et al., 2009, modified)  
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The humerus (Fig. 3: a, b) and fibulae are damaged 
and belong to different juvenile individuals. Only 
the shaft is preserved for both elements. The single 
complete metapodial was found in a lens-shaped 
mudstone, accumulated together with other sauro-
pod bones. 

The caudal vertebrae are all from the distal tail sec-
tion. They show elongate centra, with broken neu-
ral arches; in some cases, the pedicels of neural 
arch bordering the neural canal are also preserved 
(Fig. 3: c). In ventral view, the articulation facets 
for the hemapophyses are missing. The vertebral 
articulations are of the “ball and socket” type, typi-

cal for derived titanosaurs. Such a caudal vertebra 
was reported recently from Râpa Roşie, near Sebeş 
(Codrea et al., 2008).  

Ankylosaurs 
Struthiosaurus transylvanicus NOPCSA, 1915     
 S. transylvanicus is among the most poorly known 
dinosaurs from Romania, due to the scarcity of its 
fossils, a fact already observed by Nopcsa. The 
fossils from the Haţeg Basin belong to an adult in-
dividuals and  include a few skull bones, vertebrae, 
a scapulo-coracoid, and elements of the dermal 
armor (Weishampel et al., 1991).    

 
Fig. 3. Dinosaurs from the Metaliferi area: Titanosauria: (a, b) humerus 
(Sebeş), (c) caudal vertebra (Sebeş); Struthiosaurus transylvanicus: (d, e) left 
humerus (Vurpăr), (f, g) osteoderms; Zalmoxes: (h) ribs (Vurpăr), (i) dorsal 
vertebra (Vurpăr), (j, k) isolated teeth (Vurpăr), lingual views; Theropoda in-
certae sedis: (l) teeth (Oarda de Jos), lateral view. 
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The Metaliferi area yielded a rich sample of fossils 
originating from this basal nodosaurid. The richest 
fossiliferous locality is Vurpăr, where Struthiosau-
rus remains are common. The nodosaurid anky-
losaur sample from this locality includes dorsal 
vertebrae, distal femoral extremities, fragmentary 
ribs, a left humerus (Fig. 3: d, e), and numerous os-
teoderms. The dorsal vertebrae consist of a short 
centrum and a very tall neural arch. One of these 
preserves both prezygapophyses and the diapophy-
ses form an angle greater than 75º with the hori-
zontal axis of the centrum. Various rib fragments 
of different sizes were collected, most of them 
scattered or broken. The osteoderms occurred as 
isolated bones showing various morphologies and 
sizes (Fig. 3: f,  g).  

Theropoda indet.     
The presence of theropods are documented by iso-
lated teeth, assigned to the dromaeosaurid subfam-
ily Velociraptorinae (Fig. 3: l) or to Theropoda in-
certae sedis.  

Eggshells 
Eggshell fragments are common at Oarda de Jos, 
but their maximum size does not exceed 1 cm². 
The fragments are referable to four different mor-
photypes (Monique Vianey-Liaud, Montpellier, 
written communication 2008), including ?Pseu-
dogeckoolithus and Megaloolithidae, pointing to 
similarities with the eggshells discovered in the 
Haţeg Basin (Grigorescu et al., 1990, 1994; Codrea 
et al., 2002, 2009; Smith et al., 2002; Csiki et al., 
2008). 

4. Conclusions 
The Late Cretaceous vertebrate assemblage from 
the Metaliferi area includes various dinosaurs, 
reminiscent of the ones from the Haţeg Basin. The 
dinosaurs lived alongside other reptiles such as liz-
ards, turtles (the cryptodire Kallokibotion and a 
dortokid pleurodire; Codrea and Vremir, 1997; 
Vremir and Codrea, 2009; de Lapparent et al., 
2009), crocodiles (Allodaposuchus precedens and 
Doratodon; Delfino et al., 2008) and azhdarchid 
pterosaurs (Vremir et al., 2009). Birds and mam-
mals (kogaionid multituberculates) also lived in 
the same biota. Also, from Alba area was reported 
the first dinosaur footprint (Vremir and Codrea, 
2002).  

This repertory of fossil vertebrates emphasizes the 
potential of the Alba area for enhancing our 
knowledge of the Maastrichtian biota in Romania, 
as well as for the development of a refined strati-

graphy of this region. Besides the Haţeg Basin, the 
Metaliferi area currently represents the second im-
portant region which documents the composition 
of the Maastrichtian terrestrial assemblages in 
Romania. 
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Abstract: Detailed study of the assemblage composition of calcareous plankton contents (calcareous 
nannofossil and planktonic foraminifera) of the Late Cretaceous sediments of the Zhinvali-Gombori 
subzone of the Mestia-Tianeti zone of the Greater Caucasus fold system (GCFS) has been carried out 
for the first time in this region to define biozonation (Fig. 1). Within the limits of the Cenomanian-
Maastrichtian 9 small foraminiferal and 19 nannoplankton biostratigraphic units (zones and subzones) 
have been established. Here are specified volume and age of lithostratigraphic units (successions) com-
posing the Upper Cretaceous of the Mestia-Tianeti zone of GCFS: the Ukughmarti succession – СС9 
(Early Cenomanian); the Ananuri succession - СС9-СС11 (Early Cenomanian-Early Turonian); the 
Margalitisklde succession - СС12-СС13 and planktonic foraminifera zones Marginotruncana pseudo-
lineiana-M. lapparenti and Marginotruncata sigali. (Late Turonian-Early Coniacian); the Eshmakishevi 
succession - СС14-CC19 (Late Coniacian-Early Campanian) and zones Archaeoglobigerina basquensis 
and Globotruncana arca (upper part of the succession); the Jorchi succession - СС20-СС25а (Middle 
Campanian-Lower Maastrichtian), in the sediments of СС22с is established the small foraminiferal zone 
Globotruncana ventricosa-Rugoglobigerina rugosa; the Sabue succession - СС25b-СС26  and forami-
niferal zone Gansserina gansseri (Late Maastrichtian).  The analysis of the Late Cretaceous nannop-
lankton association of the Zhinvali-Gombori subzone of the Mestia-Tianeti zone of GCFS has shown 
the existence of four sedimentary cycles: Cenomanian-Early Turonian, Middle Turonian-Early Campa-
nian, Late Campanian-Early Maastrichtian and Late Maastrichtian. During Cenomanian-Early Turonian 
the region represented a basin of isolated and regressive sea in the southern part of moderate cold-water 
belt. Since Late Turonian border of warm- and moderate cold-water belts moved to north. Transgres-
sion, started in Late Turonian, continued till Early Coniacian. In the middle of Early Coniacian sea 
shoaling is outlined. Sedimentation took place in a shallow and calm basin from Late Coniacian till the 
end of Santonian. Fact of sedimentation missins of the four nannoplanctonic zones СС19, СС20, СС21 
and СС22a,b from the sections of the Zhinvali-Pkhoveli nappe and the analysis of the redeposited forms 
enablesenable to admit break in sedimentation caused by Early Campanian regression and Late Campa-
nian transgression. The short-term Middle Maastrichtian regression was replaced by the Late Maastrich-
tian transgression. 

Key words: Caucasus, Cretaceous, biostratigraphy, nannoplankton, small foraminifera, flysch 
 
1. Introduction 
Studied by us the flysch deposits The Late Creta-
ceous are spread in the junction area of two large 
geotectonic structures - fold system of the Greater 
Caucasus and the Transcaucasian intermontane 
area. Under the scheme of tectonic zoning of the 
Caucasus (Gamkrelidze and Gamkrelidze, 1977) it 
enters into the Zhinvali-Gombori subzone of the 
Mestia-Tianeti zone of GCFS and is presented by 
flysch, flyschoid, normal sea and olistostrome fa-

cies. Due to considerable prevalence of "barren" 
(deprived of fossil fauna) rocks in these sediments, 
and also the extremely complicated tectonic struc-
ture, the detailed stratigraphy of Mesozoic-
Cenozoic rocks of the Mestia-Tianeti zone of the 
GCFS still remains unsolved. Although the study 
of this region lasts for more than a century, its stra-
tigraphic partition is restricted only to the lithostra-
tigraphic units (formation and sub-formation); their 
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age has been defined by scanty faunistic data and 
on the basis of their stratigraphic position. That’s 
why the question of age and volume of these for-
mations are still in dispute for some researches. 
The first data concerning the stratigraphy of these 
sediments were published by Rengarten (1924) and 
Vassoevich (1933). Later on, they developed the 
stratigraphic schemes being substantially specified 
by several generations of researchers: Vassoevich 
(1941), Tsagareli (1954), Mrevlishvili (1957), 
Adamia (1958), Kandelaki (1975),  Leonov 
(1975,1981), Gamkrelidze and Gamkrelidze 
(1977), Gambashidze (1970, 1981, 1991), Gamkre-
lidze et al. (1985), Giorgobiani and Zakaraia 
(1980) et al., who made a valuable contribution to 
study of geological structure of the region. 

2. Materials and methods 
For the detailed stratigraphic division of the Upper 

Cretaceous sediments of the Zhinvali-Gombori 
subzone of the Mestia-Tianeti zone GCFS, and for 
specifying the volume and age of the formations, 
in the facies of Sadzeguri-Shakhveli and Zhinvali-
Pkhoveli nappes the sections of the Ksani and 
Aragvi river basins (the rivers Aleura, Sakanaphe, 
Arkala, Didi Jakha, Patara Jakha; near the villages 
Sadzeguri, Korinta, Ananuri, Muguda, Avenisi, 
Pavleuri) have been studied. 

The researches were based on the extensive ma-
terial collected by the authors during the field 
works (2007-2009). More than 700 samples in to-
tal were obtained from the 11 layer-by-layer stu-
died sections of the Late Cretaceous and the bor-
dering sediments. The sampling interval ranged 
range from 0.3m to 5.0m. Nannoplankton and 
small foraminifera were studied from the same 
samples.  

 
Fig. 1. Geological map of the studied region 
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Samples for the calcareous nannofossils were 
processed in the laboratory of the Institute of Ge-
ology of Georgia. Suspension slides were prepared 
using a standard method of decantation and they 
were studied under the light microscope Amplival, 
at 1200x magnification.  

Biostratigraphic data were correlated with the 
standard nannoplankton “CC” zones by Sissingh 
(1977) and Perch-Nielsen (1985).  

The samples for foraminiferal analysis were 
treated in the laboratory and washed with glacial 
acetic acid and copper vitriol. 

3. Results 
The Upper Cretaceous flysch in the Mestia-Tianeti 
zone GCFS starts with the Ukughmarti formation. 
It continues the succession of underlying Navtisk-
hevi suite without visible unconformity. But in 
some areas its transgressive position is observed. 
The suite is represented by polymictic. This forma-
tion was first described by Vassoevich (1933); it is 
represented by polymictic sandstones, marls, clay 
shales, argillites, sandy limestones and lenses of 
polymictic gravelstones and breccia-conglomerates 
(in the lower part of the formation). The rocks con-
tain a considerable admixture of pyroclastic ma-
terial. 

The identification of the belemnite species Neohi-
bolites ulthimus d'Orb., Inocerames Inoceramus 
crippsi Mant., I. cf. cuneiformis Orb. and rare 
small foraminiferas Anomalina cenomanica Brotz., 
Hedbergella planispira (Tapp.), Thalmanninella 
evoluta Sig., T. appeninnica Renz. previous re-
searchers (Rengarten,1941; Tsagareli,1954; Gam-
bashidze, 1981) took the suite into Early Cenoma-
nian. Data got by studying nannoplankton proved 
this decision.  

Ukugmarti formation contains association of nan-
nofossils that is characteristic for the zone of Eif-
fellithus turriseiffelii (Fig.2). Because of C. kenne-
dy’s absence in the association (marking species of 
the upper subzone of Eiffellithus turriseiffelii’s 
zone) and continuous occurrence of H.albiensis 
(according to its disappearing the lower subzone of 
the zone is determined) up to the layers of the zone 
СС11, dividing of Eiffellithus turriseiffelii zone in-
to subzones failed. Though existence of Corolli-
thion exiguum, Quadrum intermedium and  Diloma 
galei (species appearing in Cenomanian) in the 
layers of Ukugmarti formation allow us to time the 
formation to the upper- Early Cenomanian subzone 

-СС9с. As for H.albiensis, its joint occurrence 
with above noted species, as in subsequent zones 
with  M. decoratus and Q. Gartneri, indicate its 
secondary occurrence in corresponding deposits.  

The Ananuri formation conformably rests on top of 
the Ukughmarti formation in all the studied sec-
tions. It is distinctly divided into three parts. The 
Lower Ananuri sub succession is built up of silici-
fied aleurolites, fine-grained sandstones, sandy li-
mestones, clay marls, lenses of black flint and si-
derite concretions. Gambashidze (1970) in the 
section of the village Muguda in the sediments of 
the sub-formation, has defined the Early Cenoma-
nian microfauna Thalmaninella appenninica 
(Renz.), Rotalipora cushmani cushmani (Morr.), 
Reophax minuta (Tapp.), Anomalina brotzeni Kell.   

According to nannoplankton these deposits corres-
pond to upper part of the subzone СС9с and lower 
part of the zone СС10 ( FO Microrhabdulus deco-
rates to FO Quadrum gartneri).                        

The Middle Ananuri sub-formation is distin-
guished by its black color and is presented by 
black flints, silicified sandstones, silicites and con-
cretions of black flint. It corresponds to the upper 
part of the zone СС10. 

The Upper Ananuri sub-formation is more light co-
loured. It is built by silicified sandy limestones, 
sandy marls, marls, limestones, siliceous rocks and 
tuffs. Due to its stratigraphic position and to solita-
ry findings of the Early Turonian Inoceramus la-
biatus Schloth. and Globotruncana inflata  Bolli in 
the upper part of the record, some researchers 
attribute the lower sub-formation to the Late Ce-
nomanian, and the middle and the upper sub-
formation - to the Early Turonian (Gambashidze 
1984; Kandelaki 1975;). According to other scien-
tists only the upper part of the record can be consi-
dered as Early Turonian (Vassoevich 1933; Tsaga-
reli 1954; Adamia 1958, et al.).  

According to our data, lower parts of Upper Ana-
nuri subsuite belong to Late Cenomanian zone 
СС10,  and the other part – to the zone СС11 (FO 
Quadrum gartneri to FO Lucianorhabdus male-
formis ) of Early Turonian. In Upper Ananuri suite 
sediments, according to foraminifera the zone Whi-
teinella archaeocretacea is established. Besides 
the index-species, here are recorded W. brittonen-
sis (Leoblich et Tappan),  W. baltica Dauglas et 
Rankin, W. aprica (Leoblich et Tappan),  Dicari-
nella imbricate (Mornad) D. hagni (Scheib.), 
Praeglobotruncana helvatica (Bolli), Heterohelix 
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moremani (Cush.),  H. reussi(Cush.), Hedbergella 
delrionensis (Carsey). H. planispira(Tappan). On 
the basis of all above noted, we assume that forma-
tion of Middle Ananuri sub-formation took place 
(together with bottom part of Upper Ananuri suite) 
by the end of Late Cenomanian, and the main part 
of Upper Ananuri sub-formation – in Early Turo-
nian. 
The Margalitisklde formation is characterized by 
red colorcoloring and carbonaceous.  In the struc-

ture of the formation marls and limestones predo-
minate, whereas clay shales and sandy limestones 
are subordinate components. The succession in 
places shows coarse-clastic rocks passing in as-
cending section into alternation of limestones and 
marls. In the majority of sections, the succession 
conformably rests the upper band of the Ananuri 
formation. In some places, especially in the south-
ern facies zones, transgressive bedding is ob-
served. Varentsov (1950), based on finding of In-

Fig. 2. Biostratigraphy of the Late Cretaceous flysch sediments of the Zhinvali-
Gombori subzone. 
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oceramus brongniarti Mant. I. inconstans Woods 
in the Ksani river-gorge has considered the forma-
tion as Upper Turonian. The same opinion share 
Vassoevich (1933) and Kandelaki (1975). Howev-
er, some scientists due to the replacement of red 
limestones of the Margalitisklde formation by of li-
thographic limestones of the Eshmakiskhevi for-
mation in the Ksani and Aragvi river-gorges 
(where the thickness of the formation considerably 
decreases) specify the changes of age boundaries 
of red limestones and date it as Early Turonian 
(Rengarten 1929; Tsagareli 1954;). According to 
Gambashidze (1981), it corresponds to the Late 
Turonian and Coniacian. 
Observations showed that Margalitisklde forma-
tion includes nannoplankton zones CC12 (FO Lu-
cianorhabdus maleformis to FO Martasterithes 
furcatus)  and  CC13 (FO Martasterithes furcatus 
to FO M.decussata).  The zone (СС12) by the 
planktonic foraminifers corresponds to a zone 
Marginotruncata pseudolineiana-M. lapparenti, 
where for the first time occurred the double-keel 
forms of the genus Marginotruncana. The given 
foraminifer zone is dated as the Late Turonian.  
According to small foraminifera in sediments of 
the zone СС13 was determined zone of Margino-
truncata sigali. Some explorers (Burnett 1998; 
Lees 2002; Hradeska at al. 1999.)  have dated the 
zone СС13 as the Middle Turonian-Early Conia-
cian. As well, as in the lowermost layers zone 
СС13 by foraminifera were found typical Conia-
cian Marginotruncata marginata, (Reuss), M. si-
gali (Reichel), Dicarinella concavata etc. we refer 
the zone СС13 to the Early Coniacian. Thereby, 
Margalitisklde suite is dated as late Turonian-Early 
Coniacian.  
 The Eshmakiskhevi formation conformably over-
lies the sediments of the Margalitisklde formation 
and it is presented by rhythmical alternation of li-
thographic limestones, marls and shales. 
Here, are observed the interlayers of sandy slates 
which in places pass into the coarse-grained sand-
stones and microconglomerates. The age of the 
formation varies. Some scientists refer that the 
formation is of Upper Turonian-Early Senonian 
age (Rengarten 1929; Tsagareli 1954); Others, re-
late it to the Coniacian-Santonian (Vassoevich 
1933; Kandelaki 1975). Varentsov (1950), based 
on the findings of Inoceramus undulate plicatus 
Roem in the Ksani river-gorge, dates it as Conia-
cian and finally Gambashidze (1981) considers it 
of the Santonian age. 

According to our data Eshmakiskhevi suite en-
volves nannoplankton zones СС14 (FO M. decus-
sata to FO Reinhardtites anthophorus), CC15 (FO 
R. Anthophorus to FO L. сayeuxii),CC16 (FO L. 
cayeuxii to FO C.obscurus),CC17(FO C.obscurus 
to FO B. parca), CC18 ( FO B. parca to LO M. 
furcatus), CC19 (LO M. furcatus to FO C.aculeus) 
and is dated as Late Coniacian-Early Campanian. 
Small foraminiferas were found on the second part 
of the suite.  

In the sediments, corresponding to zone CC16, on 
the basis of small foraminiferas were detrmined 
zones  Archaeoglobigerina  basquensis and Contu-
sotruncana fornicata (Late santonian). For the first 
zone are characterized A. cretacea (d’Orb.), Whi-
teinella baltica Dougl. et Ran., Hedbergella pla-
nispira (Tapp.), Valvulineria lenticulata (Reuss), 
Verneulina muensteri Reuss, Gavelinella pertusa 
(Mors.), Stensioina granulate (Olb.), S. exsculpta 
(Reuss). A. cretacea (d’Orb.), Whiteinella baltica 
Dougl. et Ran., Hedbergella planispira (Tapp.), 
Valvulineria lenticulata (Reuss), Verneulina mu-
ensteri Reuss, Gavelinella pertusa (Mors.), Sten-
sioina granulate (Olb.), S. exsculpta (Reuss). From 
the second zone are met Gontusotruncana fornica-
tea (Plum.), G. arcaformis Masl., Globotruncana 
bulloides Mart., G. linneiana (d’Orb.), Praebuli-
mina reussi (Mor.), Eponides concinna Brotz., Ci-
bicides ribbingi Brotz., Reussela praecursor 
Knips.  

In layers corresponding to the nannoplankton 
zones СС17 and СС18, by planktonic foraminifera 
the zone Globotruncana arca (Early Campanian) 
is established; it comprises Rugoglobigerina kelleri 
(Subb.), Archaeoglobigerina cretacea (d’Orb.), 
Globorotalites micheliana (d‘Orb.), Cibicides 
beaumontianus (d’Orb.), Stensioina exculpta gra-
cilis Brotz., Valvulineria lenticulata (Reuss), Boli-
vinoides strigillatus (Champ.). 

 The Jorchi formation is built up by medium-
layered arenaceous limestones alternating with vio-
let, red, green and greenish-grey marls and marly 
shales. This formation has been allocated by Vas-
soevich (1941), who attributed the Jorchi forma-
tion to the Lower Campanian based on the pres-
ence of the Inoceramus ex. gr.balticus Bochm. and 
I. balticus Bochm.  at the boundary of the layers of 
the Jorchi and Eshmakiskhevi formation. Tsagareli 
(1954) regards it as Santonian-Lower Campanian; 
Kandelaki (1975) and Gambashidze (1981), based 
on the presence of small benthic foraminifera Boli-
vinoides decoratus (Jons.), Boliniva incrassate 
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Reuss stratigraphically positioned the formation to 
the Campanian. 
We determined Nannoplanktonic zones in Jorchi 
suite:  CC20 (FO C. aculeus to FO U. sissinghii), 
CC21 (FO U. sissinghii to FO U.  trifidus), CC22 
(FO U.  trifidus to LO  E. eximius), CC23(LO 
E.eximius to LO U.  trifidus), CC24(LO U.  trifidus 
to LO R. levis) and subzone lower part of the zone   
CC25a (LO R. levis to FO L. quadrates). From 
above, age of Jorchi suite is defined as Middle 
Campanian-Early Maastrichtian.  
By foraminifers in the sediments, corresponding to 
nanoplanktonic subzone СС22с the Late Campa-
nian zone Globotruncana ventricosa-
Rugoglobigerina rugosa is established. Besides the 
index-species here are registered Globotruncana 
stuartiformis (Dalb.), Heterohelix pulchera 
(Brotz.), Bolivinoides culverensis Barr., B. Pustu-
lata Reuss, Cibicides beaumontianus (d’Orb.), 
Stensioina pommerana Brotz., Osancularia cirdie-
riana (d’Orb.).    
The Sabue formation is bedded transgressively on 
different horizons of Jorchi suite. It is represented 
by alternation of medium- and thick-layered limes-
tones, arenaceous limestones, marls, marl shale 
and clay shales. Here are observed interlayers of 
microconglomerates, fine-pebbly conglomerates, 
gravelstones, breccias and sandstones.  
The presence of large benthic foraminifera - Orbi-
toides apiculata (Schlumb.), O. media (d’Arch.), 
O.soti (Schlumb.), Lepidorbitoides minor 
(Schlumb.), etc., small benthic foraminifera - 
Pseudotextularia elegans Rz., Racemiguembelina 
varians ( Rz.) and ammonites -  Hauriceras sulca-
tum (Kner.) attribute a Maastrichtian age the Sabue 
formation.  
On the basis of our data in Sabue formation sedi-
ments is established the planktonic foraminiferal 
zone Gansserina gansseri. Besides the index-
species here are registered Rugoglobigerina ma-
crocephala Bronn., R. hexacameratta Bronn., R. 
pennyi Bronn.  
In the sediments of the Sabue succession the oc-
currence of the species Lithraphidites quadratus, 
Micula murus and Micula prinsii, has enabled to 
allocate here the same named, which correspond  
biostratigraphic units applicable to those in Sis-
singh’s (1977) zones - CC25b, CC25c and CC26. 

4. Discussion 
The analysis of the Late Cretaceous nannoplankton 

and foraminifers association of the Zhinvali-
Gombori subzone of the Mestia-Tianeti zone of 
GCFS has shown the existence of four sedimentary 
cycles: Cenomanian-Early Turonian, Middle Turo-
nian-Early Campanian, Late Campanian-Early 
Maastrichtian and Late Maastrichtian (Fig. 3).   
On the territory of Georgia contained  in the Late 
Albian pool there were is established some large 
sites of a land, where the Cenomanian sediments 
with the washout rest on the underlying formations 
(Gambashidze, 1981). 
The beginning of the first cycle gets the better of 
Early Senomanian transgression. All is a situation 
the calm course of sedimentation at the end of the 
Albian was disturbed by pulses of the Austrian 
phase of orogeny and senomanian transgression 
took place against the background of tectonic mo-
viments. On existence of a land before Senoma-
nian indicates secondary occurrence of Hayesites 
albiensis (which existed from the end of Aptian up 
to Early Albian). Presence of this species in sedi-
ments of Ukugmarti and Ananuri formation, it is 
explained with, that couldhave been deposited in 
Senomanian only after land emergence in Late Al-
bian.  
Nannoplanktonic complexes are represented even-
ly as by deep-water- so shallow–water species in 
the sediments of Ukugmarti and Lower Ananuri 
formations, indicating near shore basin. Starting 
from Middle Ananuri subformation, quantity of 
deep-water species sharply reduces in nannofacci-
lies’ association, and till the end of Upper Ananuri 
subformation shallow-water nannoplanktonic 
forms dominate in succession. This is also proved 
by complexes of foraminiferas (Hedbergella, Whi-
teinella, Dicarinella). 
May consider that the scales of Cenomanian trans-
gression weren`t great. For the benefit of this as-
sumption there is a fact that in spite of transgres-
sive Basin of Cenomanian sea of Zhinval-Gombori 
formation still remained isolated. There of given 
evidence specific character of nannoplankton asso-
ciation in these sediments. The Cenomanian-Early 
Turonian (the Ukughmarti and Ananuri forma-
tions) by complex are characterized by the mixed 
complexes of warm- (Watznaueria barnese, 
W.ovata, W. biporta, Eprolithиs moratus, Ruciano-
lithus irregularis, Quadrum intermedium) and 
cold-water forms (Stradneria crenulata, Tranoli-
thus phacelosus, Lithraphidites carniolensis, Pla-
cozygus fibuliformis, Broinsonia matalosa, B. sig-
nata, Glaukolithus diplogramus, Eiffellithus 
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turriseiffelii, Microstaurus chiastius,  Zeugrhabdo-
tus bicrescenticus, Prediscosphaera columnata), 
though the last ones exceed both in species and 
quantitative respect. On this ground we can assume 
that by that time the region was located on the bor-
der of warm and reasonably cold waters.  

The second cycle starts with Late Turonian trans-
gression and coinsides with the pick of maximal 
eustatic transgression (UZA 2.5) (Haq et al., 1987). 

Margalitisklde formation sediments are characteri-
side by rich nannofocillies. In the association of 
the zone Lucianorhabdus maleformis (CC12) took 
place abrupt renewal of species. Besides the new 
species: Lucianorhabdus maleformis, Placozygus 
Fibuliformis, Eprolithus aff. Rarus, Helicolihus  
anceps, Acuturris scouts, there are also species in 
common for the end of the Early and the beginning 
of Late Cretaceous: Loxolithus armilla, Chiastozy-
gus anceps, Nannoconus regularis, N.elongata,  

Fig. 3. Litho- and Biostratigraphical correlation for the Late Cretaceous sediments of 
the Sadzeguri-Shakhvetili and Zhinvali-Pkhoveli nappes of the Zhinvali-Gombori
subzone. 1. Limestones; 2. Sandy limestones; 3. Lithographic limestones; 4. Sand-
stones; 5. Polymictic sandstones; 6. Silicified sandstones; 7. Marls; 8. Marly shales; 
9. Clay shales; 10. Gravelstones; 11. Microconglomerates; 12. Breccia-
conglomerates; 13. Siliceous rocks; 14. Black flint; 15. Tuffs. 
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Zeugrhabdotus burvellensis, Gartnerago chiasta, 
etc.,  however in the sediments of the previous 
successions they are absent.  Hence, there appears 
possibility to assume the existence of the isolated 
basin and increasing regression during the Ceno-
manian-Early Turonian sea. Transgression in the 
beginning of the Middle Turonian provided the 
connection of the given basin with the open sea, 
being favorable for the migration of the above 
mentioned species. Apparently, the transgression 
continued during the Early Coniacian as well.  

From the migrated species in the sediments of the 
zone Martasterithes furcatus (CC13) have already 
been fixed the species preferring deep water condi-
tions: Broinsonia enormis, Tranolithus gabalus, 
Gartnerago segmentatum, etc. There appear new 
forms: Marthasterites furcatus, M. inconspicuous, 
M. crassus, Micula swastika, Lithastrinus septena-
rius - species preferring warm climate. It points to 
the northward advance of the boundary between 
the warm- and moderately cold belts. From the 
second half of the zone the amount and variety of 
nannofossils sharply reduced. Many transient spe-
cies disappeared. In the corresponding sediments 
of the Margalitisklde formation already appeared 
coarse-grained sandstones. That points to the 
shoaling of the basin, apparently caused by the be-
ginning of eustatic regression, both of UZA3 su-
percycle and UZA3.1. cycle (Haq et al., 1987). 

  In the association of the zone (СС14) sharply de-
creases quantity of the species preferring deep wa-
ter conditions: Watznaueria, Eiffellithus, Cyclage-
losphaera, Stradneria, etc. Begin to dominate the 
shallow water forms: Quadrum, Micula, Marthas-
terites, Rucianolithus, Eprolithus, Microrhabdulus, 
etc.  Such parity proceeds up to the Early Campa-
nian indicating the existence of a shallow, calm sea 
basin during the deposition of the Eshmakiskhevi 
formation; the succession is represented by the 
monotonous strata of lithographic limestones with 
interlayers of grey and variegated marls. However, 
at the end of the formation dominate granular, are-
naceous limestones with interlayers of microgrey-
wacke carbonate sandstones. Retreat of the sea is 
well expressed. Here, the formation is terminated 
by the nannoplankton zone -СС18 and without vis-
ible unconformity is overlapped by the subzone 
СС22c of the Jorchi formation. The uninterrupted 
sedimentation of the succession is observed in the 
sections of the Zhinvali-Pkhoveli nappe (rivers 
Ksani, Arkala, etc.), the layers of the zone СС18 
are replaced by the upper subzone of the zone Un-

iplanarius trifidus (CC22с). Extended, in conse-
quence of rising, land around cordilleras, after 
submersion of Zhinval-Gombori subzone, again 
was covered by the sea, causing a break in sedi-
mentation and fall-out of the nannoplancton zones 
СС19, СС20, СС21 and СС22a,b from the sec-
tions. 

The Late Campanian transgression is related to the 
beginning of the third sedimentation cycle. Here 
Jorchi formation is mainly represented by marly 
limestones and marly sandstones. Nannoplanktonic 
zones, singled out here, and also associations of fo-
raminiferas are mainly planktonogenic. In sedi-
ments, relevant to the zone CC22c warm-water 
taxons Uniplanarius, Ceratolithoides, Watznaue-
ria, Micula, Marthasterites, Globotruncana stuar-
tiformis, Globotruncana ventricosa dominate, in-
dicating the relationship of the basin with the 
Tethys.  

According to nannoplankton, Jorchi formation is 
relevant to the zones CC22c, CC23, CC24 and 
CC25a in all studied successions. The last general-
ly, especially in the limits of Zhinval-Pkhoveli 
sheet, is either missing or is met just in lower lay-
ers. Transgressive Sabue formation, in the given 
successions, starts with the subzone CC25в (the 
fourth sedimentation cycle). Exception represent 
just some areas in the River Ksani basin, where 
Sabue formation starts with the zone CC25c. Ab-
sence of CC25a and CC25b in the upper part of the 
subzone, before Maastrichtian transgression, prob-
ably was related to the Late Laramian rising and 
erosion. This is well manifested in the sediments of 
Sabue formation, represented by coarse-grained 
material.   

Thus on the basis of the detailed analysis calca-
reous nannofossil and planktonic foraminifera all 
standard zones (СС) of the Late Cretaceous are 
identified junction in connection adjournment of 
the Zhinvali-Gombori subzone of the Mestia-
Tianeti zones of the Greater Caucasus fold system 
(GCFS) are established all standard zones (СС) of 
the Late Cretaceous. It has allowed to specify an 
age range, volume and capacity lithostratigraphic 
units, composing the Upper Cretaceous of the 
Mestia-Tianeti zones. The recovered of the mainly  
paleoclimatic and paleogeographic the moments of 
the Late Cretaceous in this part GCFS. 

5. Conclusions 
Thus, based on the detailed analysis of nannofos-
sils and planktonic foraminifera in the sediments of 
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the Zhinvali-Gombori subzone of the Mestia-
Tianeti zone GCFS, all standard Late Cretaceous 
zones (СС) are established. It has allowed updating 
of age range, volume and thickness of lithostrati-
graphic units composing the Upper Cretaceous of 
the Mestia-Tianeti zone. Sedimentation of the 
Ukughmarti formation took place in the Early Ce-
nomanian, in the upper part of the zone Eiffellithus 
turriseiffelii (СС9). The Ananuri formation covers 
the period from Early Cenomanian (upper part) to 
Early Turonian and corresponds to the zones СС9-
СС11. The Margalitisklde formation is dated as 
Late Turonian-Early Coniacian; it corresponds to 
the zones СС12-СС13 by nannoplankton and to 
Marginotruncana pseudolineiana-M. lapparenti 
and Marginotruncata sigali by planktonic forami-
nifera. The Eshmakishevi formation covers nan-
noplankton zones СС14-CC19 and is dated as Late 
Coniacian-Early Campanian. 

In the upper part of the succession by foraminifers 
are established the zones Archaeoglobigerina bas-
quensis and Globotruncana arca. The Jorchi suc-
cession corresponds to the Middle Campanian-
Lower Maastrichtian zones СС20-СС25а. By fo-
raminifers in the sediments of the subzone СС22с 
is established the zone Globotruncana ventricosa-
Rugoglobigerina rugosa. The Sabue succession 
corresponds to the zones Lithraphidites quadratus, 
Micula murus and Micula prinsii - their total vo-
lume is synchronous to that of СС25b-СС26 and is 
dated as Late Maastrichtian. By foraminifers in 
them the zone Gansserina gansseri is established.  

For this part of GCFS are reconstructed the main 
paleoclimate and paleogeographic events of the 
Late Cretaceous. Here has been established the ex-
istence of four sedimentary cycles: Cenomanian-
Lower Turonian, Middle Turonian-Early Campa-
nian, Late Campanian-Early Maastrichtian and 
Late Maastrichtian. In the Cenomanian-Early Tu-
ronian there was a basin of isolated, regressive sea 
in the southern part of the moderately cold-water 
belt. From the Late Turonian the boundary be-
tween the warm- and moderately cold-water belts 
moved to the north. Transgression that started in 
the Late Turonian lasted till the Early Coniacian. 
In the middle part of the Early Coniacian is out-
lined shoaling of the basin. From the Late Conia-
cian to the end of the Santonian sedimentation took 
place in the shallow, calm marine basin. The omis-
sion of the nannoplankton СС19, СС20, СС21 and 
СС22a, b zones from the sections of the Zhinvali-
Pkhoveli nappe and the analysis of the redeposited 

forms enables to admit break in sedimentation 
caused by Early Campanian regression and Late 
Campanian transgression. At the end of the Middle 
Maastrichtian took place a short-term regression 
that was replaced by the Late Maastrichtian trans-
gression. 
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Abstract: The siliciclastic sediments of Maoče, with its sand beds and sand lenses of fluvial origin, as 
the clearly featured former shoreline, characterize this remote gulf of DS Lake. Its shallow water is cor-
roborated by the frequent appearance of desiccation cracks. The lacustrine influence is mirrored in rare 
marly interbeds. Gyrogonites with mostly smooth spiral cells also indicate a low water mineralisation. 
An age is determined by Rhabdochara langeri, the key fossil for Burdigalian equivalents of W Europe, 
found both in Maoče and close laying Pljevlja. Nitellopsis merianii is an Euroasian Miocene species. A 
large mammal, from Pljevlja - Chalicotherium grande, a small morph - indicates the Lower Miocene. 
An entire herd of Chalicotherium was killed by a catastrophic earthquake catting forest they inhabit. 
The tuff of Maoče was destroyed by fluvial and vawe actions; in mineralized lakes, as Pljevlja is, tuff 
was transformed into siderite. Basaltic flows cannot support age because of the melting of the lower 
crust part. So, the biostratigraphic age is the upper part of Lower Miocene. 

Key words. Early Miocene, a Balkan Land lake gulf, Rhabdochara langeri 
 
1. Introduction 
During the Early Miocene, the area of the Dinaric 
Alps was a large lacustrine environment named the 
Dinaride System of Lakes (Krstić et al. 2003). In 
order to understand its properties, it has been ne-
cessary to study its coastal fossil rich sites (Krstić 
et al., 2009; Jimenez-Moreno et al., 2009; Mandić 
et al., 2009), its sites in the center of the basin 
(Sokač, 1979), as well as its sites in remote gulfs 
that have freshwater tributaries (Žic et al., 1995). 
The remote gulf of Maoče, only 30 km SE from 
the already well-studied Plevlja mine (Krstić et al., 
1994), with its ostracodes which indicate a saline 
lake environment (Krstić, 1987). As Maoče lies 
close to southeastern margin of the Dinaric System 
of Lakes, its properties are important. 

The Maoče fluvio-denudation plateau (Žic et al. 
1995), at an average altitude of 1400 m, was cut by 
the Ćehotina river into its Paleozoic and Mesozoic 
rocks. The plateau is tilted opposite to the direction 
of the river, cutting an epigenetic valley with nu-
merous meanders incised in Middle Triassic limes-
tone. The former lake coastline around Maoče, 
Pljevlja and all the way westwards to the Drina 

river has been mapped geomorphologically (Žic, 
1991) and one of its erosion stages is featured by a 
caverne sediments of the early Pleistocene age 
(Dimitrijević, 1990) well above the recent Neo-
gene surface. 

The Maoče Neogene has also been studied due to 
its coal content. 

2. Stratigraphy 
The Neogene sediments of Maoče (Žic et al., 
1995) are preserved at a surface of app. 10 km2. In 
the central part of the plain, the Neogene thickness 
was greater than 300 m. Coal, at all, reach 35,5 m 
in the northeastern part of the plain. The sequence 
overlaying brown coal has an average thickness of 
86 m.  

Three superimposed parts are distinguishable in 
the Neogene column: the basal part lying below 
the brown coal, the coal part consisting of 3 seams, 
and the brown coal overburden. The youngest 
member contains a thin lignite bed close to the top.  

The deposition of Neogene starts with a 30 m thick 



86 
 

multicolored silt with cherty pebbles. The silt is 
grey-green, grey and whitish-grey; the green color 
should come from the tuff content. 
The coal-bearing formation consists of two foot-
wall seams and the main layer of coal above them. 
The oldest, second footwall seam is from 0.7 to 3.7 
m thick; its composition is swampy clayey coal. 
The First Footwall Seam, of woody structures, has 
a thickness range of 0.4-6.8 m. The thickness of 
the main coal seam varies between 1 and 26 m fol-
lowing the shape of the bedrock. The marl below 
the main coal seam is laminated, porous and, 
sometimes has desiccation cracks; the CaCO3 con-
tent varies from 58 to 68%; in sandy fraction 
quartz prevails, feldspars are rare, and there are 
mica flacks and gastropods. Some clay of illyte 
type is recignised. 

The coal was formed by Nyssa and Taxodium. 
Among other plants there are subtropical ferns, 
palms, Taxodium and of temperate-climate genera 
Cedrus, Myrica, Betula etc. For a swampy ward 
Nyssa and Taxodium are characteristic.  

Above the coal-bearing formation the column con-
tinues with laminated silt, often bedded (beds dis-
tinguished by the colors of  reddish, pink, grey to 
blue-grey); also the sandy marl with meiofossils is 
60 m thick. Following 40 m is of banded sandy 
silt, grey and bluish grey characterized by the 

lenses of quartz sand (80-90% SiO2) often cross-
bedded, up to 30 cm thick inside of thin-bedded 
sediments, otherwise the sand-beds are only up to 
3 cm. Another 40 m is silt, grey, sandy with carbo-
nate concretions, and many intercalations of coal 
in beds up to 10 cm. The youngest member of the 
overlaying sequence is the alternation of sandy 
clay with coaly clay and lignite coal of a humous 
and woody structure, in places up to 3 m, as nu-
merous thin coal beds; it is characterized by its low 
CaCO3 content and a granulation of the sediments 
transported and deposited from suspension un-
iformly and, rarely, graded. Sand lenses are sel-
dom.   

3. Paleontology 
Only the bore hole BM-152 was subject to paleon-
tological sampling, and only two samples have 
yielded meifossils. They are from 46.0-46.2 and 
from 41.0-41.1 m in depth. These are thicker grey 
beds containing halotolerant and halophilic fossils. 
The mollusks have included Valvata sp. with a 
longitudinal fold (carina), Planorbis, Pisidium and 
Melanopsis? fragments. The determined ostra-
codes have included the extinct genera Moenocy-
pris ? montenegrina and Brdacandona cf. bešići 
and of recent genera halotolerant genera Ilyocypris 
sp. div., Cypria, Pseudocandona, Neglecandona, 
Virgatocypris, Erpetocypris. The endemic cando-

 
Fig. 1 Geomorphological map of Plevlja, Maoče (M) and its surroundings. The lake coastline was mapped in the field. 
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ninae Brdacandona should be a halofile, as Moe-
nocypris.  

The Charophyta from samples with ostracodes 
includes:  

Lychnothamnus barbatus antiquus Soulie-Marsche 
1989 (Pl. I, Figs 10, 12-14). The sample of drilling 
BM-152 at 41.0-41.2 m contained large, well-
calcified specimens (figs 12 and 14, on 13 is the 
basal plate) assigned to Lychnothamnus barbatus 
var. antiquus Soulie-Marsche 1989. The ridges 
bordering the sutures do not reach the basal pore 
(Fig. 10). These are the most numerous gyrogo-
nites in the Maoče bed at 41 m and indicate a 
freshwater environment. 

Rhabdochara cf. langeri (Ettings) Madler, L. 
Grambast, 1957 (Pl. I, Fig. 11) are from the same 
bore hole BM.152, but at a different depth (46.0-
46.2 m), and are smaller in average from the re-
lated Lichnotamnus and have more concave spiral 
cells, corresponding to the morphology of Rhabdo-
chara. The apex has no apical nodes in Maoče, 
whose specimens are characterised by the presence 
of poorly developed transverse ribs on the spiral 
cells corresponding to the morphology of Rhabdo-
chara langeri. The Lower Miocene (Burdigalian) 
is characterised by this species and holds strati-
graphic value. 

The material from the locality Otilovići in the 
Plevlja area also contained Rhabdochara gyrogo-
nites with specimens, which were shown as having 
well-developed and regularly distributed small 
transverse sticks on all spiral cells (Krstić et al. 
2009: pl. II fig. 8). The apical nodes were present 
and sometimes developed short spines, while some 
of the small transverse ribs on the spiral cells were 
able to grow into a kind of elongated tubercle (ib-
id: pl. II fig. 9). They fit exactly into the morphol-
ogy of Rhabdochara langeri (Ettingshausen 1872) 
Maedler 1955.  

Chara molassica molassica Straub 1952 (Pl. I, Fig. 
6) is known from the Auversien to “Tortonian” 
(Middle Miocene) of central and Western Europe, 
according to Madler, 1955 and  Riveline, 1986.  

It is doubtful if this species was found during the 
Pliocene in the Caspian Sea region (Kyrgyzstan, 
the northern Caucasuses, Turkmenistan). Maslov 
(1966) does not give any figures of Ch. molassica, 
only measurements during the establishing  of a 

new subspecies kirgisensis. According to Maslov, 
the Ch. molassica molassica from the Pliocene had 

a length of 0.547 mm, width of 0.370 mm, 11-12 
whorls on its side, while the radius of the basal 
pore was 0.030 mm. Its subspecies Ch. molassica 
kirgisensis was larger: l-0.529-0.684, w-0.384-
0.450, the number of whorls on its side was 11-14, 
basal pore 0.023 mm. It is highly possible that in 
the Pliocene population the smaller and stockier 
specimens only resemble Ch. molassica molassica.  

The material from Maoče contains a single dwarf 
gyrogonite with only 4 spiral cells. SOULIE-

 
Fig. 2.The lithostratigraphic column of Maoče (Žic et
al., 1995).Legend: 1. Ostracodes, 2. Characea,  3. Nitel-
lopsis, 4. Carinate Valvata, 4. Mollusk remnants 
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Marsche (1989) showed that the populations are 
often a mixture of smooth and ornamented speci-
mens (Chara molassica notata),  belonging to the 
same species. 

Chara molassica notata Grambast and Paul, 1965 
(Pl. I, figs 7-9). was distinguished by Straub, 1952, 
as C. molassica forma a (specimens ornamented 
"mit kleinen Knötchen"). Later, the ornamented 
form was separated as a different species: Chara 
notata by Grambast and Paul, 1965. Later Soulie-
Marsche (1989) showed that many populations are 
an admixture of smooth and pustulated specimens, 
belonging to the same species but retained notata, 
only as a variety, thus joining the original opinion 
of Straub. It is also possible that in warm summers 
ornamented specimens developed together with the 
smooth ones. In the geological past, in a warm-

temperate climate, such a possibility was often 
present as well. 

Nitellopsis merianii (A. Braun) Grambast & 
Soulie-Marsche 1972 (Pl. I, figs. 1-3) is the typical 
N. merianii with its regularly convex smooth spiral 
cells  presented in fig. 1 on the plate. In the same 
plate, fig. 2 an aberrant specimen is shown, with 
uneven spiral cells, the beginning of tubercles 
growing (Pl. I, fig. 2), and has well visible rough-
ness. The apical nodes of this specimen are more 
developed than in the first mentioned specimen. 
The thin basal plate (Pl. I, fig. 3) is typical for the 
genus Nitellopsis. 

The presence of a nodose morph could mean that 
the water salinity had changed with seasons or 
over longer time intervals: with an influx of 
enough freshwater, in winter and spring, salinity 
would drops and the specimens would be normal, 
as in fig. 1. In a warmer summer, in this subtropic 
climate, the seasonal variability could produce ab-
errant specimens as in fig. 2. Both morphs were 
obtained from the sample depth (46.0-46.2 m) of 
the drill hole BM-152. 

N. merianii is a very common species for the Mi-
ocene - found only in Europe and Asia, with one 
site in Morocco (Soulie-Marsche et al., 2002). 

Sphaerochara sp. ex gr. Sph. parvula Reid & 
Groves, Grambast) 1958 (Pl. I, Figs 4-5) is a little 
thicker than the one of Sph. inconspicua as given 
in Riveline, 1986. In Maoče, there were only a few 
specimens of this Sphaerochara. 

The “stratigraphic range” of Sphaerochara parvula 
(in Riveline, 1986: 75) includes the “Lower Ludien 
to Upper Oligocene”. A similar form is indicated 
for the “Tortonian’ of “Switzerland and southern 
Germany (Madler, 1955 in Riveline 1986)”. 

4. Discussion 
Most near to Maoče is Pljevlja, both plane and some 
other erosion remnants contain sediment of the for-
mer Neogene DS Lake gulf, as shown in fig. 1.  

Geomorphologic mapping (see text-fig. 1) of the 
ancient lake shore (Žic, 1991) has been supported 
by structural analysis in the area of Prijepolje (Ilić 
& Neubauer, 2005), very close to Maoče. Accord-
ing to their paleostress study, it was obtained that 
the vertical movements are subordinate and over-
printed by horizontal striae.  

In Pljevlja the main coal, woody as in Maoče, is 
the product of a catastrophic earthquake, bringing 

Plate I: 1-3. Nitellopsis merianii (A. Braun) Grambast & 
Soulie-Marsche 1972, BM-152 from 46.0-46.2 m, 4-5. 
Spha-erochara sp. ex gr. S. parvula Reid & Groves) 
Grambast, 1958, BM-152 from 46.0-46.2 m, 6. Chara 
molassica molassica Straub 1952, BM-152 from 46,0-
46,2 m, BM-152 from 46.0-46.2 m, 7-9. Chara molassi-
ca notata Grambast and Paul 1965, BM-152 from 46.0-
46.m,  11. Rhabdochara langeri (Ettings) Madler, L. 
Grambast, 1957, BM-152 from 46.0-46.2 m, 10, 12-14. 
Lychnothamnus barbatus antiquus Soulie-Marsche 
1989, BM-152 from 41.0-41.1 m. 
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tree trunks together with a whole herd of its large 
dwellers Ungulata with claws (Krstić et al., 1994) 
into the lake. These tectonic movements caused the 
decomposition of the coal seam on the intermittent 
northern fault, which is still active (Krstić et al., 
1994), tilting the whole plateau opposite to the di-
rection of the Ćehotina river flow.  

A comparison of the sedimentological reconstruc-
tion: In Pljevlja the main coal overburden is marl 
rich in calcium- and pure in magnesium-carbonates 
characterizing a hydrologically open lake; its water 
was well oxygenated (Krstić et al., 1994). In 
Maoče the fluvial sand of the coal overburden is 
cross-bedded and often accumulated as lenses. The 
exposition of quiet shallow parts of the lake in 
Maoče corroborate the desiccation cracks. The in-
fluence from Pljevlja, containing up to 84.65% 
CaCO3, is mirrored in the marly beds of Maoče. It 
can therefore be supposed that there should be a 
sublacustrine threshold dividing shallow remote 
gulf part of  Maoče from the wide and deep (below 
the wave base) lake part of Pljevlja. This threshold 
had been over-poured by highly mineralized and 
low saline water of the Pljevlja gulf part from time 
to time. In Maoče, there were not any spotted side-
ritic beds as there are in Pljevlja, where they do in-
dicate some volcanic activity. In mineralized lakes, 
tuff changes into siderite, as it has been observed 
in Pontian sediments (while the “marine” Maeotian 
tuff could have been, by its wave actions, broken 
and rounded out and enveloped by a limonitic 
‘”shell” but still have retained its structure and its 
biotite untucht - Krstić et al., 1995). 

The water-salinity in Maoče has been inferred 
from the ornamented gastropods of the genus Val-
vata and the endemic ostracodes Brdacandona 
(Krstić et al., 1994) and Moenocypris described 
from the upper part of Lower Oligocene of W 
Germany (the lower part of Lower Oligocene is the 
marine - Triebel, 1963). All other fossils could be 
halotolerant, even Chara molassica notata and 
smooth and rough T. merianii.  

Meiofossils from the two sites of Pljevlja, above 
the coal (Krstić, 1987) have yielded: the species 
Moenocypris montenegrina In white silt (lacustrine 
chalk) of Otilovići (4 m above the coal) where it is 
nearly a single ostracode, this is together with nu-
merous characeans, one of which is the typical 
Rhabdochara langeri. From the gray silt of the site 
Rabitlje (55 m above the coal) Brdacandona bešići 
together with another extinct genera Septocypris 
sp., Chinocythere sp., Clonocythere ćehotinae. 

Amplocypris sp. and Moenocypris montenegrina 
were described. There are halotolerant to freshwa-
ter genera Pseudocandona korjeni, Cypria sp., Pa-
ralimnocythere sp. and a juvenile Virgatocypris, as 
well as Metacypris sp, having recent representa-
tives living in freshwater (> 1.5 %o S).   

Age: In the fluvio-deltaic milieu of Maoče, the tuff 
was eroded, while in Pljevlja, the mineralized lake 
had transformed it into sideritic layers. The bios-
tratigraphic age was first determined to be MN5 
(=NN5 of Mein, 1985, or Lower Langian= the 
Lower Miocene) for the species Chalicotherium 
grande, a smaller morph. For the DS Lakes and its 
congerian fauna Kochansky & Slišković (1978) the 
Ottnangian age along all Dinaric Alps valleys is 
proposed. The age of Sjenica terrestrial gastropods 
(Prysjažnjuk, 2008) corresponds to late Ottnan-
gian-Carpathian. An absolute age of the analcimite 
basaltic rocks, directly overlaying the terrestrial 
gastropod bed is 22.95 + 1.25 Ma, but “the Serbian 
ultrapotasic rocks display many characteristics that 
are consistent with contamination of their mantle 
source by a subducted sediment component” 
(Cvetković et al., 2004: 179). Isotopic values in the 
lakes differ from the World Ocean, and they there-
fore cannot be applied (Frei, 2010) for DSLs. Ac-
cording to the characea, these are equivalents of 
Burdigalian. All these names are used for different 
formations of the upper half of the Lower Mi-
ocene. 

5. Conclusion 
The Neogene remnants of the Maoče valley origi-
nally belonged to a remote shallow gulf of DS 
Lakes where tributaries brought freshwater from 
the land. The hydrologically opened Pljevlja Lake, 
with its vertical coast, was boarded toward Maoče 
by a threshold, which was from time to time over-
poured,by Pljevlja’s mineralized water, immediate-
ly more or less diluted in Maoče. Subsidence in 
Maoče was slower than in the other parts of the DS 
Lakes, including the neighboring Pljevlja because 
of the firm land nearby. The movements of the 
Adriatic Plate caused a catastrophic earthquake 
which brought woody material into Maoče from 
the NE and not from S as it did so in Pljevlja. The 
slow movement that dismembers the northern part 
of Pljevlja’s main coal is still active as well as with 
all DS Lakes and in Maoče. 

The age of Maoče, as in all Dinaride System of 
Lakes, should be the Lower Miocene and, maybe, 
it could be pinpointed as being Ottnangian, the 
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great freshwater period of Middle and southern Eu-
rope. The age cannot be measured by physical me-
thods in the lake, with such an area that has a melt-
ing lower crust part, so it is only up to the fossils, 
Rhabdochara langeri, to give us the key: upper 
part of Lower Miocene. 
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Abstract: The paper deals with actual questions concerning biofacies and paleoecology of the Gagra-
Java zone. The Gagra-Java zone extends along the Southern slope of the Greater Caucasus, in its turn 
subdivided into three facies types: Abkhazia-Racha, Odishi-Okriba and Dzirula. The Cretaceous sedi-
ments have developed mainly in the junction area of the Georgian block - from the Western Georgia up 
to Upper Racha. The Upper Cretaceous sediments consist predominantly of terrigenous-volcanogenic 
(Cenomanian-Lower Turonian) and marly carbonate limestones with the layers of variegated flints (Up-
per Turonian-Maastrichtian). According to planktonic and benthic foraminifera in the Abkhazia-Racha 
sediments have been distinguished 14 foraminifera complexes. The detailed analyses have proved that: 
1. The lower boundary of the Upper Turonian is connected to the massive occurrence of the genera 
Marginotruncana pseudolinneiana-M. schneegansi-M. lapparenti; 2. The Turonian/Coniacian boundary 
is based on the occurrence of Marginotruncana coronata Bolli; 3. The Coniacian/Santonian boundary - 
Dicarinella concavata (Brotzen); 4. The lower boundary of the Upper Santonian is based on the appear-
ance of Contusotruncana (Rosita) fornicata (Plummer); 5. The Santonian/Campanian boundary is based 
on the presence of Globotruncana arca (Cushman); 6. The Campanian /Maastrichtian boundary - on the 
occurrence of Globotruncanita stuarti (Lapparent). In the Odishi-Okriba facies type has been distin-
guished the suite “Mtavari”, investigated in detail by planktonic foraminifers. The analyses made possi-
ble to establish 5 foraminiferal zones in the studied sections. These complexes have been correlated with 
macrofauna and nannoplankton complexes to specify the age of the suite. At present, there exists a defi-
nite methodology for the reconstruction of some parameters of the paleobasin that is based on quantita-
tive interrelations of foraminifer associations. This technique is based on actual data on contemporary 
water areas. The PF (Planktonic Foraminifer) data can be used for the interpretation of the fossil mate-
rial data applicable in paleogeographic reconstructions. The relation of planktonic and benthic fo-
raminifera and the content of planktonic complex enable to define depth of the basin. According to the 
percentage of the left- and right-coiling species of Globotruncanidae there have been estimated the tem-
perature conditions of the Late Cetaceous basin. The question on the parity of left- and right-coiling fo-
raminifera is a part of big problem of coiling directions in the nature.  

Keywords: Georgia, Mtavari, Cretaceous, Foraminifer, Carbonate, Facies. 
 

1. Introduction 
In the Caucasian segment of the Alpine fold belt 
there are distinguished several geotectonic units 
are distinguished from each other by structural 
characters and their history of development (Fig. 
1). The Cretaceous sediments are most developed 
in the Gagra-Java zone. The entire Gagra-Java 
zone is a part of a folded system of the Southern 
slope of the Greater Caucasus. It is presented by 
carbonate deposits that are grouped as follows: 
Abkhazian-Rachian and Odishi-Okriba facies 
types. In the western part of the studied territory 
the Upper Cretaceous sediments are mainly repre-

sented by carbonaceous rocks: marls, calcareous 
clays, chalk, calcareous marls and limestones with 
variegated flints. Terrigenous-volcanogenic forma-
tions are in subordinate position and are confined 
to the Cenomanian and Lower Turonian. The most 
complete sections of the Upper Cretaceous sedi-
ments are observed in the Chanistskali, Khobist-
skali, Tekhuri and Tskhenistskali river basins.  

2. Materials and Methods 
The Upper Cretaceous sediments of the Gagra-
Java zone are represented mainly by firm carbon-
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ate limestones with variegated flints. During the 
field- work 1800 samples were obtained. These 
samples were treated in the laboratory and washed 
with glacial acetic acid (CH4COOH) and copper 
vitriol (CuSO4*H2O).  

At present, there exists a definite methodology for 
the reconstruction of some parameters of the pa-
leobasin that is based on quantitative interrelations 
of foraminifer associations. This technique is based 
on actualistic data fron contemporary water areas. 
The PF (Planktonic Foraminifer) data can be used 
for the interpretation of the fossil material data ap-
plicable in paleogeographic reconstructions speci-
fying paleodepths.. According to the percentage of 
the left- and right-coiling species of Globotrun-
canidae there have been estimated the temperature 
conditions of the Late Cetaceous basins.  

3. Biostratigraphy of the Gagra-Java Zone 
The Study of distribution peculiarities of plank-
tonic foraminifers in the Upper Cretaceous depos-
its of the investigated sections has allowed the de-
termination of 14 foraminiferal assemblages:  

I - the assemblage corresponding to the zone Ro-
talipora appenninica, is close by structure to the 
assemblage of Hedbergella planispira zone (Peryt, 
1980) in Poland. Its systematic composition is 
close to the association of the zone Rotalipora 
brotzeni and Rotalipora reichel, of the Lower 

Cenomanian of Western Europe (Robaszynski,- 
and  Caron, 1979; Robaszynski, Caron, et al. 
1990).  

II - the assemblage with the small Hedbergella, is 
characterized by presence of rather monotonous, 
but numerous small foraminifers. Stratigraphically 
it corresponds to the zone Rotalipora cushmani, 
known in the Middle- and Upper Cenomanian de-
posits of Western Europe and Poland (Robaszyn-
ski, Caron, 1979; Peryt, 1980).  

III - the assemblage corresponding to the zone 
Whiteinella archaeocretacea, is characterized by 
the massive presence of  the index-species and also 
a set of species Whiteinella and Hedbergella. This 
complex is close to those of the same zone found 
on the boundary of Cenomanian-Turonian sedi-
ments of Mediterranean and European areas (Ro-
baszynski, Caron, 1979).  

IV - the assemblage corresponding to the zone Di-
carinella hagni, is characterized by a richer asso-
ciation of foraminifers. The leading part in this as-
semblage complex plays the index-species, and 
also Whiteinella brittonensis (Loeblich et Tappan, 
1988) and Praeglobotruncana oraviensis Scheib-
nerova. Analogous zonal complex is characteristic 
of the Lower Turonian of Southern- and Western 
Europe, Tethyan region and North America (Pes-
sagno, 1967; Sigal, 1977; Robaszynski, Caron, 
1979; Robaszynski, Caron at al. 1984; Peryt, 1980). 

 
Fig. 1 Geological Map of the Studied Region 
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V - the complex corresponds to the Marginotrun-
cana schneegansi and M. pseudolinneiana zone  
and is characterized by abundance of the species: 
Marginotruncana pseudolinneiana Pessagno, M. 
sigali (Reichel), M. angusticarinata (Gand.). 
Stratigraphically it is the closest to the complex of 
the same named zone, established in the Upper Tu-
ronian-Lower Coniacian of Algeria, Western 
Europe and Tethyan region (Sigal, 1977; Ro-
baszynski and Caron, 1979; Robaszynski, Caron, 
et al. 1990).  

VI - the complex corresponds to the zone of Mar-
ginotruncana coronata; it is characterized by an 
abundance of the representatives of index-species, 
and Marginotruncana renzi (Gandolfi) and M. 
marginata (Reuss) as well. It is close to the assem-
blage of the zone "Grandes Rosalines " J.Sigal 
(1967) from the Turonian-Coniacian boundary of 
Boreal Europe and also is compositionally similar 
to the same name zone of Poland (Peryt, 1980).  

VII - the complex corresponding to the zone Mar-
ginotruncana renzi and Marginotruncana sigali, is 
characterized by the intense presence of index-
species. Here, the planktonic foraminifers are ex-
tremely abundant. Intrabenthic association is of 
certain interest for the abundance of genera Sten-
sioina. Presence of considerable quantity of plano-
convex planktonic representatives of Marginotrun-
cana allows to define similarity of this association 
to the lowermost Coniacian Marginotruncana 
coronata zone of Poland (Peryt, 1980). It is prob-
able, that stratigraphic interval of distribution of 
the VII complex together with those of the VI 
complex, corresponds to the zone of "Grandes Ro-
zalines" J. Sigal. At the upper level both Di-
carinella primitiva Dalbiez and Marginotruncana 
tarfayaensis (Lehmann) are observed. 

VIII - the complex corresponding to the zone Di-
carinella concavata is characterized by one speci-
mens of the index-species, here as well Margi-
notruncana paraconcavata Pothault, M. undulata 
(Lehmann) and Hedbergella flandrini Porthault are 
met. Similar assemblages were established in the 
Paris Basin (Robaszynski, Caron, 1979) and in Al-
geria (Sigal, 1977). The restricted vertical and 
wide geographical distribution of this species de-
fines its high stratigraphic value. The division of 
the Upper Coniacian-Santonian stratigraphic inter-
val is connected with difficulties of morphological 
division of extremely similar species primitiva-
concavata of the genus Dicarinella. The same 
problem appears in the case of nannoplankton zon-

ing. Here, at the level of Coniacian-Santonian 
stages the layers have been identified  with Mar-
thasterites furcatus (Kilasonia, 1991; Lapachish-
vili, 1990).  

IX - the complex corresponding to the zone Contu-
sotruncana (Rosita) fornicata,  contains the index-
species, and also Contusotruncana (Rosita) arca-
formis (Maslakova),   Dicarinella asymetrica (Si-
gal), Globotruncana bulloides Vogler, Ar-
chaeoglobigerina cretacea (Orb.) et all. 
Concerning the systematic composition this asso-
ciation is the closer to a complex of the same-
named zone Globotruncana fornicata, distin-
guished in the Upper Santonian sediments in Po-
land (Peryt, 1980) and North America (Pessagno, 
1967). A similar zone complex is established in the 
Upper Santonian sediments of the Paris Basin (Ro-
baszynski, Caron, et al. 1984) – as zone Di-
carinella asymetrica.  

X – this complex corresponds to the zone Glo-
botruncana arca. Here important role is played by 
such double-keeled species, as Globotruncana lin-
neiana (Orb.), G. bulloides Vogler, G. ventricosi-
formis Maslakova, G. mariei Banner et Blow, G. 
rugosa (Marie), Globotruncanita elevata (Brotz), 
and many others. This association is close to that 
homonymous zone traced in the lower part of the 
Campanian sediments in Poland (Peryt, 1980). The 
analogous complexes were found out in the Lower 
Campanian of the Paris Basin (Robaszynski, 
Caron, et al. 1984). The transition between the 
Santonian and  Campanian coincides with the oc-
currence of the first representatives of Glo-
botrunca-nita. The boundary between these stages 
coincides very often with the occurrence of the 
species Globotruncanita elevata (Robaszynski and 
Caron, 1979; Robaszynski, Caron, et al. 1984). At 
the same time, the species Globotruncana arca is 
another good marker for this boundary (Peryt, 
1980). The lower boundary of this stage and the 
occurrence of index-species Globotruncana arca 
coincide with the occurrence of the zonal nanno-
plankton association Tetralithus aculeus (Lapa-
chishvili, 1990). 

XI - the complex corresponding to the zone Glo-
botruncana ventricosa is characterized by a rich 
association of double-keeled forms, in which also 
Globotruncana rosetta (Carsey), Globotruncanita 
atlantica (Caron) and others have a leading part. 
By systematic composition this association is the 
closest to the assemblage of the homonymous zone 
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of the Paris Basin (Robaszynski, Caron, et al. 
1984).  

XII - the complex corresponding to zone Glo-
botruncana morozovae, besides the index- species, 
is characterized by the occurrence of forms, such 
as Globotruncana majzoni Sacal et Debour and 
Rugoglobigerina rugosa (Plumm). These two 
complexes (XI, XII) correspond to the nannoplank-
ton zone Tetralithus trifidus (Kilasonia 1991; La-
pachishvili, 1990).  

XIII - the complex corresponds to the zone Glo-
botruncana stuarti; it is characterized by the pres-
ence of the individual species Contusotruncana 
(Rosita) contusa (Cushman), and the continuing 
presence of forms with double-keel shells. A simi-
lar complex of the zone Globotruncana falsostu-
arti was established in the Lower Maastrichtian of 
Southern and Western Europe (Robaszynski, 
Caron, 1984). Concerning nannoplankton it corre-
sponds to the layers with Zigodiscus spirialis (Ki-
lasonia, 1991).  

XIV complex corresponds to the zone Abathom-
phalus mayaroensis. Here, except the index-
species, Abathomphalus intermedius (Bolli), Glo-
botruncana gagnebini (Tilev) and Globotruncana 
conica (White) are represented. This zone is glob-
ally usually allocated in the upper part of the 
Maastrichtian sediments. Concerning nannoplank-
ton,  this level is distinguished as the zone 
Tetralithus murus (Kilasonia, 1991) (Table 1). 

4. Biostratigraphy of the Odishi-Okriba fa-
cies type 

Upper Cretaceous sediments of Odishi-Okriba fa-
cies type are spread as a discontinuous, southward 
bending of bow-shaped stripe and is known as the 
"southern calcareous stripe of Samegrelo" (Tsaga-
reli, 1946). This facial type extends over the east-
ern part of the interfluves of the rivers Khobistskali 
and Tekhuri.  

Terrigenous and volcanic rocks in the general con-
text of carbonate sedimentation are characteristic 
of the Odishi-Okriba facies type. In the Tekhuri 
and Tskhenistskali river basins strata enriched by 
tuffaceous material are developed among the white 
and red limestones. Volcanic rocks are more 
widely spread in the southern strip of Samegrelo 
and in Okriba which are already distinguished by 
Meffert B.F. (1931) as the “Mtavari Suite”. This 
suite contains reddish, brownish, yellowish-gray 
basaltic and porphyritic effusives and their pyro-

clastolites with layers of limestones and sandstones 
(Nadareishvili, 1980). The age of the whole men-
tioned series of deposits is determined as Late Tu-
ronian. The upper limit of the sequence is differ-
ently dated in different areas. E.g. in some places 
the top of the sequence rises up to the Campanian, 
and in other places it is limited by the Turonian 
and probably partially by Coniacian (Lekvinidze, 
1960). The thickness of the sequence varies from 
several tens to several hundred of meters. The 
“Mtavari” suite is best observable in the interfluves 
of the Rioni and Tskhaltsitela, where volcanogenic 
rocks dominate. Within the limits of this facies 
type, in the vicinity of the village Gordi (basin of 
the river Tskhaltsitela), a stratigraphic section. 
Here are distinguished the following subdivisions: 
the “Mtavari” suite that corresponds to the Late 
Turonian-Late Santonian, the Upper Okumi suite – 
to the Campanian and the Mokvi suite correspond-
ing to the Maastrichtian time.   

The general thickness of the “Mtavari” sequence is 
80 m (Table 2). The lower part is represented by 
brownish-pink tuff-gravel stone of different granu-
lation. They comprise interlayers of pinkish lime-
stones (thickness of streak 0,5-20 cm) with Inoce-
ramus lamarcki Park (determination by 
Gambashidze R.A.). Herein, planktonic forami-
niferal complexes were found: Marginotruncana 
pseudolinneiana Pessagno, M. schneegansi (Sigal), 
M. marginata (Reuss), Dicarinella hagni (Scheib-
nerova), D. imbricata (Mornod), Hedbergella del-
rionensis (Carsey), Whiteinella archaeocretacea 
Pessagno, Heterohelix reussi (Cushman), H. 
globulosa (Ehrenberg), Globigerinelloides bento-
nensis (Morrow), at the top of the limestone layer 
Marginotruncana coronata (Bolli), Stensioina 
granulata kelleri (Koch.), Loeblichella spp. occur. 
Alongside with the listed above, here is found 
Tetralithus pyramidus Gardet.   

Brownish tuff-stones with streaks of red and grey 
limestones continue the section. In this part of the 
section the following were found: macrofauna - 
Inoceramus cf. sturmi And. (identification of Tsa-
gareli A.L. and Gambashidze R.A.). Foraminifera - 
Marginotruncana sigali (Reichel), M. renzi (Sigal) 
were identified in the section for the first time, 
while Marginotruncana pseudolinneiana Pessa-
gno, M. marginata (Reuss), Dicarinella imbricata 
(Mornod), Globigerinelloides bentonensis (Mor-
row), Whiteinella archaeocretacea Pessagno, 
Hedbergella delrionensis (Caesey), Heterohelix 
reussi (Cushman) continue  to  exist and  among  
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Table 1. Microbiostratigraphic Zonation of the Upper Cretaceous Planktic Foraminifer 
 
STAGE 

 
SUBSTAGE 

 
Lithology 

Robaszynski, Caron 
1979-1984 

Foraniniferal zones and characteristic species 

Western Europe Western Georgia 

M
A

A
ST

R
IC

H
TI

A
N

  
 
Upper 
 

 
 

Grey limestones 
with concretion flint 

 
 

 
 

Abathomphalus mayaroensis 

Abathomphalus mayaroensis: Chiloguembelina praecursor 
Kazimiez, Guembelitria cretacea (Cushman), Abathomphalus 
intermedius (Bolli), Globotruncana conica (White). 
Globotruncanita stuarti: Rosita (Contusotruncana) contuse 
(Cushman), Gansserina gansseri (Bolli), Abathomphalus in-
termedius (Bolli),Globotruncana majzoni Sacal et Debuerle, 
Gl. marie Banner et Blow, Gl. ventricosiformis Masl., Globo-
truncanita stuartiformis (Dalbiez), Rugoglobigerina rugosa 
(Plummer), 

 
Gansserina ganseri 

  
Lower 

Globotruncana falsostuarti 

C
A

M
PA

N
IA

N
 

 
 
Upper 
 

 
W

hi
te

 li
m

es
to

ne
s 

 
 
 

Globotruncanita calcarata 

Globotruncana morozovae: Rugoglobigerina rugosa (Plum-
mer), Globotruncana majzoni Sacal et Debuerle, Globotrunca-
na linneiana (Orb.), Gl. aegyptica Nakkadi, Gl.rosetta (Carsey), 
Gl.rugosa (Marie), Rosita (Contusotruncana) plummerae 
(Ggandolfi),  
Archaeoglobigerina blowi Pessagno, Ar. cretacea (Orb.). 

 
 

Globotruncana ventricosa 
Globotruncana ventricosa: Globotruncana atlantica (Caron), 
Gl. aegyptica Nakkadi, Gl. rosetta (Ccarsey), Gl. rugosa (Ma-
rie), Rosita (Contusotruncana) plummerae (Ggandolfi), Arc-
haeoglobigerina blowi Pessagno, Ar. cretacea (Orb.). 

 
 
 
Lower  

 
Globotruncanita elevata 

Globotruncana arca: Globotruncanita stuartiformis (Dalbiez), 
Gl. elevate (Brotzen), Globotruncana linneiana (Orb.), Gl. bul-
loides Vogler, Gl. ventricosiformis Masl., Gl. marie Banner et 
Blow, Heterohelix reussi (Cushman), Heterohelix globulosa 
(Ehrenberg), H.moremani (Cushman), H. ventrilabrelliformis 
(Van der Sluis). 

SA
N

TO
N

IA
N

 

 
Upper 

 
 
Limestone with lay-

ers of marls and 
sandstones 

 
 
 
 

Dicarinella asymetrica Rosita (Contuzotruncana) fornicata:Contusotruncana  (Rosi-
ta) arcaformis, Dicarinella asymetrica (Sigal), Globotruncana 
bulloides Vogler, Archaeoglobigerina cretacea (Orb.). 

 
Lower 

 
 
 
 
 
 

Dicarinella 
concavata 

Dicarinella concavata: Marginotruncana coronata (Bolli), M. 
paraconcavata Porthault, M. tarfauaensis (Lehmann), M. sinuo-
sa Porth., M.pseudolinneiana Pessagno, M. sigali (Reichel), 
M.schneegansi (Sigal), M. marginata (Reuss), Dicarinella pri-
mitive (Dalbiez), Heterohelix reussi (Cushman), Heterohelix 
globulosa (Ehrenberg), 

C
O

N
IA

C
IA

N
 

 
 
Upper 

 
Li

m
es

to
ne

s w
ith

 v
ar

ie
ga

te
d 

fli
nt

 
 

Marginotruncana renzi/M.sigali: Marginotruncana sigali 
(Reichel), M. tarfauaensis (Lehmann), M. sinuosa Porth., Whi-
teinella archaeocretacea Pessagno,  Wh. brittonensis (Loeblich 
et Ttappan), Wh. baltica Douglas et Rrancin, , Stensioina 
praeexculpta (Keller), St. emscherica Baryschnicova, St. gra-
nulate Keller, Gyroidinoides depresus (Alt.), Gy. costulata 
(Marie). 

 
Lower 

Marginotruncana coronata: Marginotruncana renzi (Gandol-
fi), M. sigali (Reichel), M. tarfauaensis (Lehmann), M. sinuosa 
Porth., Whiteinella archaeocretacea Pessagno,  Wh. brittonen-
sis (Loeblich et Ttappan), Wh. baltica Douglas et Rrancin, 
Stensioina praeexculpta (Keller), St. emscherica Baryschnico-
va, St. granulate Keller, Gyroidinoides depresus (Alt.), Gy. 
costulata (Marie). 

Marginotruncana 
schneegansi 

TU
R

O
N

IA
N

 

Upper Marginotruncana pseudolinneiana/M.schneegansi:M. sigali 
(Reichel), M. marginata (Reuss), M. marianosi (Douglas), 
Whiteinella archaeocretacea Pessagno, Heterohelix reussi 
(Cushman), Heterohelix globulosa (Ehrenberg).  

 
Middle 

 
Praeglobotruncana helvetica 

Dicarinella hagni: Hedbergella delrionensis (Carsey), Whitei-
nella archaeocretacea Pessagno, Dicarinella imbricate (Mor-
nod), Heterohelix reussi (Cushman), Heterohelix globulosa 
(Ehrenberg), Stensioina granulate (Koch.). 

Lower  
 
Whiteinella archaeocretacea: Praeglobotruncana praehelveti-
ca (Bolli), Pr. gibba Klaus, Dicarinella imbricate (Mornod). 

Whiteinella  
archaeocretacea 

C
EN

O
M

A
N

IA
N

 

Upper 
 

Silicified limestone 
Rotalipora cushmani 

 
Lower 

 
Limestone with 
schistous marl 

Fine Hedbergella: Hedbergella delrionensis (Carsey), H. pla-
nispira (Tappan), Globigerinelloides bolli Pessagno.  

Rotalipora  
reichel 

Rotalipora appenninica:Hedbergella delrionensis (Carsey), 
H. planispira (Tappan), Globigerinelloides bolli Pessagno, Gl. 
carsey (Bolli, Loeblich et Tappan), Heterohelix globulosa 
(Ehrenberg). 
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benthonic forms - Stensioina exculpta (Reuss), St. 
granulata granulata (Olbertz), Lenticilina sp. 

The Upper Okumi suite, with a thickness of 75 m, 
is built up of pelitomorphic, light pink, almost 

white, thick-layered chalky limestone. At the lower 
part of the sub-suite there is Micraster schroederi 
Stoll., (identifications of Tsagareli A.L., Gam-
bashidze R.A.); in the suite the first representatives 

Table 2. Correlation of the Biostratigraphic Zonality for the Upper Cretaceous  
 
STAGE 

 
SUBSTAGE 

Macrofauna zones Calcareous nannofossil 
zones 

Planktic Foraminifera zones 

Western Georgia Facies type 

Abkhazia-Racha Odishi-Okriba 

M
A

A
ST

R
IC

H
TI

A
N

  
 
Upper 
 

 
Pachidiscus gollevillen-
sis 

 
 
Tetralithus murus 

Abathomphalus 
mayaroensis 

 

 
 
Globotruncanita  
stuarti 

 

 
Lower 

 
Belemnitella lanceolata 

 
Lithraphidites quadratus 

C
A

M
PA

N
IA

N
 

 
 
Upper 
 

 
Belemnitella langei 

 
 
Tetralithus trifidus 

Globotruncana mo-
rozovae 
  

Belemnitella mucronata Globotruncana ven-
tricosa 
 

Globotruncana 
ventricosa 
  

 
Lower 

 
Tetralithus aculeus  

Micraster schroederi Globotruncana  
arca 

 Globotruncana 
arca 

SA
N

TO
N

IA
N

  
Upper 

 
Belemnitella praecursor 

 Rosita (Contuzotrun-
cana) fornicata 

Rosita (Contuzo-
truncana) fornicata 

 
Lower 

Inoceramus cordiformis 
Inoceramus undulatop-
licatus 

 
Dicarinella concava-
ta 

 

C
O

N
IA

C
IA

N
 

 
 
Upper 

 
Inoceramus involutus 

 
 
 
 
Marthasterites furcatus 

 
Marginotruncana 
renzi/M.sigali 

 
Marginotruncana 
renzi/M.sigali 
 
 

 
Lower 

 
Inoceramus wandereri 

 
Marginotruncana co-
ronata Marginotruncana 

coronata 

TU
R

O
N

IA
N

 

 
Upper 

 
 
Inoceramus lamarcki 

 
Tetralithus pyramidus 

Marginotruncana 
pseudolinneiana/ 
M.schneegansi 

Marginotruncana 
pseudolinneiana/ 
M.schneegansi  

Middle Dicarinella  
hagni 

 
 
  

Inoceramus labiatus 
 
Microrhabdulus  
decoratus Lower  

Whiteinella archaeo-
cretacea 

C
EN

O
M

A
N

IA
N

 Upper Praeactinocamax  sp. 
Acantoceras rothoma-
gense 

 

 
Lower 

Mantelliceras mantelli 
Aucellina krasnopolskii 

Fine Hedbergella 

Rotalipora appenni-
nica 
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of Globotruncana arca (Cush)., G. linneiana 
(Orb)., Contusotruncana (Rosita) fornicata (Plum.) 
are observed, and also Marginotruncana margi-
nata (Reuss), Heterohelix reussi (Cushman), H. 
globulosa (Ehrenberg) are present.  
The upper part of the subsuite consists of light 
grayish and white, medium- and thick-layered peli-
tomorphic limestones with the interlayers of green-
ish-grey marls and concretions of grey flint. They 
contain Belemnitella mucronata Schloth., Bel-
emnella langei langei Jet. (identifications of 
Nazarishvili T.J). In the limestones Globotruncana 
ventricosa White., Globotruncanita stuartiformis 
(Dalb.), Archaeoglobigerina cretacea (Orb.), Het-
erohelix striata (Ehrenberg) were found. Glo-
botruncana arca (Cushman), G. linneiana (Orb.), 
Rosita fornicata (Plum.), Heterohelix reussi 
(Cushman) continue to exist. 
Mokvi suite is build by grey and light grey pelito-
morphic, thick-layered limestones with admixture 
of black flint. This suite is characterized by the 
presence of Pachydiscus cf. colligatus (Binkh.) and 
in the upper part of the section remains of Gry-
phaea vesicularis similes Push are rarely found. 
Numerous fragments of double-keel planktonic fo-
raminifera are also present in this suite. Observable 
thickness of the suite is 20 m. 
Thus, 5 foraminiferal complexes have been estab-
lished in the studied section: 
I. Complex Marginotruncana pseudolinneiana and 
Marginotruncana schneegansi are found together 
with mollusks of the Inoceramus lamarcki zone 
and corresponds to the nannoplankton zone of 
Tetralithus pyramidus. The complex is dated as 
early Turonian. 
II. Complex Marginotruncana coronata corre-
sponds to a mollusks zone of Inoceramus sturmi 
and nannoplankton zone of Marthasterites furca-
tus. The age is determined as early Coniacian. 
III. Complex Marginotruncana sigali and Margi-
notruncana renzi (Mtavari Suite). Stratigraphically 
the given complex corresponds to the Inoceramus 
involutus zone. It is dated as Upper Coniacian. 
IV. Complex Globotrunca arca is characterized by 
the abundance of index-species and it corresponds 
to the layer with Micraster schroederi and the 
nannoplanlankton zone of Tetralithus aculeus. It is 
dated as early Campanian. 
V. Complex Globotruncana ventricosa corre-
sponds to the layers with Belemnitella mucronata 
and corresponds to a zone of Tetralithus aculeus 
and a part of Tetralithus trifidus by nannoplankton. 
The age is determined as Middle Campanian. 

5. Some data on the Late Cretaceous paleo-
geography 

It is noteworthy that the Cretaceous epoch in the 
Gagra-Java zone was the period of flourishing of 
planktonic foraminifers, where Globotruncanides 
dominated. This geological time was characterized 
by high rates of evolution, maximal taxonomic di-
versity and wide geographic rage. At that time dif-
ferent morphological types of shells have been de-
veloped, became adapted to live not only to areas 
remote from the coast but also at different depths 
in marine basins. At present a definite methodol-
ogy for the reconstruction of some basin parame-
ters, based on quantitative interrelations within the 
foraminifera associations. This method is based on 
actualistic data from contemporary water areas. 
Data on recent PF (Planktonic Foraminifera) can 
be applied for interpretation of the obtained infor-
mation concerning the fossil material for the pa-
leogeographic reconstructions, in order to specify-
ing paleodepths. The appropriate quantitative 
calculations allow the building up of diagrams with 
curves establishing the changes of the P/B (Plank-
tonic/Benthic) relation, and also the definition of 
the "shallow", "transitive" and “deep-water" pa-
leoenvironments (Caron., Homewood, 1983). The 
produced curves allow the reconstruction of trans-
gressive-regressive cycles to be solved in the proc-
ess of paleobasin development. The main factors 
that have influence on foraminifer distributions in 
water column are depth, temperature and salinity 
of the marine basin. Reconstruction of living con-
ditions of Late Cretaceous planktonic foraminifera 
is based, first of all on the knowledge of the ecol-
ogy of foraminifera in recent marine basins. On the 
basis of qualitative and quantitative analyses of the 
planktonic and benthic foraminiferal sequences the  
paleogeographic reconstructions were done. 

The observations on distribution of planktonic (PF) 
and benthic foraminifer (BF) shells in modern oce-
anic silts has shown the following regularity: in ar-
eas remote from the coastal line, the PF shells 
make 99 % of the samples and only 1 % falls on 
BF. Close to the coastal line this parity gradually 
decreases and already in sublittoral zone, at a depth 
below the 50m, BF reaches 99 %, and PF  1 % 
(Krasheninikov, 1960). This pattern of distribution 
of BF and PF (B/P relation) enables to define 
depths of sediment-formation. The open-sea rela-
tions of ecological types of foraminifera shows ob-
vious prevalence of PF (70-99 %). The unstable 
percentage in PF and BF species quantity is char-
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acteristic of open-sea shallow sediments of the mid 
shelf. Here calcareous-secreted benthos (P/B – 
7/86 %, rarely 15/82 %) usually prevail. The la-
goon-sea coastal sediments of the shelf character-
ized with the predominance (up to 100 %) of BF, 
are here missing, or sporadically distributed (PF 
less than 10 %) (in table 3 is given some data on 
the Late Cretaceous paleogeography of the Gagra-
Java zone). 

There are three associations of recent PF depend-
ing on depth of their habitation during the life cy-
cle: 
1) The “shallow-water” forms living in the eu-
photic zone at a depth down to 50м fine spiny spe-
cies with thin-walled shells belong to them. 
2) “Transitive” forms living at depths from 50m 
down to 100 m. They are represented by coarser 
species with spiny and smooth shell walls, some-
times with outlined keel belts. 
3) The “deep-water” forms - for them optimum 
depths exceeds 100м. They are represented by 
genera with thick, intensely sculptured shells hav-
ing ribs, keels and spines. 

Thereby, with the increase of the basin depth the 
replacement of one morphotype by others in the 
following order takes place: spherical morphotype, 
flattened, keel-like, planoconvex. The “shallow-
water” morphotypes are represented by the follow-
ing genera: Heterohelix, Hedbergella, Globiger-
inelloides, Whiteinella, to the “transitive” – fine 
ones, and to the “deep-water” forms – all with 
sculptured shells (Rotalipora, Marginotruncana, 
Contusotruncana, Dicarinella, Globotruncana, etc).  

It is supposed, that the existing climatic fluctua-
tions have been expressed in the changes of coiling 
mode of some PF species, and right-coiling shells 
of Globotruncanida are spread under compara-
tively high-temperature conditions. This assump-
tion is based on data from the recent environment, 
as the study of the species Globorotalia truncatu-
loides, Globigerina pachyderma, Globotruncana 
bulloides in the Atlantic Ocean - revealed, that 
high percentage of the left-coiling forms is con-
nected with more water masses of low temperature 
(Meuter F. and Laga P., 1970). High percentage of 
right-coiling shells (90-95 %) Globorotalia speci-
fies a tropical climate, and correspondingly, the 
high percent of left-coiling ones (75-97 %) are 
typical for subtropical climate (Boltovskoy and 
Boltovskoy,1970; Boltovskoy, 1973; Kopaevich, 
1978). The PF assemblages are divided into three 
climatic groups: warm-temperate, subtropical and 
tropical. 
At the beginning of the Cenomanian PF complexes 
are represented by the following genera: Rotali-
pora (40%), Hedbergella (40%), Globigerinel-
loides (10%), heterohelix (5%). The total PF 
makes 95 %. The amount of left-coiling shells 
reaches 20-30 %. The number of deep-water tax-
ons does not exceed 40 %. The obtained data 
specifies that during this period the depth of the 
basin reaches 100-120m. Near-surface water tem-
perature of the Cenomanian basin was estimated to 
be from 170C up to 210C (Gambashidze. and 
Iasamanov, 1980; Gambashidze, 1981).  

At the end of Cenomanian the foraminifer com-
plexes were uniform and were represented mainly 
by planktonic genera (96%): Hedbergella, Globig-
erinelloides. Benthonic orictocenosis assamblages 
make only 4 % of the total amount of foraminifera. 
The Quantity of left-coiling shells in this period 
has not changed (20-30 %). In the middle of the 
Cenomanian a shoaling of the basin took place 
evidenced by the impoverishment of foraminiferal 
complexes. Water temperature did not exceed 
210C, and in some places it declined to 15-170C 
(Gambashidze and Iasamanov, 1980; Gam-
bashidze, 1981). 

At the beginning of Early Turonian the following 
genera participated in the planktonic assemblages 
orictocenosis (PF-95%): Whiteinella (40%), Hed-
bergella (30%), Dicarinella (10%), Praeglo-
botruncana (5%), Globigerinelloides (5%), Het-
erohelix (5%).  P/B ratio – 95/5%. Percentage of 

Table 3. Some data on the Late Cretaceous Paleogeo-
graphy of the Gagra-Java Zone. 
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left-coiling forms does not exceed 10%. Number 
of deep-water taxons was not less than 35-40 %. 

The upper part of Early Turonian is represented by 
the benthos-planktonic ratio (P/B-55/45%). The 
planktonnic complex comprises: Dicarinella 
(20%), Whiteinella (15%), Praeglobotruncana 
(5%), Hedbergella (10%), Globigerinelloides 
(3%), Heterohelix (2%). The amount of left-coiling 
forms does not exceed 5-10%. Thus, in the Tu-
ronian depth of the basin exceeded 200m, and the 
percentage (5-10%) of left-coiling forms specifies 
gradual increase of basin temperatures (20-220C) 
(Gambashidze and Iasamanov, 1980; Gam-
bashidze, 1981). 

The Late Turonian is represented by planktonic 
orictocenosis (P/B-80/20%). The planktonic com-
plex contains: Marginotruncana (40%), Di-
carinella (20%), Whiteinella (10%), Hedbergella 
(5%), Heterohelix (5-15%). The left-coiling spe-
cies does not exceed 10 %. All data attest to the 
widening (200-250м.) and deepening of the basin 
down to 80 m. The intensive process of volcanic 
activity begins from this period. The reduction of 
left-coiling shells in the Late Turonian (up to 5 %) 
specifies high temperature (from 220C up to 25-
270C), that is connected with the ingress of warm 
waters from the Mediterranean, and activation of 
submarine volcanism. 

In the Early Coniacian P/B ratio corresponds to 
85/15%. The planktonic complex is represented by 
the following genera: Marginotruncana (50%), 
Dicarinella (20%), Whiteinella (5%), Hedbergella 
(5%), Heterohelix (5%). Number of left-coiling 
shells does not exceed 20 %. In the second half of 
the Coniacian the P/B ratio decreases from 75/25% 
down to 70/30%. And the number of left-coiling 
shells does not exceed 5 %. All data establish that 
the depth of the basin is invariable, and water tem-
perature declines to 210C . 

At the beginning of the Santonian the PF complex 
practically has not changed, but at the end of this 
period new genera have appeared: Contusotrun-
acana (10%), Globotruncana (2%), Marginotrun-
cana (45%), Dicarinella (13%), Heterohelix (5%), 
Globigerinelloides (5%), Globotruncana (2%). 
Benthonic foraminifera make about 60 %, and the 
left-coiling forms reach 30-40 %. The received 
data specify that at this time there was an expan-
sion of the basin indicated by the presence of the 
Middle European forms, and temperature of water 
has declined to 15-170C. In some places it reached 

200C, and the depth of the basin constituted be-
tween 150-200м. 
The Early Campanian planktonic assemblages (P/B 
- 80/20 %) is represented by Globotruncana 
(45%), Contusotruncana (15%), Globotruncanita 
(10%), Heterohelix (1%), Globigerinelloides (6%). 
The Middle Campanian planktonic-benthic oricto-
cenosis (P/B-50/50 of %) consists of Globotrun-
cana (25%), Contusotruncana (10%), Globotrun-
canita (5%), Archaeoglobigerina (2%), 
Globigerinelloides (3%), Hedbergella (5%). 
Amount of left-coiling forms decreased to 5 %. 
The Late Campanian benthos orictocenosis (P/B- 
40/60 %) is represented by Globotruncana (15%), 
Globotruncanita (5%), Contusotruncana (10%), 
Archaeoglobigerina (5%), Globigerinelloides 
(5%), Heterohelix (5%).Foraminifera assemblages 
make it possible to assume that in the Campanian 
there was a shallow sea with a depth of 150-200m. 
At the end of the Campanian depth of the basin did 
not exceed 100-120 m. The increase of left-coiling 
forms at the end of the Campanian up to 10 %, is 
indicative of the higher temperature conditions 
(20-20,50C) than it was in the beginning of the 
Late Campanian. 

At the beginning of the Maastrichtian the Ben-
thonic-Planktonic orictocenosis (P/B-75/25%) is 
represented by Globotruncana (60%), Globotrun-
canita (10%), Heterohelix (5%)).The role of keel-
less taxsons has increased: Rugoglobigerina 
(10%), Abathomphalus (10%), Archaeoglobigerina 
(5%). The Left-coiling forms make 10 %. All data 
attest to the existence of extensive epicontinental 
basin in the beginning of the period. The Late 
Maastrichtian planktonic-benthic (P/B-50/50%) 
orictocenosis is represented by Globotruncana 
(35%), Abathomphalus (5%), Globotruncanita 
(10%), Rugoglobigerina (15%), Archaeoglobig-
erina (5%), Heterohelix (5%). At the very end of 
the Maastrichtian a benthonic orictocenosis (B/P-
70/30%) had developed; here these forms are rep-
resented by the following benthic genera- Stensio-
ina, Eponides, Gyroidinoides, Anomalina, Parella, 
Bolivinoides, and the planktonic foraminifers are 
presented by Globotruncana (15%), Globotrun-
canita (5%), Contusotruncana (10%), Ar-
chaeoglobigerina (5%), Globigerinelloides (5%), 
Heterohelix (5%). The left-coiling forms reach 5 
%. The bathymetric parameters in the beginning of 
the Maastrichtian Age had higher values, than at 
the end of the Campanian (P/B-70/30 %), and the 
increasing role of deep-water taxsons points to the 
deepening of the basin, than it was at the end of the 



100
 

Early Maastrichtian. However from the second half 
of the Early Maastrichtian the gradual shoaling of 
the basin has been outlined, evidenced by the 
prevalence of benthonic orictocenosis (P/B-30/70 
%) throughout the whole territory. At this point 
water temperature varied from 17,50C to 260C. 

Thus, with the help of the carried out analyses it is 
possible to evaluate a warm tropical  climate, dur-
ing the Upper Cretaceous period in the Gagra-Java 
zone,  where temperature of water varied from 
150C to 270C, and depth of the basin - from 80m to 
250м (in table 3 is given some data on the Late 
Cretaceous paleogeography of the Gagra-Java 
zone). 

6. Conclusions 
Detailed study of the two facies zones in the Ga-
gra-Java zone by foraminifers and their correlation 
with macro- and nannoplankton zones gave possi-
bility of allocating the zonal foraminifera com-
plexes and also to specify their age. p
 The lower boundary of the Upper Turonian is 

connected with the massive occurrence of the gen-
era Marginotruncana, among them deserves atten-
tion pseudolinneiana-schneegansi-lapparenti; 
 The boundary between the Turonian and Conia-

cian is defined by the occurrence of Marginotrun-
cana coronata Bolli; 
 The boundary between the Coniacian and San-

tonian passes at the occurrence of Dicarinella con-
cavata (Brotzen); 
 The lower boundary of the Upper Santonian is 

drawn at the occurrence of Contusotruncana 
(Rosita) fornicate (Plummer);  
 The boundary between the Santonian and the 

Campanian is connected with the first occurrence 
of Globotruncana arca (Cushman); 
 The boundary between the Campanian and 

Maastrichtian is defined by the occurrence of Glo-
botruncanita stuarti (Lapparent). 

Studying the assemblage composition and species 
abundances and range enabled the paleogeographic 
reconstruction of the parameters of the paleo-
geographic environments of the study region. All the 
obtained data are innovative for the Gagra-Java zone. 
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Abstract: The Upper Cretaceous deposits located in the eastern extremity of Borod Depression repre-
sent, for the Northern Apuseni Mountains, a well-known cropping out area for Gosau-type facies with 
rudists, which is similar to the typical Eastern Alps section. The investigated stratigraphic succession in-
cluded both carbonate and siliciclastic deposits. The carbonate deposits with rudists (hippuritids) bio-
constructions crop out in the base of the succession. The upper part is dominated by siliciclastic se-
quences that contain, at various levels, bioaccumulations mainly consisting of radiolitids. The rudist as-
semblages identified from these deposits include both species typical for the Gosau facies, as well as 
distinctive species (Miseia, Gorjanovicia, Mitrocaprina) characterising south-European, Mediterranean 
areas. These latter species are now first mentioned for the Upper Cretaceous deposits in the area under 
study. 

Keywords: rudists, sedimentology, paleoenvironment, Upper Cretaceous, Borod Basin, Romania  
 
1. Introduction 
The studied deposits are located along the eastern 
extremity of Borod Depression, close to Valea 
Neagră de Criş locality, on the right flank of 
Pietrelor de Moară Brook (Fig. 1). The rudists bio-
constructions in the area have been regularly inves-
tigated by several authors, as classical case studies 
for Gosau-type facies deposits in the Apuseni 
Mountains (Givulescu, 1954; Şuraru, 1972; Lupu, 
1960; 1976). According to Lupu (1976), the Upper 
Cretaceous deposits from Valea Neagră are com-
parable with the middle (Upper Santonian–Lower 
Campanian) and upper (Upper Campanian–
Maastrichtian) Gosau deposits, as evidenced by 
specific rudist associations. Currently, this subdivi-
sion of the Gosau facies types has been replaced by 
the one introduced by Wagreich and Faupl (1994), 
based on sedimentary facies; these authors have 
separated the Gosau Group into „Lower” and „Up-
per” Gosau subgroups. By taking into account the 
sedimentary facies types identified in the investi-
gated succession, we have assigned the rudists de-
posits from Valea Neagră de Criş to the „Lower 
Gosau subgroup”. Cenozoic deposits (Sarmatian 
marls) overlay the Santonian-Campanian ones 

(Patrulius et al., 1973-geological map 1:50.000; 
Lupu, 1976). 

Lupu (1970, 1976) has mentioned species 
Colveraia secunda LUPU and Joufia silvaeregis 
LUPU from the succession in Valea Neagră, as ar-
gument for the Maastrichtian age of these deposits. 
We did not identify these species in the succession 
cropping out along Pietrelor de Moară Brook. Be-
cause Lupu (1970, 1976) did not clearly indicate 
the detailed location of the samples containing the 
index species for Maastrichtian, this remains an 
open issue to be reconfirmed after more cropping 
areas will be investigated.  

The aim of this study was the recognition of pa-
laeoenvironments with rudists in the investigated 
deposits. Currently, in this area we had performed 
only paleontological analyses on rudists, without 
reconstructing the environment in which they have 
developed.  The stratigraphical study of the suc-
cession has been based on a combination of field 
observations and sedimentological/palaeontologi-
cal analyses. Microscopic analysis was performed 
on the thin sections, for defining the microfacies 
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types; polished slabs have been used for rudists’ 
identification. The characteristic features of the 
rudist associations were used for biofacies inter-
pretation. By corroborating paleontological, micro-
facies, sedimentological and biostratigraphical 
data, we could propose the paleoenvironmental re-
construction for the Upper Cretaceous in the study 
area. 

2. Stratigraphy and sedimentary facies 
The Upper Cretaceous deposits in Gosau facies 
along the right flank of Pietrelor de Moară Brook 
crop out along a stratigraphical succession of about 
45 meters thick. The lower part of the profile is 
characterized by an alternation of conglomera-
te/microconglomerate levels and bioconstru-
ctions with Vaccinites. The sequence starts 
with a conglomerate horizon ~0.50 m thick, on 
the top of which,  after a gap, the first bio-
constructions with Vaccinites, 0.80 m thick, 
are installed. These are covered on top by an-
other microconglomerate level of  0.50 m. The 
following two bioconstructions with Vac-
cinites (~2 and respectively 3 m thick) are also 
covered by conglomerate/microconglo-merate 
levels.  

The median part of the profile is dominated by 
siliciclastic deposits. These deposits are repre-
sented by conglomerates, microconglo-merates 
and bioclastic sandstones, erosionally overlaid. 
In the upper part of the profile, a few levels 
with bioaccumulations dominated by radio-
litids intercalated in siliciclastic deposits crop 
out. 
Two facies types with rudists (Fig. 2) could be 
separated within the studied succession: 1) biocon-
structions with Vaccinites (Fig. 3a-d) and 2) bioac-
cumulations dominated by radiolitids (Fig. 3e). 

1) In the lower part of the profile, the bioconstruc-
tion consists of floatstone with Vaccinites and Pla-
gioptychus and a fraction of small-sized biota (red 
algae, foraminifers, brachiopod fragments). The 
rudists’ shells can be considered in growth-
position. The Vaccinites skeletons are slender and 
reach more than 15-20 cm in length. Locally, be-
tween the clusters of Vaccinites, Plagioptychus, 
small radiolitids (Lapeirousia sp.) and small coral 
heads are intercalated. 

The association of rudists is dominated by Vac-
cinites species: V. gosaviensis DOUVILLE (Fig. 
4d), V. sulcatus DEFRANCE (Fig. 4a,b,c,d) and 
very rare specimens of V. oppeli DOUVILLE, 
Vaccinites inaequicostatus MUNSTER and Hippu-
rites nabresinensis FUTTERER (Fig. 4c). At the 
base of the bioconstruction, Plagioptychus para-
doxus MATHERON and Plagioptychus sp. are 
more abundant. This association points to the Up-
per Santonian–Lower Campanian interval. 

2) In the upper part of the profile radiolitids are 
dominant. Radiolitid-rich bioaccumulations are 
present at various levels, interlayered within silici-
clastic deposits. The internal sediment of the bio-
constructions is represented by extraclastic-
bioclastic wackestone-packstone with encrusting 
red algae, foraminifers encrusting rudist fragments, 
benthonic foraminifers and very rarely coral frag-
ments.  
Among the radiolitids, the following taxa have 
been recognized: Miseia pajaudi PATRULIUS 
(Fig. 4e), Miseia sp. (Fig. 4k), Lapeirousia sp. 
(Fig. 4h), Radiolites subsquamosus TOUCAS, Ra-
diolites mammilaris MATHERON, Praeradiolites 
aristidis MUNIER-CHALMAS, Praeradiolites 
subtoucasi TOUCAS (Fig. 4l), Sauvagesia tenui-
costata POLSAK, Bournonia excavata 
d’ORBIGNY, Gorjanovicia polsaki ÖZER, Gor-
janovicia costata POLSAK (Fig. 4i). Among pla-

Fig. 1. Location of the studied area. Legend: 1-Magma-
tic rocks; 2-Proterozoic rocks (Seria de Somes); 3-Trias-
sic deposits; 4-Jurassic deposits; 5-Upper Cretaceous 
deposits; 6-Miocene deposits; 7-Quaternary deposits; 
8-location of the sedimentologic log in the Upper Creta-
ceous deposits from Valea Neagră de Criş.  



103 
 

gioptychids: Mitrocaprina sp. (Fig. 4f), Plagiop-
tychus paradoxus MATHERON. Locally, hippuri-
tids may be occasionally present (Vaccinites go-
saviensis DOUVILLÉ). 

Small elevator radiolitids can be either solitary or 
forming clusters or thickets (Gorjanovicia or Sau-
vagesia tenuicostata POLSAK). Plagioptychus 
paradoxus MATHERON is a clinger rudist fre-
quently identified in the base of the radiolitids’ 
bioaccumulations.  

Among the identified radiolitids, Gorjanovicia co-
stata POLSAK represents a typical biostratigraphic 
marker for the Santonian–Lower Campanian inter-
val. The species is widely distributed in central-
southern Italy (Apulia-“Membro a Gorjanovicia”) 
(Luperto-Sini and Borgomano, 1989; Simone et 
al., 2003). Praeradiolites subtoucasi TOUCAS is 
also a typical Campanian species. Accordingly, the 
identified rudists association characterizes the San-
tonian-Campanian interval. 

Fig. 2. Sedimentological log with the Upper Cretaceous deposits from Valea Neagră de Criş. 
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Concerning the composition of the radiolitids as-
semblage, one can point out the wide diversity of 
species, typical for both the Gosau facies but also  
for the south-European, Mediterranean province: 
Miseia (Turkey-Karacabey-Öztemür, 1979; Özer, 

1992), Gorjanovicia (Turkey-Özer, 1982), Mitro-
caprina (Bulgaria–Tzankov, 1965; Turkey-Özer 
and Fenerci, 1993; Greece – Steuber, 1999). These 
species are now first mentioned from the Upper 
Cretaceous deposits cropping out in the study area. 

 
Fig. 3. Macrofacies of carbonate rocks: a-d – bioconstructions with rudists (a-b – predominantly 
Vaccinites sulcatus and Vaccinites gosaviensis; c – Vaccinites sp. and Hippurites nabresinensis; 
d – Vaccinites sp. and large plagioptychids); e – bioaccumulations with radiolitids; f-g – silici-
clastic deposits represented by conglomerates, microconglomerates and bioclastic sandstones, 
erosionally overlaid.  

 
Fig. 4. Rudist assemblage: a –Adapical view of RV of Vaccinites sulcatus DEFRANCE (S.626); b – abapical 
view of RV of Vaccinites sulcatus DEFRANCE (S.527); c – abapical view of RV of Vaccinites sulcatus 
DEFRANCE (S.592a) and Hippurites aff. nabresinensis  FUTTERER (S.592b); d –abapical view of RV of Vac-
cinites gosaviensis DOUVILLÉ (S.601a) and Vaccinites sulcatus DEFRANCE (S.601b); e – abapical view of 
RV of Miseia pajaudi PATRULIUS; f – transversal section of LV of Mitrocaprina sp.; g – adapical view of RV 
of Gorjanovicia sp. (S.648); h - abapical view of RV of Lapeirousia sp.(S.619); k - adapical view of RV of 
Miseia sp. (S.539);  i – abapical view of RV of Gorjanovicia costata POLSAK (S.707); j – Facies with radio-
litids (R), Plagioptychus sp. (P) and fragments of coral (C) (S.588); l –abapical view of RV of Praeradiolites 
subtoucasi TOUCAS (S.598). 
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In the studied deposits corals are isolated and 
completely subordinated; they occur as small colo-
nies along the whole studied succession (Fig. 5e, f).  

From rock fragments in slope aggregates in the 
same area, Şuraru (1972) has mentioned a coral 
fauna including: Actinastrea cf. octolamellosa, 
Columnastrea striata, Heterocoenia verrucosa, 

Cunnolites cf. barrerei, Plesiocunnolites mac-
rostoma, and Diplocterium sp. 

2.1. Micropaleontological assemblage 

Within the studied succession, rudists represent the 
main biostratigraphic markers, microfossils being 
scarce, in general. However, within the biocon-

 
Fig. 5. Microfacies of carbonates rocks: a –bioclastic sandstones (S.658). Bioclasts are represented by fragments
of rudists, corals, echinoid plates and benthonic foraminifers (miliolids); b-c – bioclastic-extraclastic grain-
stone/rudstone (S.526). Bioclasts are represented by large fragments of corals, red algae and benthonic fo-
raminifers; d – bioclastic wackestone with plagioptychids (S.679); e-f – coralligenous bioconstructions; e, lamel-
lar corals’ colonies (S.534a); f, solitary corals (S:670); g-h – Bioaccumulations with radiolitids. Internal sedi-
ment consists of bioclastic extraclastic wackestone/packstone (S. 574 and 679). Scale bar is 1 mm. 
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structions with Vaccinites sp. we have identified 
several levels of peyssonneliacean and sporolitha-
cean encrusting red algae: Polystrata alba 
(PFENDER) (Fig. 6h) and Sporolithon sp. (Fig. 
6a-g). Besides, benthic foraminifers have been 
identified: ?Dorothya sp. (Fig. 6i), Rhapydionina 
sp. (Fig. 6j-k), miliolids (Fig. 6l), as well as en-
crusting and agglutinated foraminifers (Fig. 6m). 

3. Paleoenvironmental setting of rudist fa-
cies  

These mixed siliciclastic-carbonate sequences 
from the right flank of Pietrelor de Moară Brook 
consist of siliciclastic deposits (a) interlayered at 
several levels with rudists’ limestones (b) (Bucur 
and Săsăran, 2008; Săsăran et al., 2009) (Fig. 2). 

 
Fig. 6. Micropaleontological assemblage: a-b – Packstone with rhodoids (Sporolithon sp.) (S.531 and 678); 
c-g – Sporolithon sp. (S.529,531 and 532); h – Polystrata alba (PFENDER) (S.529); i – ?Dorothya sp.(S.529);
j-k – Rhapydionina sp.(S.526 and 538); l – miliolid foraminifer (S.529); m –  encrusting and agglutinated fo-
raminifers (S.558) Scale bar is 1 mm (a-b), 0,5 mm (c, d, f, g, l, m) and 0,25 mm (e, h, I, j, k). 
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a) Siliciclastic deposits 

Siliciclastic deposits are represented by conglom-
erates, microconglomerates and bioclastic sand-
stones, erosionally overlaid (Fig. 2; Fig. 3f, g). The 
bioclastic sandstones display a layered geometry, 
while conglomerates are present as lenses. Trough 
cross stratified and horizontal laminations has been 
identified within the sandstone beds. The pebbles 
consisting the conglomerates and microconglom-
erates are mainly represented by angular to sub-
rounded fragments of metamorphic rocks (quartz-
ites, micaschists and chloritic schists) (Fig. 3f, g; 
Fig. 5a). As a rule, conglomerates are poorly 
sorted, the ruditic pebbles being chaotically em-
bedded by a bioclastic arenitic matrix. Both the 
sandstones and the conglomerates matrix contain 
fragments of rudists, red algae, gastropods, 
ostreids, echinoid plates and radioles, and benthic 
foraminifers (Fig. 5a).  

These bioclasts point to a normal marine environ-
ment. On the other hand, the various sources for 
the pebbles within the conglomerates, as well as 
their heterogeneous shapes and sizes suggest the 
formation in an alluvial-fluvial environment fol-
lowed by the accumulation of the deposits in 
proximal areas of a marine shelf (fan deltas). This 
model explains the mixture of typically marine 
bioclasts and pebbles originating from alluvial-
fluvial fans discharging at the shelf margin.  

The siliciclastic deposits within the succession rep-
resent submarine fan deltas accumulated in the 
marginal areas of the basin. These siliciclastic bod-
ies built-up highland areas at the basin margins, 
providing proper conditions for the subsequent ac-
cumulation of carbonate deposits on their top. In 
this normal shallow marine environment with low 
hydrodynamics and favourable bioclastic substrate, 
the water deepening trend is accompanied by the 
presence of bioaccumulations with radiolitids as 
well as corals (as solitary specimens or as small-
size clusters).    

b) Rudist limestones 

The carbonate deposits are represented by biocon-
structed (Fig. 3a-d) and bioaccumulated (Fig. 3e) 
(the latter by the contribution of both rudists and 
corals) limestones. The identified rudists belong to 
the Hipuritidae, Radiolitidae and Plagioptychidae 
families. Plagioptychus sp. occur as isolated indi-
viduals like attached clingers (Skelton and Gilli 
1991) at the base of the bioconstruction (Fig. 3d).  
In the bioconstructed limestones Vaccinites sp. oc-

cur as “clusters”-like associations of tens of speci-
mens. These specimens have been identified living 
in position, showing elevator growth (Skelton and 
Gilli 1991) (Fig. 3a-d). They develop bioconstruc-
tions (build-ups) in the base of sedimentological 
log, clearly differentiated from the neighbouring 
facies types. The bioconstructions’ internal sedi-
ment is represented by bioclastic-extraclastic 
grainstone, bioclastic-extraclastic rudstone and 
bioclastic wakestone/packstone (Fig. 5b-c, e-f). 
The internal sediment contains fragments of rudists 
and corals (Fig. 5c), of red algae, benthic fo-
raminifers, echinoid plates and spines, and gastro-
pods.  

The bioaccumulated limestones with radiolitids are 
present at various levels, interlayered within silici-
clastic deposits. The internal sediment consists of 
bioclastic extraclastic wackestone/packstone. Its 
matrix includes fragments of red algae, corals, rud-
ists, echinoid plates and spines, and benthic fo-
raminifers (miliolids and encrusting foraminifers) 
(Fig. 5g-h; Fig. 6m). The infilling, associated with 
the encrustations are arguments for low sedimen-
tary rates, which favoured the installation and the 
development of the bioaccumulations with radio-
litids. 

4. Conclusion 
The Upper Cretaceous deposits cropping out along 
the Pietrelor de Moară Brook (Valea Neagră de 
Criş – Borod Depression) consists of both carbon-
ate and siliciclastic deposits; along the whole suc-
cession, the main biotic element is represented by 
rudists. The bioconstruction with Vaccinites sp. 
from the base of the studied succession indicates a 
depositional environment developed along a shelf 
margin with shallow marine water. On this shelf 
edge, the siliciclastic deposits represent submarine 
fan deltas accumulated in the marginal areas of the 
basin. The interlayered bioaccumulated limestones 
with radiolitids were deposited in a normal marine 
environment, with low sedimentary rates and lower 
energy. 

Concerning the paleoenvironmental setting of rud-
ists, a spatial distribution can be evidenced accord-
ing to the depositional environments: Vaccinites 
sp. preferred shallower environments with higher 
energy, while the presence of radiolitids was fa-
voured by deeper, lower energy ones. In both types 
of environments, rudists belonging to plagiop-
tychids (Plagioptychus sp. and Mitrocaprina sp.) 
in the base of Vaccinites sp. bioconstructions or of 
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the bioaccumulations with radiolitids have been 
identified, acting as substrate stabilisers.  

These deposits are similar to those making up the 
„Lower Gosau Subgroup” from the Eastern Alps. 
Within the rudist association, besides species typi-
cal for the Gosau facies, also genera (Miseia, Gor-
janovicia, Mitrocaprina) characteristic for south-
European, Mediterranean region were identified. 
This is an argument for assuming the existence of a 
connection between these provinces during the 
Santonian–Campanian interval, which allowed 
species migration. According to Lupu (1976, 
2002), the Senonian sea has transgressed in the 
Northern Apuseni Mountains from W-SW to E-
NE.  
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Abstract: We present the first results on the fossil mammalian fauna recovered during the first excava-
tion season at the new site Pikermi Valley-1 (PV1). The fauna comprises two hipparionine species (C. 
cf. mediterraneum, H. cf. brachypus), a giraffid (Bohlinia cf. attica), five bovids (Palaeoreas linder-
mayeri, Protragelaphus skouzesi, Tragoportax cf. amalthea, Gazella sp., Bovidae indet.) and two carni-
vores (? Adcrocuta eximia, Felidae indet.). The composition of the fauna suggests a Turolian age. 

Keywords: Pikermi, Late Miocene, Turolian, Mammalia 
 
1. Introduction 
Pikermi constitutes one of the oldest known (dis-
covered in 1835 or 1836) and most famous locali-
ties of the Eurasian Late Miocene. It is perhaps the 
most important reference locality for the European 
continental Upper Miocene and for the so-called 
Pikermian biome due to the richness of its fauna 
and due to the fact that it is the type locality of 
several Turolian genera and species. The Pikermi 
fossil fauna is the product of several excavations 
carried out mainly during the 19th and the early 20th 
century. Most of the available material derives 
from the excavations of Albert Gaudry (1855-56 
and 1860), A. Smith Woodward and Theodor Sku-
fos (1901) and Othenio Abel (1912) (Gaudry 1855, 
1862-1867; Woodward 1901; Abel 1922), but nu-
merous other minor excavations yielded smaller 
fossil bone collections. After Abel’s excavation 
there was no other research activity in the area of 
the classical site. In 1971 a new site has come to 
light during quarrying activity east of the classical 
site. This site, known as Kisdári or Chomaterí or 
Chomaterés, was partly excavated from 1972 to 
1980 (Bachmayer et al. 1982). 

In 2008 the major of Pikermi Mr. A. Adamopoulos 
started collaboration with the first author trying to 
raise funds for founding a local Museum, protect 
the fossiliferous sites and organize a presentation 
of the fossils in situ, a project pending since at 
least 1901, when the demand for a local museum 
was expressed by the mining engineer Andreas 
Kordellas in a newspaper article. Geological pros-

pecting carried out in the same year by a Universi-
ty of Athens team, in order to locate sites for the 
purposes of the project, resulted in the discovery of 
the new fossiliferous locality “Pikermi Valley-1” 
(PV1). The new site is situated at the bottom of the 
ravine of Megálo Réma stream (locally known as 
Valanáris), 500 m east-southeast of the alleged lo-
cation of the classical Pikermi locality and about 
1700 m southwest of Chomateri site (Fig. 1). The 
findings come from a single fossiliferous lens on 
the northern bank of the stream, slightly above the 
present water level.  

The first excavation season (June 15 – July 15, 

Fig. 1. Geographical distribution of the Pikermi sites: 1,
classical locality; 2, Chomateri or Kisdari; 3, Pikermi 
Valley-1. The plotted position of the classical site is tra-
ditionally accepted as the location excavated by Albert 
Gaudry, but this is not confirmed by any historical or 
field data. Pikermi is located 20 km east-northeast of
Athens. Satellite image © 2009 Digital Globe / Google. 
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2009), sponsored by the Municipality of Pikermi 
(University of Athens Project Research Account 
70/3/9494), revealed a promising fossil mammal 
assemblage. The specimens were rather sparse, 
particularly when compared to the tight accumula-
tion observed in the classical Pikermi locality (ob-
servation based on fossiliferous blocks stored in 
several museums), or at Chomateri locality 
(Bachmayer et al. 1982). Most long bones exhi-
bited a NE–SW orientation, which probably was 
the direction of the palaeocurrent (Fig. 2).  

2. Material and Methods 

The excavated sample consists of more than 200 
specimens; the identifiable ones are described be-
low. All material is stored in the Museum of Pa-
laeontology and Geology, University of Athens, 
and was prepared in its laboratory using mechani-
cal methods (hand and pneumatic tools). The bio-
metric study of the equids followed the methodol-
ogy of Eisenmann et al. (1988), while the artiodac-
tyl specimens were measured according to the sug-
gestions of Heintz (1970). All measurements are in 
mm. The upper and lower teeth positions are given 
using upper and lower case letters respectively 
(e.g. M1 and m1). 

3. Systematics 

Perissodactyla OWEN, 1848 
Equidae GRAY, 1821 
Hipparionini QUINN, 1955 

The hipparionine material (Figs 3–5, Table 1) con-
sists of a few mainly isolated teeth and some post-
cranial elements. The best preserved teeth belong 

to aged individuals. The upper teeth exhibit nu-
merous enamel plications at the fossettes, simple 
pli caballin and rather shallow, V-shaped hypocon-
al groove. The very worn lower premolars have a 
shallow ectoflexid that does not penetrate the isth-
mus and rounded metaconid and metastylid, sepa-
rated by a shallow linguaflexid. In a very worn 
lower molar the linguaflexid and the ectoflexid are 
in contact. The flexids show practically no plica-
tions. A fresh isolated lower molar has a hypso-
donty index of 47 (calculated following Eisenmann 
et al. 1988). 

The best preserved postcranial elements are four 
complete metapodials (two MC III and two MT 
III). They are long and slender. In the third meta-

 
Fig. 2. Pikermi Valley-1: partly excavated bones in situ. 

 
Fig. 3. Cremohipparion cf. mediterraneum. Left third 
metacarpals (PV1/5, PV1/15), dorsal view. Graphical 
scale in cm. 
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carpals, the slenderness index (3/1) is 12.3% and 
12.1%; another similar index (11/1) is calculated to 
be 15.1% and about 16.6% in the two specimens 
respectively. The same indices on the two third 
metatarsals are 10.1% and about 10.1% (for 3/1), 
and 12.4% and 12.6% (for 11/1). The above spe-
cimens are plotted inside the cluster of the small 
sized Pikermi hipparions provided by Dermitzakis 
(1976, figs 6-7); their dimensions are also in ac-
cordance with the metrical data provided by Kou-
fos (1987a, tables 33, 41) for H. mediterraneum 
from Pikermi. Based on their morphology, abso-
lute size and proportions, these metapodials are re-

ferred to the species Cremohipparion cf. mediter-
raneum (ROTH & WAGNER, 1854).  

A fragmentary left calcaneus (PV1/53) presents 
large distal maximal breadth (measurement “7” of 
Eisenmann et al. 1988), measuring 51.0 mm. It can 
be referred to Hippotherium cf. brachypus (HEN-
SEL, 1862), since it is plotted to the cluster of the 
large sized Pikermi hipparions provided by Theo-
dorou (1997) and corresponds in size to the larger 
values provided by Koufos (1987a) for this spe-
cies.  

There are two tibias, both missing their proximal 
ends. One of these (PV1/4) is more slender and has 
similar dimensions with the C. mediterraneum Pi-
kermi sample studied by Koufos (1987a, 1987b). 
The other one (PV1/1) is larger and more robust; 
compared to the data provided by Koufos (1987b, 
fig. C-18) it is plotted inside the H. brachypus 
sample.  

Two complete proximal phalanges III (possibly 
pedal) also present similar size differences, one of 
them (PV1/57) being significantly more robust 
than the other (PV1/12), and could belong to dif-
ferent hipparionine species. The dimensions of the 
robust one plot inside the range of the H. brachy-
pus sample (Koufos 1987b, fig. C-18).  

Despite the inadequate hipparionine material avail-
able to date from PV1, the presence of two species 
—Cremohipparion cf. mediterraneum (ROTH & 
WAGNER, 1854) and Hippotherium cf. brachypus 
(HENSEL, 1862)— is documented in the site. The 
rest of the hipparionine material, which is not de-
terminable to the species level, is referred to as 
Hipparionini indet. 
 
 

 
Fig. 4. Cremohipparion cf. mediterraneum. Left third 
metatarsals; PV1/8, lateral view; PV1/40, dorsal view. 
Graphical scale in cm. 

 
Fig. 5. Hipparionini indet. Proximal phalanges III 
(PV1/12, PV1/57), dorsal view. Graphical scale in cm. 
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Artiodactyla OWEN, 1848 
Giraffidae GRAY, 1821 
Bohlinia MATTHEW, 1929 

Bohlinia cf. attica (GAUDRY & LARTET, 1856) 
The giraffids are represented in the new material 
by only one specimen (PV1/72), a right radius-ulna 
missing its proximal part (Fig. 6). Its preserved 

length measures about 68 cm, the greatest width of 
the distal end 107 mm, and the medio-lateral di-
ameter of the diaphysis about 63 mm. The crest 
that defines the lateral margin of the lunar facet is 
more curved and oblique than in the extant giraffe. 
The specimen is referable to B. attica based on its 
morphological and metrical characters (Gaudry 
1862-1867; Bohlin 1926; Geraads 1974; Geraads 
1979). 

Bovidae GRAY, 1821 

The Bovidae material comprises dental and cranial 
remains, and few postcranial elements. The dental 
and cranial remains indicate the presence of five 
taxa. 

Palaeoreas GAUDRY, 1861 
Palaeoreas lindermayeri (WAGNER, 1848) 

The material referred to this species comprises a 
frontlet (PV1/42) and a right mandible (PV1/25). 
The frontlet (Fig. 7) is badly damaged and dis-
torted by compression. The horn-cores are in a 
poor state of preservation, but present an anterior 
and a posterior keel. The former is blunt and des-
cends anteriorly. The latter, preserved at the distal 
part of the left horn-core, is acute. Only the antero-
posterior basal diameter of the left horn-core can 
be provided, that measures about 48 mm. The 
postcornual fossae are deep. Between the horn-
cores, the frontal region is strongly elevated above 
the level of the supraorbital margins and strongly 
bent, even if the latter is probably exaggerated by 

 
Fig. 6. Bohlinia cf. attica. Right radius-ulna (PV1/72), 
anterior view. Graphical scale: 10 cm. 

Table 1: Long bone measurements of mediterraneum from PV-1. Measurement methodology accord-
ing to Eisenmann et al. 1988. The Hipparion measurements in parentheses are inaccurate. 

  Metacarpal III Metatarsal III Tibia Prox. Phalanx III 
  PV1/5 PV1/15 PV1/8 PV1/40 PV1/1 PV1/4 PV1/12 PV1/57 
1 204.4 202.5 259.5 253.3 — — 61.8 63.7 
2 196.8 196.3 251.7 245.1 — — 56.9 58.2 
3 25.2 24.5 26.1 (25.6) 40.6 38.5 24.2 27.6 
4 21.1 22.7 28.7 (27.1) 29.1 27.0 35.5 39.2 
5 32.6 33.9 38.9 39.1 — — 27.2 31.0 
6 24.2 23.9 28.0 — — — 29.1 32.7 
7 28.5 29.2 36.7 (35.6) 66.7 59.2 29.0 32.2 
8 — 8.8 10.3 — 44.5 41.2 18.3 22.1 
9 — 3.4 8.1 — — — 19.1 20.3 

10 31.0 34.5 35.9 36.9 
11 30.8 (33.7) (32.2) 32.0 
12 25.3 26.3 30.3 28.5 
13 21.4 22.4 22.8 22.1 
14 21.9 23.8 26.9 25.6 

11/1 15.1 (16.6) (12.4) 12.6 
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distortion. The supraorbital foramens open into 
deep frontal depressions and communicate with the 
orbital fossae. The distance between the lateral 
borders of the frontal depressions measures about 
35 mm. 

The mandible (Fig. 8) is completely preserved 
(Lp=25.2, Lp3-p4=19.2, Lm=41.6, Lpm=66.2, 
Lp3-m3=60.2). The mandibular ramus is only 
slightly deeper below m3 than below p2, and the 
premolar row is large in relation to the molar one 

(Lp/Lm=60.6%, Lp3-p4/Lm1-m3=46.2%). The p3 
and p4 are elongated, and the p3 is long in relation 
to the p4 (Lp3/Lp4=90.4%). On p3 the metaconid 
is small. On the labial wall, the groove in front of 
the hypoconid is faint. The p4 is generally similar 
to p3. The paraconid is well separated from the pa-
rastylid. The metaconid is columnar and the 2nd 
and 3rd valleys of the tooth are open. The base of 
the 2nd valley bears a small tubercle. The groove 
in front of the hypoconid is well marked. The mo-
lars bear moderately developed goat fold. The ec-
tostylids are moderately developed on m1, m2, less 
in m3. The specimen is metrically similar to P. lin-
dermayeri from Pikermi (Fig. 9). 

Both specimens exhibit all characters of P. linder-
mayeri (Bouvrain 1980; Bouvrain 1992; Geraads 
et al. 2003) and are referred to this species.  

 
Fig. 7. Palaeoreas lindermayeri. Frontlet (PV1/42), an-
terior view. Graphical scale in cm. 

Fig. 8. Palaeoreas lindermayeri. Right mandible
(PV1/25); a) occlusal view, b) lingual view. Graphical 
scale in cm. 

 
Fig. 9. Comparison of P. lindermayeri and P. skouzesi
from PV1 with specimens from Pikermi and Maragha.
Based on personal data. 
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Protragelaphus DAMES, 1883 
Protragelaphus skouzesi DAMES, 1883 

A frontlet with both horn-cores (PV1/69; Fig. 10) 
is referred to P. skouzesi. This specimen could be-
long to a not fully grown individual since its horn-
cores’ surface is porous. The horn-cores are mod-
erately separated (about 27.5 mm) and diverge 
from the sagittal plane by an angle of about 30°, 
and they are slightly compressed mediolaterally at 
their bases (DAP×DT=(44.0)×35.8 mm, left horn-
core). The horn-core axis is almost straight, the 
torsion follows a close spiraling, and there is no 
anterior keel. The posterior keel can be traced in 
two revolutions. The left horn-core is almost com-
pletely preserved and measures about 210 mm in 
length (in straight line). There are moderately deep 
postcornual fossae. The intercornual region is on a 
higher level than the supraorbital margins. The pa-
rietofrontal suture is open. The interfrontal suture 
cannot be traced since the specimen is damaged 
along it. The supraorbital foramens are small, not 
sunken in frontal depressions, and open about 27 
mm below the horn-cores’ bases. The frontlet 
PV1/69 is quite similar to other specimens referred 
to P. skouzesi, though, its horn-cores are slightly 
less robust compared to already known Pikermi 
specimens (Fig. 11; Roussiakis 2009).  

A left mandible (Fig. 12; PV1/68; Lp3-p4=20.8, 
Lm=48.9, Lp3-m3=68.0) can also be attributed to 
P. skouzesi. The premolars are short in relation to 
the molars (Lp3-p4/Lm=42.5%). The p3 is rather 
triangular and clearly smaller than the p4 
(Lp3/Lp4=84.1%). The metaconid is oblique and 
extends distolingually, closing the distal part of the 
lingual wall of the tooth. The 2nd valley remains 
open, while there is no groove in front of the hypo-

conid on the labial wall of the tooth. The p4 is sim-
ilar to p3, but the metaconid forms a mesiodistally 
directed wall that also constricts the 2nd valley of 
the tooth. The groove in front of the hypoconid is 
moderately marked. On the molars, the ectostylids 
are rather strong on m1 and m2, less on m3. There 
is a faint goat fold on m1 and m2. The lower denti-
tion of P. skouzesi is not definitely known. Pilgrim 
and Hopwood (1928, pl. 9, fig. 3), followed by 
Gentry (1971, pl. 6), referred some mandibular 
rami from Pikermi to P. skouzesi, while Mecque-
nem (1925, pl. 6, fig. 1) referred to this species a 
mandibular ramus from Maragha. In addition, to 
the same species might belong two mandibular ra-

 
Fig. 11. Comparison of the basal horn-core dimensions 
(DT vs DAP) of P. skouzesi from PV1 with Protragela-
phus, Ouzocerus and Helladorcas species from various 
localities. Data according to Bouvrain (1978, 1997), Ge-
raads and Güleç (1999), and Roussiakis (2009). PNT: 
Pentalophos-1, RZ1: Ravin des Zouaves-1. 

 
Fig. 12. Protragelaphus skouzesi. Left mandible 
(PV1/68); a) occlusal view, b) lingual view. Graphical 
scale in cm. 

 
Fig. 10. Protragelaphus skouzesi. Frontlet (PV1/69); a) 
anterior view, b) anterolateral view. Graphical scale in 
cm. 
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mi from Pikermi stored in AMPG: one of this, 
PA1842/91, was referred to P. skouzesi by Rous-
siakis (1996), while the other (Π89/740) was re-
cently located in the AMPG Pikermi collections. 
On these specimens the Lp3-p4/Lm ratio ranges 
from 40.3% to 45.1% and the metaconid of p4 
tends to be fused with the paraconid. This tendency 
is also exhibited by PV1/68 that appears compara-
ble in size and proportions to the Pikermi speci-
mens referred to P. skouzesi but slightly smaller 
compared to the Maragha specimen (Fig. 9).  
 
Tragoportax PILGRIM, 1937 

Tragoportax cf. amalthea (ROTH & WAGNER, 
1854) 

We refer to T. cf. amalthea a left mandibular ra-
mus (PV1/38; Fig. 13), with the complete dentition 
preserved (Lp=45.7, Lp3-p4=32.3, Lm=60.7, Lp3-
m3=91.0, Lpm=104.3). The mental foramen opens 
about 40 mm in front of p2. The premolar series is 
elongated (Lp/Lm=75.3%, Lp3-p4/Lm=53.2%). 
On p3, the 2nd valley is widely open while the 3rd 
one is narrow. The paraconid is transverse to the 
mesiodistal axis of the tooth and rather bulbous 
towards its base. The metaconid is distolingually 
directed. The groove in front of the hypoconid is 
faint. On p4, the 2nd and 3rd valleys are narrow 
due to the mesiodistally directed T-shaped meta-
conid. The paraconid is well separated from the 
parastylid and directs distolingually. The groove in 
front of the hypoconid is strong. A trace of goat 
fold is observed on m1. The ectostylid is well de-
veloped on m1, but decreases towards the m3. The 
m1 and m2 bear a lingual basal pillar between the 
paraconid and metaconid; this is faint on m3. 

Metrically PV1/38 is comparable to the larger Pi-
kermi specimens of Miotragocerus valenciennesi 
and the smaller of T. amalthea (Fig. 14). However, 
the rather wide p3 and the T-shaped metaconid of 
p4 are typical characters of Tragoportax (Spassov 

and Geraads 2004; Kostopoulos 2005), so we ten-
tatively refer this specimen to T. amalthea.  

Gazella sp. 
An isolated but damaged horn-core (PV1/70; Fig. 
15) with preserved length of about 85 mm (in 
straight line) can be referred to Gazella sp. The 
surface of the horn-core is deeply grooved. The 
lateral surface is flatter than the medial, and the 
posterior surface appears gently curved in lateral 
view. The base of the horn-core is badly broken 
and no measurements can be provided. However, 2 
cm above the base the cross section of the horncore 

 
Fig. 14. Premolar versus molar length (lower dentition) 
in Tragoportax and Miotragocerus from various locali-
ties. Based on personal data, Kostopoulos (2005, 2009,
pers. com.), Spassov and Geraads (2004) and Bouvrain 
(2001).  

 
Fig. 15. Gazella sp. Right horn-core (PV1/70), medial 
view. Graphical scale in cm. 

 
Fig. 13. Tragoportax cf. amalthea. Left mandible 
(PV1/38); a) occlusal view, b) lingual view. Graphical 
scale in cm. 
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is subelliptical (DAP×DT=24.0×21.4 mm) while 
about 7 cm above the base is more circular 
(L×W=17.1×16.6 mm). The general characters of 
this specimen show similarities to Gazella capri-
cornis (WAGNER, 1848), but a specific determina-
tion cannot be established because of the scanti-
ness of the available material.  

Bovidae indet. 
A right maxilla fragment (PV1/36; Fig. 16) pre-
serving the complete dentition (LP=38.7, 
LM=48.1, LP3-P4=25.4, LPM=80.4) is characte-
rized by the long premolar series in relation to the 
molars (LP/LM=80.5%, LP3-P4/LM=52.8%). P2 
is elongated (L×W=14.0×10.1). Its parastyle is 
thin, while the paracone rib is thick, labially pro-
jected and rather mesially situated. The protocone 
projects lingually slightly more than the hypocone. 
It is separated from the latter by a deep lingual 
groove located opposite the paracone rib. P3 is on-
ly slightly larger in length than in width 
(L×W=13.9×12.8). The parastyle and paracone rib 
are strong. The metastyle is stronger and projects 
labially more than the parastyle and the paracone 
rib. Lingually it is strongly bilobated, as P2, but 
the hypocone projects lingually much more than 
the protocone. P4 is larger transversely than mesi-
odistally (L×W=11.6×13.6). The parastyle, para-
cone rib and metastyle are moderately developed. 
The hypocone bears a hypoconal spur that forms a 
hypoconal islet. The upper molars are characte-
rized by the strong parastyle, paracone rib and me-
sostyle, while the metacone rib and the metastyle 
(apart from M3) are weak. A hypoconal islet is 
present on M2 and a free hypoconal spur on M3. A 
central islet is not observed. A slightly developed 
entostyle is present on M1. It is faint on M2 and 
absent on M3. 

A left mandibular ramus with p3-m3 (Fig. 17; 
PV1/17; Lp3-m3=77.8, Lp3-p4=28.2, Lm=51.1) 
agrees dimensionally, proportionally and morpho-
logically to the above described upper toothrow. 
The p3 and p4 are elongated in relation to the mo-
lar series (Lp3-p4/Lm=55.2%). The toothrow 
length is estimated to 85 mm and the premolar 
length to 35 mm. The p3 is elongated relative to its 
width (L×W=19.4×7.1). The paraconid is indepen-
dent from the parastylid and does not project lin-
gually. The metaconid is distolingually directed 
but does not fuse with the entoconid. A faint 
groove is present in front of the hypoconid. The p4 
is similar to p3 but the metaconid appears stronger. 
The m1 and m2 bear a weakly developed goat fold. 
The parastylid and metastylid are weak on all mo-
lars. A moderated developed ectostylid is present 
on m1; it is faint on m2 and absent on m3.  

The maxilla PV1/36 exhibits similarities to a spe-
cimen from Maragha referred to Prostrepsiceros 
houtumschindleri (RODLER & WEITHOFER, 1890) 
by Mecquenem (1925, pl. 5, fig. 5) on its relative 
long premolar series and elongated and bilobated 
P2, but it is larger in size. The mandible PV1/17 is 
very similar to NHML M13007 from Pikermi, re-
ferred by Gentry (1971), with reservation, to Pro-
strepsiceros rotundicornis (WEITHOFER, 1888), 
but the latter is smaller (Lp3-m3=65.8), presents 
stronger goat fold and a deep groove in front of the 
hypoconid. PV1/17 also exhibits similarities to P. 
rotundicornis from Akkaşdağı that ranges in p2-
m3 length from 68.8 to 75.1 mm (Kostopoulos 
2005).  

Carnivora BOWDICH, 1821 
Hyaenidae GRAY, 1821 

? Adcrocuta eximia (ROTH & WAGNER, 1854) 

 
Fig. 16. Bovidae indet. Right upper toothrow (PV1/36); 
a) labial view, b) occlusal view. Graphical scale in cm. 

 
Fig. 17. Bovidae indet. Left mandible (PV1/17); a) oc-
clusal view, b) lingual view. Graphical scale in cm. 
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Hyaenids are represented by a right P2 and a right 
upper canine (PV1/49, PV1/22). The canine 
(L×W=17.3×13.5 mm) presents a moderately de-
veloped mesiolingual crest as well a distal one. 
The P2 (L×W=16.2×11.1 mm) is rectangular in 
outline. It presents two accessory cusps: a strong 
distal one on the long axis of the tooth, and a 
smaller one situated mesiolingually. Both speci-
mens can be provisionally referred to Adcrocuta 
eximia.  
 
Felidae FISCHER DE WALDHEIM, 1817 

Felidae indet. 
The proximal half of a proximal phalange 
(PV1/71; preserved length=29.6 mm, 
DTprox×DAPprox = 17.9×16.2 mm) has typical 
felid morphology. Its dimensions indicate a large 
felid, larger than Metailurus parvulus (HENSEL, 
1862) (Roussiakis et al. 2006). It may belong to 
Metailurus major ZDANSKY, 1924 or Machairodus 
giganteus (WAGNER, 1848). 

4. Discussion 

The recently discovered PV1 locality, though very 
promising, has not yet yielded a large number of 
specimens and taxa; however, all findings come 
from a single fossil accumulation, a fact that is im-
portant for the study of the complicated local bios-
tratigraphy. The Pikermi fauna is commonly con-
sidered as chronologically and taxonomically ho-
mogenous, though the early authors already no-
ticed that the fossils occur in at least two strati-
graphic levels. This was first observed by Gaudry 
(1855; 1862-1867, p.14), who mentioned the pres-
ence of two fossiliferous horizons. Later, Wood-
ward (1901) referred to two or locally three hori-
zons, which is well documented in a photograph by 
Th. Skufos, published by Abel (1922, fig. 132). 
According to this photograph the two lower hori-
zons have a level difference οf about 2 m, while 
the third (upper) lays less than 1 m above the 
second. In spite of these observations, the strati-
graphic provenance of the excavated material at 
the classical site is not specified in the relevant 
museum collections and publications, raising con-
siderations on the exact faunal content of each lev-
el (e.g. Theodorou and Nicolaides 1988; Theodo-
rou 1997). Moreover, the various excavators dur-
ing the 19th and early 20th centuries collected ma-
terial from different quarries at undefined positions 
in the broader area of Pikermi (Woodward 1901; 
Abel 1922), which are impossible to locate today. 
This means that what is known as “Pikermi clas-

sical site” is in reality a complex of quarries and 
stratigraphic levels along or close to the ravine, 
and that many Pikermian museum collections may 
comprise heterogeneous faunal samples, mixing 
two or more quarries or stratigraphic levels. The 
old collections may represent a fairly homogene-
ous palaeocommunity, only if the sedimentation 
and the fossil accumulation have been very rapid, 
lasting just a few thousand years, and providing 
“snapshots” of the same fauna in slightly different 
time slices.  

The importance of the new site PV1 consists in its 
potential to provide new stratigraphic data on the 
relationship of the two/three fossiliferous horizons, 
in case the recently discovered accumulation is 
rich enough to produce an adequate statistical 
sample. A direct stratigraphic correlation of PV1 
with the alleged classical site or Chomateri is not 
possible at the moment, as the ravine sections are 
disturbed, mainly by agricultural activities, and be-
cause of the lack of any lithologically characteris-
tic horizon. The rapid urban development of the 
Pikermi area also hinders the stratigraphic correla-
tion. 

Despite the unknown stratigraphic provenance of 
the Pikermi fauna, its age is collectively consi-
dered as middle Turolian (MN12) (Koufos 2006). 
The newly excavated PV1 sample —though still 
poor— does not differ taxonomically from the 
classical fauna, as it is also the case with the Cho-
materi fauna. All the taxa recognized at PV1 are 
already known in the Pikermi fauna.  

Palaeoreas lindermayeri, a bovid geographically 
confined to Greece, S. Bulgaria and W. Turkey, is 
known from localities dated to middle–late Turo-
lian (MN12–MN13), while closely related forms 
(P. zouavei Bouvrain, 1980) are known from early 
Turolian (MN11) (Geraads and Güleç 1999; 
Geraads et al. 2003; Koufos 2006). Protragelaphus 
skouzesi is a rarer Late Miocene faunal element, 
but it spans a wider palaeogeographic area. It is 
known mainly from the middle Turolian of Greece 
(Pikermi, Chomateri, Halmyropotamos), as well as 
from Maragha (Iran), but it is also reported from 
the early Turolian locality of Novoelisavetovka-2 
in Ukraine (Gentry et al. 1999). Closely related or 
identical forms also occur in Samos and W. Turkey 
(Andree 1926; Geraads and Güleç 1999; Roussi-
akis 2009). The rest of the referred PV1 taxa 
(Tragoportax cf. amalthea, Bohlinia cf. attica, Ad-
crocuta cf. eximia) point generally to Turolian or 
even late Vallesian age.  
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Despite the faunal similarity with classical Pikermi 
fauna, a biochronologic attribution of PV1 to mid-
dle Turolian cannot be supported for the moment, 
since the faunal list is still rather short and insuffi-
cient for a detailed study. The biochronological da-
ta for the currently available material allow a pre-
liminary biostratigraphic attribution of PV1 to Tu-
rolian (MN11–MN13). Future excavations at PV1 
will hopefully enrich the faunal and stratigraphic 
data available for this site.  

5. Conclusion 

The material excavated during the first field season 
documents the presence of the following taxa in 
PV1: Cremohipparion cf. mediterraneum, Hippo-
therium cf. brachypus, Bohlinia cf. attica, Palaeo-
reas lindermayeri, Protragelaphus skouzesi, Tra-
goportax cf. amalthea, Gazella sp., Bovidae indet., 
? Adcrocuta eximia and Felidae indet. 

In spite of the limited number of available speci-
mens, PV1 presents close taxonomic similarity 
with the classical Pikermi fauna, as all taxa are 
common between the two sites. This allows us to 
date the new site in the Turolian. A more precise 
dating requires more material, as well as a resolu-
tion of the stratigraphic problems of the classical 
site. 

Acknowledgements 

We thank the Municipality of Pikermi, which sup-
ported financially the field work. Apart from the 
authors, the following colleagues and students also 
participated at the excavation: Theodoros Arghy-
riou, Grigorios Vassilopoulos, Alexandros Daniili-
dis, Dimitrios Michailidis, Elizabeth Stathopoulou, 
Christos Solomos, George Konidaris, Vassiliki 
Mitsopoulou, Zoi Modianaki, Dionysia Liakopou-
lou, Evi Tzortzaki, Maria Maglara, Tina Sklavou-
nou, Eleftheria Eleftheriou and Dionysia Liako-
poulou. Several other students also joined the team 
occasionally. 

References 
Abel O., 1922. Lebensbilder aus der Tierwelt der Vor-

zeit. Jena, 644p. 
Andree J., 1926. Neue Cavicornier aus dem Pliocän von 

Samos. Palaeontographica, 67, 135-175. 
Bachmayer F., Symeonidis N. and Zapfe H., 1982. Die 

Ausgrabungen in Pikermi-Chomateri bei Athen. 
Eine Dokumentation. Annalen des Naturhistorischen 
Museums in Wien, 84, 7-12. 

Bohlin B., 1926. Die Familie Giraffidae. Palaeontologia 
Sinica, 4, 1-178. 

Bouvrain G., 1978. Protragelaphus theodori n. sp. 
(Mammalia, Artiodactyla, Bovidae) du Miocène de 
Macédoine (Grèce). Géologie Méditerranéenne, 5, 
229-236. 

Bouvrain G., 1980. Le genre Palaeoreas (Mammalia, 
Artiodactyla, Bovidae), systématique et extension 
géographique. Paläontologische Zeitschrift, 54, 55-
65. 

Bouvrain G., 1992. Antilopes à chevilles spiralées du 
Miocène supérieur de la province gréco-iranien : 
Nouvelles diagnoses. Annales de Paléontologie 
(Vertébrés-Invertébrés), 78, 49-65. 

Bouvrain G., 1997. Les Bovidés du Miocène supérieur 
de Pentalophos (Macédoine, Grèce). Münchner 
Geowissenschaftliche Abhandlungen, 34, 5-22. 

Bouvrain G., 2001. Les bovidés (Mammalia, Artiodac-
tyla) des gisements du Miocène supérieur de Vathy-
lakkos (Grèce du Nord). Neues Jahrbuch für Geolo-
gie und Paläontologie, Abhandlungen, 220, 225-244. 

Dermitzakis M.D., 1976. Observations on the metapo-
dials of Hipparion from Pikermi (Attica, Greece). 
Proceedings of the Koninklijke Akademie van We-
tenschappen, 79 (1), 18-28. 

Eisenmann V., Alberdi M.T., De Giuli C. and Staesche 
U., 1988. Methodology. In: Studying fossil horses, 
Woodburne M. and Sondaar P. (eds), Brill, Leiden, 
1-71.  

Gaudry A., 1855. Sur les premiers résultats de la mis-
sion qui lui a été confiée par l’Académie pour 
l’exploration du gîte fossilifère de Pikermi (Attique). 
(Extrait d’une lettre de M. A. Gaudry à M. le Secré-
taire perpétuel). Comptes Rendus Hebdomadaires 
des Séances de l’Académie des Sciences, 41, 894-
897. 

Gaudry A., 1862-1867. Animaux fossiles et géologie de 
l’Attique. F. Savy, Paris, 475p. 

Gentry A.W., 1971. The earliest goats and other ante-
lopes from the Samos Hipparion fauna. Bulletin of 
the British Museum of Natural History (Geology), 
20, 231-296.  

Gentry A.W., Rössner G.E. and Heizmann E.P.J., 1999. 
Suborder Ruminatia. In: The Miocene land mam-
mals of Europe, Rössner G.E. and Heissig K. (eds), 
Dr. Friedrich Pfeil, München, 225-258. 

Geraads D., 1974. Les Giraffides du Miocène supérieur 
de la region de Thessalonique (Grèce). Doctorat de 
3ème cycle, Université de Paris VI, 103p. 

Geraads D., 1979. Les Giraffinae (Artiodactyla, Mam-
malia) du Miocène supérieur de la région de Thessa-
lonique (Grèce). Bulletin du Muséum national 
d’Histoire naturelle, 1, 377-389. 

Geraads D. and Güleç E., 1999. On some spiral-horned 
antelopes (Mammalia: Artiodactyla: Bovidae) from 
the Late Miocene of Turkey, with remarks on their 
distribution. Paläontologische Zeitschrift, 73, 403-
409. 

Geraads D., Spassov N. and Kovachev D., 2003. Pa-
laeoreas lindermayeri (WAGNER, 1848) (Mammalia, 



119 
 

Bovidae) from the upper Miocene of Bulgaria, and a 
revision of the species. Geodiversitas, 25, 405-415. 

Heintz E., 1970. Les Cervidés villafranchiens de France 
et d’Espagne. Mémoires du Muséum National 
d’Histoire Naturelle, 22 (1, 2), 1-303, 1-206. 

Kostopoulos D.S., 2005. The Bovidae (Mammalia, Ar-
tiodactyla) from the late Miocene of Akkaşdağı, 
Turkey. Geodiversitas, 27, 747-791. 

Kostopoulos D.S., 2009. The Late Miocene Mammal 
Faunas of the Mytilinii Basin, Samos Island, Greece: 
New Collection. 14. Bovidae. Beiträge zur Paläonto-
logie, 31, 345-389. 

Koufos G.D., 1987a. Study of the Pikermi hipparions. 
Part I: Generalities and taxonomy. Bulletin du Mu-
séum national d’Histoire naturelle, 9, 197-252.  

Koufos G.D., 1987b. Study of the Pikermi hipparions. 
Part II: Comparisons and odontograms. Bulletin du 
Muséum national d’Histoire naturelle, 9, 327-363. 

Koufos G.D., 2006. The Neogene mammal localities of 
Greece: faunas, chronology and biostratigraphy. 
Hellenic Journal of Geosciences, 41, 183-214. 

Mecquenem R. de, 1925. Contribution à l’étude des fos-
siles de Maragha. Annales de Paléontologie, 14, 1-
34. 

Pilgrim G.E. and Hopwood A.T., 1928. Catalogue of 
the Pontian Bovidae of Europe in the Department of 
Geology. British Museum (Natural History), Lon-
don, 106p. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Roussiakis S.J., 1996. Contribution to the study of the 
mammals of the classical locality of Pikermi. PhD 
Thesis, University of Athens, 259p. (in Greek). 

Roussiakis S.J., 2009. Prostrepsiceros and Protragela-
phus (Artiodactyla, Mammalia) from the Late Mi-
ocene locality of Chomateri (Attica, Greece). An-
nales de Paléontologie, 95, 181-195. 

Roussiakis S.J., Theodorou G.E. and Iliopoulos G., 
2006. An almost complete skeleton of Metailurus 
parvulus (Carnivora, Felidae) from the late Miocene 
of Kerassia (Northern Euboea, Greece). Geobios, 39, 
563-584. 

Spassov N. and Geraads D., 2004. Tragoportax PIL-
GRIM, 1937 and Miotragocerus STROMER, 1928 
(Mammalia, Bovidae) from the Turolian of Had-
jidimovo, Bulgaria, and a revision of the late Mio-
cene Mediterranean Boselaphini. Geodiversitas, 26, 
339-370. 

Theodorou G.E., 1997. Observations on the carpus and 
tarsus of Hipparion from Pikermi (Attica, Greece). 
Annales Géologiques des Pays Helléniques, 37, 921-
980. 

Theodorou G.E. and Nicolaides S.N., 1988. Stratigraph-
ic horizons at the classic mammal locality of Piker-
mi, Attica, Greece. Modern Geology, 13, 177-181. 

Woodward A.S., 1901. On the bone beds of Pikermi, 
Attica and on similar deposits in Northern Euboea. 
Geological Magazine, 8, 481-486. 



 



 

 

 

 

 

 

 

 

 

 

 
General Session G03 

Applied geology (engineering geology, hydrogeology,                    
urban geology, etc.) 

 
 

 

 

 

 

 

 

 

 

 

 

 



 



121 
 

Scientific Annals, School of Geology, Aristotle University of Thessaloniki 
Proceedings of the XIX CBGA Congress, Thessaloniki, Greece 

Special volume 99 121-129 Thessaloniki 
2010 

GROUND SURFACE MOVEMENTS IN THE AREA OF SALT                         

EXPLOITATION IN TUZLA (BOSNIA AND HERZEGOVINA) 

Čeliković R.1, Dervišević R.2, Sijerčić I.3, Salihović R.4, Mancini F.5, Stecchi F.6 

1 Faculty of Mining, Geology and Civil Engineering, University of Tuzla, 75000 Tuzla, Bosnia and Herzegovina, 
ruza.celikovic@untz.ba 

2 Faculty of Mining, Geology and Civil Engineering, University of Tuzla, 75000 Tuzla, Bosnia and Herzegovina                                    
rejhana.dervisevic@untz.ba 

3 Faculty of Mining, Geology and Civil Engineering, University of Tuzla, 75000 Tuzla, Bosnia and Herzegovina,                                  
indira.sijercic @untz.ba 

4 Municipality of Tuzla, 75000 Tuzla, Bosnia and Herzegovina, rule_s@hotmail.com 
5 Politecnico di Bari, Dipartimento di Architettura e Urbanistica, 70125 Bari, Italy, f.mancini@poliba.it 

6 CIRSA – Laboratori Scienze Ambientali, 48100 Ravenna, Italy, francesco.stecchi2@unibo.it 
 

Abstract:This paper focuses on surface movements determined by geodetic methods and occurred as 
consequence of brine extraction from Tuzla salt deposit (Bosnia and Herzegovina). Previous studies 
were mainly focalized on vertical movements, but important information about behavior of the deposit 
is also available from horizontal movement data. In the case of Tuzla salt deposit the geometry and spa-
tial location of leached/empty spaces are unknown and the comparative analysis of vertical and horizon-
tal movement could be really significant. The spatial identification of points with high values of vertical 
and horizontal movements depends on the geometry of empty spaces. Horizontal movements investiga-
tion has been carried out analyzing data collected by several geodetic measurements. The results ob-
tained by the correlated spatial analysis of vertical and horizontal movements, can identify basic geo-
metric characteristics of the leached/empty spaces. The discussed temporal intervals are two characteris-
tic periods, reffered to the capacity of the deposit exploitation. Movement rates per year and correlation 
between horizontal and vertical movements are considered as indicator parameters defining the charac-
ter of ground deformation. Spatial analysis of these coefficients values has identified high risk areas, and 
gives additional information in thegeological structures definition. 

Key words: Tuzla (Bosnia and Herzegovina), geodetic measurements, horizontal and vertical move-
ments, subsidence, correlation and spatial analysis, salt deposit exploitation. 

 
1. Introduction  
The salt exploitation in Tuzla has been performed 
since more than 500 years ago, causing ground 
subsidence and destruction of entire urban settle-
ments. Subsidence was particularly intense in the 
period 1960-1983, during chemical industry devel-
opment. The largest subsidence has been recorded 
in the central part of the town, that in the period 
1947-1991 sank of more than 12 m. The most in-
tense sinking rates have been recorded in the 1983 
and amounted to 1,1 m/y. 

Subsidence and surface deformation caused de-
struction of about 2700 residential units, approxi-
mately 67,000 m2 of industrial areas, and about 
130,000 m2 of health, educational and sports facili-
ties areas. About 15000 inhabitants had to move 
out of the vulnerable areas. In order to revalue the 

damaged area, two artificial lakes have been cre-
ated after the 2005. 

Investigation of salt deposit conditions and proper-
ties in the degraded areas, and its relation with the 
geological pattern of the area, represents a specific 
and tricky problem. Due to the complex geological 
and hydrogeological conditions and to the exploi-
tation methods, subsurface behavior of geological 
series is uncertain after extraction termination. 

Uncontrolled brine pumping exploitation at the 
mining districts of Hukalo and Trnovac stopped in 
April 2007, but nowadays surface movement and 
deformation are still present. 

The topographical measurements from the 1956 to 
the 2003 were performed to determine the point’s 
coordinates and horizontal movement. These 
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measurements produced also very accurate eleva-
tion values. Each measurement series determined 
and analyzed the elevations, in order to collect 
several points with known vertical movements.  

With the purpose of reducing risk in the Tuzla ex-
traction areas, a systematic scheduled monitoring 
of deposit and ground surface has been carried out 
after the termination of exploitation. This monitor-
ing has been performed with GPS static surveys in 
order to evaluate ground surface movement in the 
brine pumping area. GPS measurements provided 
greater accuracy and reliability in determining the 
horizontal/vertical movements. 

Changes in the horizontal movement intensity in a 
certain direction are an indicator of buildings vul-
nerability, because they indicate the presence of 
horizontal deformation (stretching or compacting). 
Therefore, horizontal movements registered in the 
exploitation period have been analyzed, providing 
additional information for monitoring and risk as-
sessment. 
Horizontal movements analysis has been per-
formed for certain time periods. In particular the 
analysis concerns data until the year 1991. Geo-
detic measurements data for the period 2005-2009 
have not been fully processed yet, so this paper 
does not analyze horizontal movements for this pe-
riod.  
2. Review of existing geodetic measure-

ments data 
Systematic geodetic measurements began in the 
1956 and, with some interruptions, last until today. 
Geodetic monitoring program of ground surface 
movement in Tuzla was elaborated by Fejtulah 
Smailbegovic. According to this program, in a 
wider area than the one of exploitation wells, a 
large number of geodetic points were created, ap-
proximately 1250 benchmarks. These points have 
been related to the trigonometric, polygon and lev-
elling networks.  

Surveyed stabilized points (a local coordinate sys-
tem has been adopted), made an irregular network 
with different mutual distances. In the deformation 
areas, there is a relatively small number of points 
with great mutual distances.  

Several points were destroyed during the time, but 
part of them has been renovated in the vicinity of 
previous positions, in order to continue the moni-
toring. During the geodetic campaigns, changes 
have occurred in the measurements area, survey 

methods and equipment, as well as the time inter-
val between each measurements series. Several 
phases distinguished the geodetic measurements 
methodologies.  

Between the 1956 and the 1991 surveyed points 
were located over the area affected by movements. 
Monitoring campaigns have been carried out every 
year so there are 35 measurements series. 

Points height has been determined by means of 
precise levelling method. Height accuracy ex-
pressed by the mean square adjustment, amounted 
to 2 mm/km.  

The point’s coordinates have been determined on 
the basis of traditional topographical measure-
ments such as trigonometric and polygonal net-
works.By the mid 70's length in polygon network 
were measured using tape.For this period, the ac-
curacy of determining the coordinate differences in 
polygon network, expressed by mean square error, 
was 3-4 cm. 

After the mid-'70s, the length in the polygon net-
work were measured by EOD. Since the 1985 final 
points coordinates have been determined by the 
method of least square adjustment. 

Since the 1991 the volume of measurement has 
been reduced and just points located in the smaller 
part of the influence zone have been surveyed. By 
the 2003 measurements were performed in 4 se-
ries: 1993, 1999, 2002, 2003, organized by Tuzla 
Municipality. 

In the final stage of classical dry exploitation as 
well as for the end of salt wells activities, in addi-
tion to the Municipal measurements, measure-
ments were also carried out by the Salt Mine Com-
pany, which monitored the Tusanj sinking mining 
shaft,. During the sinking of Tusanj mining shaft, 
in the period April 2002 - June 2004, five series of 
measurements were carried out with a time gap 
from five to eight months. These measurements 
were restricted to the immediate area of the salt 
mine Tusanj.  
During the stoppage of uncontrolled leaching ex-
ploitation in the area of Hukalo-Trnovac were also 
carried out geodetic measurements for movement 
evaluation of a small number of points. The points 
were located in the mining districts of Hukalo and 
Trnovac and in locations around the Tusanj mine 
shafts. These measurements were realized within 
the Salt Mine Company monitoring. Time interval 
between adjacent series is uneven and varies from 
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three to eight months. The first measurement has 
been carried out in March 2006 and lasted until to-
day, with time step of several months.  

Considering the surveyed area, the measurement 
methods and the results processing, as well as 
characteristics of the exploitation phases, this work 
could not include all existing geodetic data. As a 
representative, data until 1991 have been consid-
ered, from the two characteristic periods of exploi-
tation respectively. 
A special segment of geodetic measurements are 
those arisen from the joint project between CIRSA 
(Centro Interdipartimentale di Ricerca per le 
Scienze Ambientali, University of Bologna), the 
Province of Ravenna (Italy) and the Municipality 
of Tuzla, which continued through the NATO 
DEMOS project (Development of a Monitoring 
System to Counter manage the risks of Subsidence 
deformation on the Population of Tuzla, Project 
no. 983305).  

3. Ground movements in the period 1956-1991 

Detailed information about the movement’s extent 
and intensity in the zone of exploitation influence 
could be acquired from geodetic measurements 
data of the 1991. Although a huge database is 
available, there is just a small number of points 

with continuous movements monitoring in both 
vertical and horizontal planes. In particular for 45 
points elevation for all years until 1991 has been 
determined, but there is not any point with con-
tinuous determination of x-y coordinates. Vertical 
movements for the period 1956-1991 have been 
determined for about 420 points, while the hori-
zontal movements evaluation for the same period 
was possible for just 43 points.  

The maximum measured subsidence from the 1956 
to the 1991 amounts to 9,113 m (polygon point 
number 75), although it is nowadays bigger be-
cause in the zone of maximum subsidence there is 
not any point left. Besides this point, on another 7 
points, measured subsidence exceeds 8 m. 

Maximum horizontal movements were measured 
for the polygon point PG49 in the amount of 6,68 
m and trigonometric point TT25 in the amount of 
5,67 m. The position of points presenting maxi-
mum movement is shown in Figure 3. Based on 
known subsidence values at 420 points a digital 
model of subsidence is generated by Golden Soft-
ware Surfer (method of interpolation "Natural 
Neighbor").  

Figure 1 shows 3D subsidence model which illus-
trates the overall subsidence values. 

 
Fig. 1. Surface subsidence 3D model until the year 1991 (local coordinates) 



124 
 

Figure 2 shows subsidence isolines (magenta 
color) and horizontal movement vectors. In order 
to focalize into the general direction of horizontal 
movements, figure 2 also shows horizontal move-
ment of all points regardless to the time intervals. 
The overall movements have been determined as 
the sum of periodic movements between adjacent 
series of observations.  In figure 2 the thicker poly-
line (cyan color) marks a zone of change in the 
horizontal movement direction. This line has been 
moved to the south-southwest of the maximum 
subsidence zone. In addition to movements this 
figure shows exploitation wells location. Figure 3 
shows the movements by polylines (red color), 
which generally oscillate around total movement 
vector. Slightly larger deviation from the general 
direction is observed for points located in the Lake 
1 area, where, during the entire observation period, 
maximum subsidence was registered.  

Spatial distribution of movement in relation to the 
geological and structural-tectonic features of the 
area has been also analyzed. As shown in figure 2, 
thicker (cyan color) polyline marks zone of hori-
zontal movement direction changes. Structural-
tectonic features of the wider area have enabled 
formation of Tuzla salt deposits in the southwest 
limb of anticline Dolovi. The deposit stretching 
NW-SE, dipping to the northwest and southwest 
(generally towards the west). Horizontal move-
ments of greater intensity generally have direction 
NE-SW, i.e. in the dip direction of the deposit, as 
shown in figure 2. 

The line or zone of changes in horizontal move-
ment direction, in case of inclined solid mineral 
deposits exploitation, is parallel to the deposit 
boundary and shifted from the points with maxi-
mum subsidence in the rise layer direction. South 
and southwest of the cyan color line, the layers of 
anticline Jala-Požarnica are interrupted, tensioned 
in direction of layers’ strike and have a steeper dip, 
so these isolines are at the shorter distance. North-
east of this line, southwest limb of anticline Dolovi 
has a gentle dip of layers, and the isolines are on 
wider distances. Spatial distribution and direction 
of horizontal movements fully match the structural 
tectonic characteristics of the deposits. 

Figure 4 shows detailed geological map with both 
subsidence isolines and horizontal movement vec-
tors. On the geological map of the city of Tuzla 
and the wider environment (Fig. 4) this direction is 
presented by axis of shallow syncline Gradina-
Trnovac-Tušanj. It could be concluded that this 

folding structure is of special significance for 
ground subsidence and determines trends and di-
rections of horizontal movements. 

It is noticeable that there is some specific spatial 
distribution of movements around a central line di-
rection of north-south, which on the geological 
map presents the Hukalo fault. 

4. Movements in the characteristic periods 

For the analysis of known horizontal movements 
distinguished are two representative periods. The 
first period is characterized by increased brine pro-
duction and increased average subsidence speed 
(1977-1984) and the second by reduced brine pro-
duction and reduced average subsidence speed 
(1984-1991). An additional reason for the analysis 

Fig. 2. Spatial distribution of horizontal and vertical 
movements until the year 1991 (UTM coordinates) 

Fig. 3. The points with known movements for period 
1956-1991. The circle size is proportional to the total 
subsidence of points. The line (cyan color) approximate-
ly indicates the line of vector direction change (UTM 
coordinates). 
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of movements in these two periods is relatively 
large set of points with known movements in both 
periods. 

There are total 83 points for which could be deter-
mined the horizontal and vertical movements in 
both periods. Maximum subsidence the first period 
(4,197 m) was registered in the point 75. For the 
second period maximum subsidence (1,584 m) was 
registered in the point 50. For these periods spatial 
movement distribution and both horizontal and 
vertical movement relation were analyzed. 

In figure 5 are shown the subsidence isolines for 
the both periods; the first (blue) and for the second 
period (red line). There are relatively few points 
with known subsidence for both periods and the 
figures show approximate spatial distribution of 
subsidence. It can be seen that, for both periods, 
two "subsidence center" were formed. On the min-
ing district Hukalo isolines are of the same shape, 
and mining district Trnovac subsidence center, in 
the second period, has been shifted to the south 
(Lake 1).  

If isolines are generated on the basis of all the 
points with known subsidence for the period con-
sidered, we get slightly different subsidence con-
tour for both periods. 

There are 157 points with known subsidence for 
the first period, and 170 points for the second pe-
riod. The maximum subsidence is 2,319 m at the 
point P603. The point P603 does not have known 
subsidence the first period, and it is likely that for 
the first period maximum subsidence rate is not 
registered. This is pointed out also by the mutual 
position of points with maximum subsidence rates 
and horizontal movements. 

For the first period, maximum subsidence rate and 
horizontal movements were registered in the point 
75, which is not in accordance with spatial ar-
rangement of points with extreme movement val-
ues for the case of Tuzla salt deposit. Distance be-
tween the points in certain areas is quite large and 
there is a discontinuity in determining of individual 
points movement.  

Figure 7 shows horizontal movements greater than 
0,5 m for the same periods. Maximum movement 
of the first period is in the point 75 (2,10 m). For 
the second period, the maximum movement of 
0,87 m is at the point 510. It is obvious that almost 
all points have smaller movements in the second 
period. At the mining district Hukalo is generally 
the same direction of movement, while on the min-
ing district Trnovac there is a significant change in 
direction. This is probably the consequence of in-
tensive exploitation at the mining district Trnovac 
in the period 1977-1984, resulted as an empty 
space of larger dimensions in this area. 

Fig. 5. Subsidence isolines for the period 1977-1984
(blue) and 1984-1991 (red), generated on the basis of 
the common points (local coordinates). 

Fig. 4. Geological map of Tuzla and wider area. 

Fig. 6. Subsidence isolines for the period 1977-1984
(blue) and 1984-1991 (red), generated on the basis of all
points with known subsidence (local coordinates). 
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It could be also noticed that the direction of mov-
ing lines change (green line), which is located 
south of the maximum subsidence did not signifi-
cantly changed its position in relation to the whole 
period (fig. 7), because of a small number of points 
are not fully defined. 

Correlation between vertical and horizontal 
movement in certain directions could be followed 
in diagrams of horizontal and vertical movement of 
several points, according to the periods under con-
sideration. The points are grouped in three direc-
tions (Fig. 7), the approximate direction of hori-
zontal movements. 

The group directions are marked as P1-P1', P2-P2', 
P3-P3'. The figures 8, 9 and 10 show intensities of 
horizontal and vertical movements of the points 

mentioned directions. It could be seen that the 
points, with greater intensity movements, have the 
same trend of change both the horizontal and verti-
cal movement. Deviations occur at points of lower 
intensity movement that are on greater distance of 
exploitation wells, i.e. deposit boundary. Only the 
points that are in the zone with the same direction 
of horizontal movement are analyzed, as the points 
in the southern part of the zone are not observed in 
both considered periods. 

The graphs show that the decrease of subsidence 
rate is followed by decrease in horizontal move-
ments, but the reduction intensity changes depend-
ing on the spatial position of points. There is regu-
larity in the change/decrease of movements inten-
sity for the points in  P1-P1' and P2-P2' direction. 
On P3-P3' direction, for the points that are in the 
zone of intensive movements in the mining district 
Trnovac, there are larger differences in the inten-
sity change of movements by time periods. Such 
relations between horizontal and vertical move-
ments are a consequence of the exploitation 
method and complex geological and structural-
tectonic conditions of the area. 

5. The analysis of horizontal and vertical 
movement by periods 

The aim of the analysis is to determine the rela-
tionship between the intensity of the points vertical 
and horizontal movements for the periods dis-
cussed. For a total of 83 points are, in both periods, 
known both horizontal and vertical movement 
greater of 0.05 m. In the classical measurement 
uncertainty of coordinates ranging was 3 to 4 cm, 
and due to the impact of errors excluded from 
analysis are the points with movement less than 
0,05 m. For this set of points counted is relations 
of movements from the two periods, which are 
identified as coefficients: 
K1 = horizontal movement for the period 1977-
1984/subsidence for the period 1977-1984 
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Fig. 8. Movement and subsidence for period 1977-1984 
(1), and period 1984-1991 (2) for points 21,9 (T21), 
524, 525, 526 ..... 529 (line P1-P1' – fig. 7). 
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Fig. 10. Movement and subsidence for period 1977-
1984 (1) and period 1984-1991 (2) for points 76 
(PG76), 543, 191, 544 .....  568 (line P3-P3' – fig. 7). 

Fig. 7. Horizontal movements of the points (local coor-
dinates). 
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K2 = horizontal movement for the period 1984-
1991/subsidence for the period 1984-1991 
Ks = subsidence for the period 1984-1991/subsi-
dence for the period 1977-1984 
Km = horizontal movement for the period 1984-
1991/horizontal movement for the period 1977-
1984 
By analyse of these coefficients could be deter-
mined whether there is a trend of decrease/increase 
in movement (horizontal and vertical - Km, Ks), as 
well as whether it changed the intensity ratio of the 
horizontal and vertical movements (K1, K2) for 
the periods discussed. The statistical parameters 
are assigned for the coefficients in a given set of 
points (Tab. 1): 
 

Column 2 and 3 show that the statistic parameters 
differences have very small values for the coeffi-
cients K1 and K2, respectively, the same ratio of 
horizontal and vertical movements in both periods. 
This means that, regardless intensity change, re-
tains the same intensity ratio of the horizontal and 
vertical movements. Coefficient of variation has a 
significant value, because the value of K1 and K2 
range in a wide interval. Figure 10 shows that it is 
evident that there are points with low values of 
horizontal movement and great value of subsiding 
rate and vice versa, so that the relation of these 
values vary in wide diapason. From the average 
value and median for the K1 and K2 it is notice-
able that there are a considerable number of points 
with greater intensity of the horizontal then vertical 
movements. The points are situated in the zone of 
intense subsidence, which means that there are ma-
jor changes in the intensity of horizontal move-
ment, and thus the large horizontal deformation. 
In figure 11 it is shown comparative values of K1 
and K2 coefficients for the points and illustrates 

the above conclusions on the constant relation of 
horizontal and vertical movement at times. To-
gether with these coefficients are presented both 
horizontal and vertical movements of the points. It 
is evident that there are a relatively small number 
of points with large differences in the values of K1 
and K2. For most points the values are about 1. 
Larger values of coefficients appear in points with 
small movements or subsidence. This means that, 
in the peripheral parts of the zone of influence, the 
horizontal movements by intensity are greater than 
the vertical. 

Values of the parameters: mean, median, quartile, 
for the coefficient Ks and Km (columns 4 and 5) 
also are slightly different, which means that the in-

tensity ratio of the horizontal and vertical move-
ment by periods has not changed. Average values 
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Fig. 11. Coefficient values K1 and K2 for observed 
points, together with their movements, 4796 ..... 519 
(line P2-P2' – fig. 7). 

Table 1 – Coefficient values 
Parametar K1 = Mov1/Sub1 K2 = Mov2/Sub2 Ks = Subs2/Subs1 Km = Mov2/Mov1 
1 2 3 4 5 
Number of values 83 83 83 83 
Minimum 0.135 0.187  0.317  0.339  
Maximum 3.853 3.797 1.942 2.514 
Range 3.717 3.610 1.625 2.175 
Mean 1.089 1.062 0.836 0.899 
Median 0.932  0.963  0.680 0.660 
First quartile 0.669  0.697  0.615 0.558 
Third quartile 1.201 1.184 0.978 0.940 
Standard error 0.079  0.068  0.039 0.059 
Standard deviation 0.724  0.621  0.361 0.544 
Coefficient of variation 0.665  0.585  0.431 0.605 
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and median are less than 1, which means that, in 
the second period, intensity of both horizontal and 
vertical movement generally decreased (fig. 12). 

By spatial analysis of these coefficients zones of 
varying degree of decrease (change) intensity of 
movement could be defined. In figure 13 it is 
shown the spatial distribution of different values of 
the coefficient Ks. Figure 14 shows the spatial dis-
tribution of different values of the coefficient Km.  

It is noticeable that, in the second period, both ver-
tical and horizontal movements increased at the 
area of salt mine Tušanj, where classic mine ex-
ploitation was carried outs.. In addition, most of 
the points have coefficient values (both Ks and 
Km) less than 0,75. These are the points located in 
the zone where, in the period of intensive exploita-
tion, were registered maximum movement/subsi-
dence. 

6. Conclusion and recommendations 
For the most observed points, the relationship be-
tween horizontal and vertical movements slightly 
changed over time. Also, for the most points is the 
same ratio of intensity decrease/increase both hori-
zontal and vertical movement. Considerable dis-
crepancy was determined only in the zone of inten-
sive brine exploitation at the mining district 
Trnovac.  

The general conclusion is that for most of the 
points is intensity both horizontal and vertical 
movement decrease in the second period, at re-
duced volume of brine exploitation. The excep-

tions are points which are located in the area above 
the pit Tušanj. This indicates possible appearance 
of processes in massif that does not correspond 
with the deposit exploitation capacity. During this 
period there was not increased production of rock 
salt in the pit Tušanj. Future monitoring should 
also include the area of the pit Tušanj and pay spe-
cial attention to monitoring of the massif behavior 
in this area. 

The results of analysis showed that there is a 
strong interdependence of horizontal and vertical 
movement. These results provide additional infor-
mation about the process of massif moving and the 
surface terrain in the zone of Tuzla salt deposit 
leaching influence. Future analysis of data moni-
toring at the risk assessment should include also a 
spatial analysis of horizontal movements.Proposed 
GPS measurements, in the future monitoring, will 
enable monitoring of horizontal movement with 
estimate of higher accuracy. 

This paper has shown that geological and struc-
tural-tectonic structure of the salt deposit and 
wider environment has a significant impact on the 
spatial distribution both horizontal and vertical 
movements. 

Fig. 13. Spatial distribution of the points with different 
coefficient values Ks. 
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Fig. 12. Coefficient values Km and Ks for observed 
points, together with their movements. 

 
Fig. 14. Spatial distribution of the points with different 
coefficient values Km. 



129 
 

There is no doubt that the massif consolidation, 
caused by long-term exploitation, will continue in 
the future, which will be reflected by further hori-
zontal and vertical ground movement. 

In future studies of massif consolidation and 
movement on the surface, great attention should be 
paid to morpho-genetic analysis of the area, sur-
veying the range and type of engineering geologi-
cal conditions, their individual components and 
their interrelationship: including details of geologi-
cal structure, especially shear zones, engineering 
geological properties of rock Massif, defining the 
intensive degradation zones, determination of the 
discontinuities in the overlying strata, mass loss in 
the deposit etc. 

Certainly it should also contain and determine all 
surface manifestation of deformation induced by 
subsidence (slide, creep, damages on buildings and 
infrastructures, etc.), that are as following proc-
esses present in the city. 

Permanent survey and risk monitoring is necessary 
in order to develop an urbanization that follows 
and respects the minimum ecological norms and 
the acceptable risk level. The data gathered would 
be used to rank all geohazards for further urban 
planning and activities within this area.  
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Abstract: The present paper refers to the major part of the egnatia highway, about 100km long, which 
connects Thessaloniki and Kavala cities, at north Greece. Actually, it is divided in three parts: i) Nym-
phopetra-Aasprovalta, about 40km long, ii) Asprovalta-Strymonas, about 20km long and iii) Strymonas-
st. Andreas, about 40km long. The highway has already been constructed. Driving from the west to the 
east, the highway, at the beginning of Nymphopetra-Strymonas part, passes nearby Volvi lake, at the 
foot of Vertiscos mountain. Easterly, it passes through Kerdillia mountain, Strymona’s river and it leads 
to Pangeo’s mountain, ending through Symbol mountain. The highway also passes through five tunnels; 
i) Vrasna tunnel, which is located at Nymphopetra-Asprovalta’s part, ii) Asprovalta’s tunnels, which are 
three tunnels locating at Asprovalta – Strymona’s part and iii) Symbol tunnel, which is located at the 
last Strymonas – st. Andrea’s part. The paper describes the support measures against geological failures 
during the construction of the highway. For this purpose, the mechanisms of sliding and rock falling 
procedures were studied. As far as slopes concern, the orientation of the discontinuities and the poor 
quality of the rock mass, that creates cyclic sliding, were responsible for the instabilities. Rainfall also 
helps landslides to be occurred. During the tunnelling excavation, the sliding along a plane, the décol-
lement from the roof and the fall of wedges were the common failure causes. 

Keywords: Egnatia Highway, landslides, tunnels, protection measures, geological failures.  
 
1. Introduction 
The present paper refers to the confronting of pos-
sible geological failures along Egnatia Highway, in 
a 100km part, which connects Thessaloniki and 
Kavala cities, in North Greece (Fig.1). The area is 
characterized by a variety of geological formations 
and numerous of faults, which are related to insta-
bility phenomena, which created difficulties to the 
excavations. Landslides have already occurred 
causing the delay of the use of highway. Land-
slides were due to circular sliding of soil or totally 
weathered material in addition to planar sliding 
along discontinuity planes, or intersection of two 
or three discontinuity planes, which formed poten-
tial wedges.  

Tectonic data were collected and rock mass quality 
classification systems, RMR (Bieniawski, 1989), 
SMR (ROMANA, 1985) and GSI  (Marinos et al, 
2005) were used in order to study the quality and 
estimate the stability along the slopes and into the 
tunnels. In stability analysis, test Markland (Mark-

land, 1972) and Bishop Method (Bishop, 1955) 
were used.  

2. Geological description 
The part “Nymphopetra – Strymonas” is geologi-
cally located into Serbomakedonian zone. At the 
beginning of the part, there are gneiss, amphibolite 
and thin layers of marble that belong to Vertiscos 
union. The above formations are placed under lake 
deposits, dated to Pleio-pleistokene. The lake de-
posits consist, generally, of gravel and sand layers. 
At the east part of the highway there is Keldilia un-
ion, which consists generally of gneiss and marble 
being crossed by pegmatitic veins. There are also 
alluvial deposits along the rivers. 

At the eastern part of Strymon river, the highway 
passes through Symbol Mountain, which is geo-
logically located into Pangeo’s Union of Rodope 
Mass, consisting of gneiss, schists and marble. 
The granite of Symbol union, which was created 
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during the volcanism of Rodope Mass dated to 
Eocene – Oligocene, is placed deeper than the 
excavations, but it affects the above geological 
formations creating chloritization at the contact 
between granite and gneiss.  

3. Slope O11 (Ch.20+500–Ch.20+800) along 
the Nymphopetra to Asprovalta’s subsec-
tion   

The slope “O11” consists of lake deposits. A fault 
of 255/46 cuts these deposits. The lake deposits 
may slide along the direction of the bedding 
162/39. Two potential wedges were formed by; i) 
bedding 162/39 and fault 255/46 and ii) joints 
101/84 and bedding 162/39. The sliding took place 
at SSW direction (Fig.2). Also, the critical slip cy-
cle was estimated using slope geometry of 15m 
high and slope inclination of 90o. The radius of the 
critical circle was estimated 15m and the safety 

factor was calculated 3, for saturated conditions. 

In order to protect the slope against sliding, a slope 
inclination of 34o was proposed. Using the pro-
posed inclination, the radius of the critical circle 
was estimated at 29m and the safety factor was 
calculated 5 in saturated conditions. 

4. Slope O19 (Ch.25+215,89–Ch.25+373,95) 
along the Nymphopetra to Asprovalta’s 
subsection   

The slope is placed on the right hand of the road 
and consists of weathered gneiss with pegmatitic 
intercalations (Fig.3). The poor quality of the rock 
mass, together with the unfavorable orientation of 
the schistosity, affected the stability of the slope 
and caused extensive sliding. Two types of prob-
able sliding were determined, according to our in-
vestigation. The first one referred to slope sliding 
along the schistosity with direction of 221/36, and 
the second one referred to potential wedge sliding. 
There was a potential unstable wedge, which was 
formed by the surfaces of a fault with direction of 
195/60, the schistosity with direction of 221/36 
and the joints with direction of 357/52. 

According to test Markland, 1972, the schistosity 
of the gneiss with direction of 221/36 was parallel 
to the strike of the slope causing planar sliding 
conditions. Two approaches were considered, in 
order to protect the slope from sliding (Fig.4). 
i. Change of the slope inclination, or 
ii. Change of the highway direction. 

Considering that the second solution was almost 
impossible, the slope geometry was studied using 
the limited inclination in order to ensure the stabil-
ity without changing the road design. Using an in-
clination more than 36o, ex. 45o (1:1), we could not 

 
Fig. 3. Slope placed on the right hand of the road. 

 
Fig. 1. Thessaloniki-Kavala section of Egnatia Highway. 

 
Fig. 2. Potential sliding along the slope “O11”. 
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protect the slope from sliding. This was because 
the plunge of the schistosity was located inside the 
area, which was bounded from the slope plane and 
a friction angle equal to 21o. So, if the average in-
clination would be less than 34o, the safety was en-
sured. 

In order to analyze the stability of the wedge, a 
friction angle for the fault surface of 21o was used, 
a friction angle for schistosity surfaces of 25o was 
used and a friction angle for joint surfaces of 35o 
was used. There was no cohesion between the dis-
continuity surfaces. So, according to the above 
data, the safety factor of the wedge was calculated 
4,18 determining high stability of the slope;  
F = 4,18            (1) 
F = safety factor 

Gneiss was easily weathered, mainly by rainwater 
and salt spray coming from the sea, loosing impor-
tant part of its cohesion behaving as a soil. So, for 

the stability of the slope, a critical slip cycle was 
estimated for proposing the proper slope geometry. 
The slope stability was performed using unit 
weight of gneiss equal to 2,65gr/m3, friction angle 
equal to 22o and no cohesion. 

Two benches, 10m high were proposed, with incli-
nation of 34o (V : H = 2:3). Low vertical benches, 
having width equal to 5m and height of 2,5m – 
3,25m, designed to be created at the site of the em-
bankment, so as the friction between the embank-
ment and the slope to be increased. Using the ge-
ometry above, the slope in study was stable in dry 
conditions (S.F. = 2) and almost was unstable ( or 
limited stable) in saturated conditions (S.F.=1) 
(Fig.5,6). After the construction of the embank-
ment, the safety factor, in dry conditions, was es-
timated equal to 2  and in saturated conditions 
equal to 1 (instability). 

5. Slope O22 (Ch.26+057–Ch.27+162) along 
the Nymphopetra to Asprovalta’s subsec-
tion   

The slope “O22” consists of very cracked and to-
tally weathered gneiss (RQD = 5%), covered by 
sand formation of Pleistocene. The quality of 
gneiss of the slope was poor as the rock mass was 
very weathered and absolutely cracked 
(RMRbas=28). For this reason, rock mass behaved 
as a soil. According to the SMR classification sys-
tem, the slope was unstable. Studying the stability 
of the slope, the gneiss rock mass slipped along; i) 
the fault 124/57 and ii) the joints of 99/72. Poten-
tial wedges were also formed by joints 201/69, 

 
Critical Circle for all Sets: 
 

X Cen Y Cen Radius Slices Safety Fac 
40.00 5.00 50.00 89 2.00 

Fig. 5. Circle sliding analysis and safety factor of slope 
“O19” after the embankment’s construction , in unsatu-
rated conditions. 

 
Critical Circle for all Sets: 
 

X Cen Y Cen Radius Slices Safety Fac 
40.00 5.00 50.00 89 1.00 

Fig. 6. Critical slip circle and safety factor of slope 
“O19” after the embankment’s construction , in satu-
rated conditions. 

 
Fig. 4. Potential sliding along the slope “O19”. 
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99/72 and joints 124/57 parallel to fault. Sliding 
took place at SSE direction.  

Terraces inclined at 45o were proposed to form the 
“O22” slope in order to be protected from planar 
sliding. The maximum height of the slope was 
about 50m. Taking into account that the slope con-
sists of totally weathered gneiss (γ=2,65gr/cm3, 
φ=26o, c=O), there was a potential cycled sliding 
(Fig.7). But according to slope stability analysis in 
saturated conditions, the slope was stable as the 
calculated safety factor of the critic circle was 7. 

6. Slope O23R (Ch.27+242–Ch.27+422) and 
O23L  (Ch.27+242–Ch.27+422) along the 
Nymphopetra to Asprovalta’s subsection   

The slope “O23r” consists of marble and gneiss 
with pegmatite veins. The rock mass quality was 
estimated medium (RMRbas = 53, GSI = 53-63) in 
the marbles, and good (RMRbas = 68, GSI=33-37) 
in the gneiss. The slope “O23l” is located at the 
left side of the road between ch.27+242 and 
ch.27+422. It consists of medium quality gneiss  
(RMRbas = 57, GSI=33-37).  

According to the SMR classification system, the 
marble formation on “O23r” slope was moderately 
stable, although the gneiss formation on the same 
slope was stable. The “O23l” slope was moder-
ately stable. According to stability analysis of the 
“O23r” slope, the type of probable sliding was; i) a 
planar sliding of gneiss rock mass along the joints 
directed to 279/43 and ii) a potential wedge sliding 
at west direction. The planes of joints 212/58 and 
279/43 formed the wedge (Fig.8). The marble rock 
mass sliced along the joints of 287/71 (Fig.9). As 
the rock mass was slightly weathered, there was no 
possibility of cyclic sliding. The gneiss rock mass 
of the “O23l” slope sliced along the planes of 
joints 210/64. A potential wedge, being formed by 

the joints of 210/64 and joints parallel to fault 
143/72, sliced at South direction (Fig.10). As the 
rock mass was slightly weathered there was no 
possibility of cyclic sliding.  

In order to protect the slope, against sliding, an in-
clination of slope equal to 45o was proposed.  

7. Vrasna tunnel (Ch.28+240–Ch.28+380) at 
the Redina to Asprovalta’s subsection   

Vrasna tunnel belongs to Redina – Asprovalta part 
of Egnatia highway. The tunnel, which is about12 
m high, consists of two parallel bores, 140 m long 
each, being oriented from the west to the east. A 
cavern is located at the northern part of the tunnel.  

The quality of gneiss, which is closely jointed, was 
generally characterized as poor (IV), changing to 
very poor (V), near tectonic contacts. The quality 
of marble, which is widely jointed and less weath-
ered than gneiss, was characterized as good (III) 
and near tectonic surfaces as poor (IV). The pres-
ence of karst phenomena, which were observed in 
marbles, during the excavation, was also taken into 
account on the estimations.  

As it is well known, the failure of a rock mass 
around an underground opening depends upon the 
in situ stress level and the geotechnical characteris-
tics of the rock mass. In highly stressed rock 

 
Fig. 7. Possible sliding along the slope “O22”. 

 
Fig. 8. Possible sliding on gneiss at slope “O23r”. 

 
Fig. 9. Possible sliding on marble at slope “O23r”. 
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masses the failure, around the opening, progresses 
from brittle spalling and slabbing, in the case of 
massif rocks with few joints, to a more ductile type 
of failure for heavily jointed rock masses. The 
presence of many discontinuities provides consid-
erable freedom for individual rock pieces to slide 
or rotate within the rock mass (Hoek et al, 1995). 
Failure, involving slip along intersecting disconti-
nuities in a heavily jointed rock mass, is assumed 
to occur with zero plastic volume change. For this 
purpose, in shallow tunnels,  as the Vrasna tunnel 
is, the geometry of the discontinuities is considered 
to be the main instability cause (Christaras et al, 
2002), taking also into account that no groundwa-
ter is present higher than the construction floor.  

Thirty-seven unstable wedges, heavier than 5tns, 
were estimated. In order to stabilize the wedges, 
the thickness of shotcrete was considered 10cm 
and the length of rock bolts was considered 6m. 
Taking into account the orientation, the spacing of 
discontinuities and the overall ground conditions, 
the rock bolt spacing was considered to be varied 
from 1.5mx1.5m to 1.5mx1m.  

In accordance to our estimations, shotcrete, up to 
3cm thick, could support the majority of the 
wedges, increasing the safety factor up to 9,88. 
The maxinum thickness of shotcrete, which could 
support successfully the wedges, without using 
other support measures, was 8cm, although in the 
most cases, shotcrete 1cm thick could effectively 
support the tunnel. Rockbolts, up to 3m long, could 
also support the most wedges, increasing the safety 
factor up to 9,43. Rock bolts 1m long, could sup-
port the most of these wedges. Five wedges could 
not be effectively supported by rockbolts, although 
they were effectively supported by shotcrete. Con-
sequently, shotcrete could support with efficacy 
the unstable wedges better than rock bolts. As it 
was observed, according to the linear relation be-

tween the safety factor of the wedges being sup-
ported by shotcrete of 10cm thick and the safety 
factor of the wedges being supported by shotcrete 
with the minimum required thickness, the safety, 
provided by the installation of the proposed by 
RMR system shotcrete thick, was about ten times 
the safety provided by the shotcrete with the 
minimum required thickness installation; 
SFshot.=10cm= 9.6604*SFshotcrete-4.1394           (2) 
R2 = 0,97.  
SFshot.=10cm= safety factor of the wedges being sup-
ported by shotcrete of 10cm thick 
SFshotcrete = safety factor of the wedges being sup-
ported by shotcrete with the minimum required 
thickness. 

Furthermore, as it was observed, according to the 
linear relation between the safety factor of the 
wedges being supported by bolts of 6m long and 
the safety factor of the wedges being supported by 
bolts, with the minimum required length, the in-
crease of bolts length more than 3m, did not in-
crease the safety; 
 SFbolts=6m= 0.988*SFbolts-0.5776                    (3) 
 R2 = 0,91 
SFbolts=6m= safety factor of the wedges being sup-
ported by bolts of 6m long 
SFbolts = safety factor of the wedges being sup-
ported by bolts, with the minimum required length. 

8. The high slope at Chainage 9+700 along 
the Asprovalta to Strymona’s subsection   

The slope, 60m high, consists of medium to high 
weathered, cracked biotitic gneiss. The water of a 
short rainfall decreased the safety of slope and cre-
ated landslide. The landslide was bounded at the 
half-formed part of the slope (Fig.11). Rock mass 
quality was pour (category IV). Tension crack 

Fig. 10. Possible sliding along the slope “O23l”. 

 
Fig. 11. Landslide at ch.9+700 along the road. 
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caused circular soil sliding. The critical circle in 
unsaturated conditions, was 50m deep and the 
safety factor was calculated 1,66. In saturate condi-
tions, caused by rainfall, the safety factor was 1,16. 
A short rainfall, which had taken place on March 
2002, created a landslide of the half part of the 
slope, which was just excavated using a beginning 
geometry. The slope consisted of small rock 
blocks. A cyclical sliding of loose material was 
bounded at east side of slope, where was a fault 
surface (115/65) and at west side of slope, where 
was a long sliding surface (120/76) (Fig12). Rain-
fall was the main cause of landslide at the safety 
factor (1,16) in saturated conditions was ultimate 
(Chatziangelou and Christaras, 2005). 

For landslide restoration and support, dips of 
downstairs were proposed to be smaller 
(height/width=1/1.5 and 1/1) than dips of upstairs 
(height / width = 2 / 1). Using this new geometry, 
the safety factor was 25% higher (SF = 2.08) at un-
saturated conditions and 35% higher (SF = 1,57) at 
saturated conditions than using the beginning ge-
ometry. The benches of the slope were designed 
about the same length so as the length did not af-
fect the safety factor and pore pressure. Thus, 
safety factor depended only on inclination of 
benches. According to the new geometry, big dips 
were formed downstairs and small ones were 
formed upstairs. When the height was also in-
creased, restrained powers were increased and slid-
ing powers were decreased. So, the safety factor of 
every part was progressively increased downstairs 
to upstairs making slope stable (Fig.13,14). 

9. Landslide in an open trench at ch.10+500 
to ch.10+700 along the Asprovalta to 
Strymona’s subsection. The high slope at 
Chainage 9+700 along the Asprovalta to 
Strymona’s subsection   

An open trench was planed to be constructed at the 
southern part of the Asprovalta tunnel II in order to 
replace the right bore of the tunnel (Fig.15). The 
excavation was performed from the upper parts to 
down slope. The geological formations, which 
were analyzed during the excavation were folded 
gneiss with joints of north and southeast directions, 
folded marble with joints of west and southeast di-
rections, folded amphibolite, whose schistosity was 

 
Critical Circle for all Sets: 
 

X Cen Y Cen Radius Slices Safety Fac 
50.00 11.00 50.00 62 2.08 

Fig. 13. Critical slip circle and safety factor of slope at 
“ch.9+700” using the proposed geometry in unsaturated 
conditions. 

 
Critical Circle for all Sets: 
 

X Cen Y Cen Radius Slices Safety Fac 
50.00 11.00 50.00 62 2.08 

Fig. 14. Critical slip circle and safety factor of slope at 
“ch.9+700” using the begging geometry in saturated 
conditions. 

 
Fig. 12. Possible sliding along the slope at “ch.9+700”. 
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oriented to northeast and southeast and the joints 
were of south and west directions. The gneiss and 
marble were co-folded and cut by three faults with 
NW, NE and SE directions. 

According to RMR classification system, the 
rockmass quality was characterized as poor 
(RMRbas = 22-40, RMR = 3-17). There was a part 
of slope between ch.10+570 and ch.10+640 con-
sisting of amphibolite and marble formations with 
better rock mass quality (RMRbas = 42-49, 
RMR=24-35) than the rest part of the slope. Ac-
cording to SMR classification system, the excava-
tion of the slope was very unstable and extensive 
failures were expected. 

Considering the stability of the slope, gneiss for-
mation, being placed between ch.10+505 and 
ch.10+556 of the 3rd bench, might slide along the 
direction of schistosity 213/35. The same forma-
tion, being placed between ch.10+510 and 
ch.10+520 of the 2nd bench, might slide along the 
direction of schistosity 246/42 (Fig.16). There was 
a part of completely weathered gneiss, being 
placed between ch.10+670 and ch.10+680 of the 

2nd bench, which might slide along the direction of 
the section being formed by schistosity 229/48 and 
joints 169/53 or 125/85. Marble formation, being 
placed between ch.10+600 and ch.10+640 of the 
2nd bench, might slide along the direction of the 
section being formed by schistosity 195/39 and 
joints 278/76 (Fig.17, 18). 

The formation of the upper three benches (4th, 3rd 
and 2nd) was just completed when an extensive 
landslide took place. The landslide was placed be-
tween ch.10+533 and ch.10+620. The sliding of 
the trench took place. The sliding of wedge be-
tween ch.10+600 and ch.10+620, located in the 
marble of the 2nd bench, caused the beginning of 
landslide. The sliding occurred along the schis-
tosity plane 195/39 and joints 278/76. The sliding 
of the wedge activated new sliding in the neighbor 
part between ch.10+533 and ch.10+600. The new 
sliding took place along the direction of gneiss 
schistosity 213/35. The excavation was interrupted 
for a long time and a new design of “cover and 
cut” was chosen to restore the failure (Chatziange-
lou and Christaras, 2005). 

 
Fig. 15. The landslide in study. 

 
Fig. 16. Potential sliding in gneiss along the 2nd bench,
between ch.10+510 and ch.10+520. 

 
Fig. 17. Potential sliding in marble, along the 2nd bench,
between ch.10+600 and ch.10+640. 

 
Fig. 18. Potential sliding in complete weathered gneiss, 
along the 2th bench, between ch.10+670 and ch.10+680. 
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10. Asprovalta tunnels (Ch.10+022–Ch.10+ 
708) along the Asprovalta to Stry-
mona’s subsection  

Asprovalta tunnels are two tunnels which are 
lengthen about 250m. The tunnel I consists with 
two bores. On the other hand the tunnel II consists 
with one left bore. The right bore of the tunnel II 
has been replaced by the “cover and cut” tunnel, 
which mentioned on the above paragraph. The 
geological formations which were crossed by the 
tunnels were jointed gneiss, from slight weathered 
to abrasive rock mass, slight and medium weath-
ered jointed marbles, good qualified amphibolite, 
pegmatitic and aplitic veins (Christaras et al, 2002).  

The deformations, which were measured during 
the excavation, were less than 8,71cm along the X-
axis and less than 4,4cm along the Y-axis. That is 
because the crack of rock mass helped at the deto-
nation of tensions around the excavation. Although 
extensive failures were not possible to take place, 
big pieces of rock mass were failed down from the 
roof or sliced from the walls. The above observa-
tion showed that the deformations were not con-
nected with the failures. The failures were related 
to cracked wedges. The cracked wedges might fall 
down or slide along a sliding surface, as the con-
nection of the rock mass, between the discontinui-
ties, was not enough to balance the power of slid-
ing, which was due to weight of wedges and the 
weight of the overlying formations. Actually, the 
failure of wedges was created in stages. At the be-
ginning, the sliding and falling of the small pieces 
of wedges, which uncovered during the excava-
tion, took place. Those small pieces caused the 
failure of the wedges behind themselves. 

Comparing different support measures, shotcrete 
created the most effective support. Shotcrete some 
centimetres thick could effectively support the po-
tential cracked wedges. We concluded to a rela-
tionship between the thickness of shotcrete and the 
face area of the wedges; 
F (m2) = 0,3489*(h(cm))2+16,654*h(cm)+14,049      (4) 
h = the thickness of shotcrete 
F = the face area of the wedge 
The correlation coefficient of the above relation-
ship was 0,882. 

The presence of rock bolts increased the safety fac-
tor 8%, but they could not support the rock mass 
using them alone. The rock bolts supported a point 
of the rock mass, so the pieces that were not in the 
influence radius of that point were sliding.  

11. Tunnel of Symbol mountain along the 
Strymonas to St. Andrea’s subsection  

Symbol’s mountain tunnel belongs to Strymonas 
River – New Peramos subsection of Egnatia high-
way. The tunnel, which is oriented from West to 
East, is about13 m high and consists of two paral-
lel bores, about 1150 m long each. The area is geo-
logically located in mass of Rila - Rodope, gener-
ally consisting of gneiss, schist, amphibolites, 
marbles and plutonic rocks.  

The tunnel was excavated dangerously because of 
the difficult geological status with unexpected fail-
ure conditions. The sliding along a plane, the dé-
collement from the roof and the fall of wedges 
were the common failure causes. Different meth-
ods were used in order to excavate the tunnel 
safely. The NATM method of excavation was used 
near the outlets and where the rock mass was very 
poor. On poor and medium quality of hard rock 
mass the explosive measures were the most effec-
tive. Also, light explosion was used in order to 
crack the hard rock mass helping the excavation. 
Chloritic schist formation and the places, where 
the loose weathered material flowed from the walls 
and the face, were excavated by the SCL method. 
The sudden change of rock mass quality created 
the necessity of fore polling. 

One hundred and eleven wedges were measured 
along the right bore of the tunnel. All the wedges 
were to be collapsed, so the calculated safety fac-
tor, before the application of support was zero. 
Twenty five wedges were observed to be supported 
with mechanical anchors with length of 6m. Five 
wedges were supported with swellex bolts. So, the 
mechanical anchors can support more wedges than 
the swellex bolts can. Also, there is no difference 
when the bolts are grouted at 50% of their length 
and are totally not grouted. The safety becomes 
bigger when the bolts are totally grouted.  Forty 
seven wedges are supported sufficiently. Also, the 
grouted anchors, with 100% bond length, give 
higher safety factors than the grouted anchors with 
50% bond length. The percentage of safety in-
creases two times with the use of grouted anchors 
with 100% bond length. As far as shotcrete con-
cern, seventy four wedges are supported effec-
tively with shotcrete 5cm thick. As the excavation 
of tunnels and the application of the support meas-
ures are dangerous, the quick calculation of shot-
crete thickness during the excavation is useful. 
Comparing the apparent face of the wedges (the 
surface which is appeared at the inner surface of 
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the tunnel) with the demanded shotcrete thickness 
(thinner than 40cm), in order the unstable wedges 
to be supported, a relationship was resulted; 
F (m2) =0,0061*[h(cm)]2+0,7484*h(cm)+1,4068   (1) 
where h = shotcrete thickness (cm) 
F = apparent face of the wedge (m2) 
The coefficient of the above relationship was cal-
culated 0,877. 

12. Conclusions 
The present paper describes the main places, along 
Thessaloniki - Kavala section of Egnatia Highway 
in N. Greece, with characteristic instability phe-
nomena, and studies the mechanism of sliding and 
rock falls, so as support measures and methods of 
excavation will be estimated.  

The orientation of the discontinuities and the poor 
quality of the rock mass, were responsible for the 
instability. Rainfall also helps landslide to be oc-
curred. Probable failures and landslides can be 
prevented if the inclinations of a) the low slopes 
(lower than 50m), are reduced to lower than 45o, 
and b) the high slopes (higher than 50m), decrease 
down-slope. Furthermore, the following solutions 
are also proposed: a) the construction of embank-
ments in order to restrain the sliding of the slopes, 
b) the construction drainage systems in order to in-
crease retaining forces, c) wire mesh in order to re-
strain small wedges and d) rock bolts in order to 
restrain wire mesh and wedges. 

Concerning the support of shallow tunnels, where 
the water is placed down the floor of the tunnels, 
the measured deformations during the excavations 
were not connected with the failures. The cracked 
wedges were created the main failures, as they 
failed down or slide along a sliding surface, as the 
connection of the rock mass, between the disconti-
nuities, was not enough to balance the power of 
sliding, which was due to weight of wedges and 
the weight of the overlying formations.  

Comparing different support measures, shotcrete 
could support with efficacy the unstable wedges 
better than rock bolts. In addition to that, if we in-
crease the thick of shotcrete, the safety factor will 
also be increased. On the other hand, the increase 
of the rock bolts length, does not affect so much 
the safety factor. Examining the effectiveness of 
different types of anchors, on suddenly changed 
rock mass quality, we concluded that the mechani-
cal anchors can support more wedges than the 
swellex bolts can. Also, there is no difference 

when the bolts are grouted at 50% of their length 
and are totally not grouted. The safety becomes 
bigger when the bolts are totally grouted.   

Finally, comparing the apparent face of the wedges 
with the demanded shotcrete thickness, in order the 
unsteady wedges be supported, a relation being 
formed was resulted;  
y = a * x2 + b * x + c  
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Abstract: Principal component analysis, cluster analysis, and discriminant analysis were applied to 
well-logging data from the Miocene clastic formation in the Carpathian Foredeep, Poland. The main 
goal was to improve the results of interpretation of well logging in terms of determining gas-saturated 
horizons. The presented examples illustrate how statistical methods help limit the number of log data 
while preserving sufficient information. In addition, the two cases illustrate the grouping of data into 
clusters to reveal sets of features attributed to reservoir horizons and sealing layers and construction of 
discrimination functions to distinguish between gas- or water-saturated beds of sandy-shaly lithology.  
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1. Introduction 
The case studies presented in this paper are the re-
sults of research performed in the Miocene gas de-
posits in the Carpathian Foredeep. K and D are 
small gas deposits formed in the Sarmatian succes-
sion of sandy-shaly thin-bedded clastic rocks in 
which sedimentological conditions cause variabili-
ty of lithology and reservoir parameters, i.e., po-
rosity and permeability and hydrocarbon saturation 
(Fig. 1). The two examples provided are intended 
to show how statistical methods ease interpretation 
of well-log data in difficult geological conditions.  

2. Methods 
2.1. Well-logging data 
Wireline logging in a borehole provides log ana-
lysts with great amounts of data. Usually, a dozen 
or so logs are simultaneously made in the borehole, 
with each log based on the different petrophysical 
parameters. Different techniques can give different 
results, however; for example, resistivity is meas-
ured using several devices that provide information 
depending on their radius of investigation. Shallow 
devices penetrate the flushed zone, deeper ones 
penetrate the invaded zone, and the deepest ones 
reach the virgin zone. Thus, we cannot freely in-

terchange results from resistivity logs but must se-
lect the one that gives consistent and accurate in-
formation. In addition, well-log data can be 
grouped based on the information delivered. For 
instance, spontaneous potential log (SP) and gam-
ma ray log (GR) address the shaliness in a rock 
formation, and we can use both or select the one 
that is more useful in processing and interpretation. 
Statistical approaches may help in making this de-
cision. Table 1 gives a set of logs that is typical for 
the study area. The number and type of logs de-
pend on the geological and prospecting goals and 

Fig. 1. Location of the K and D deposits on the back-
ground of a part of the Carpathian Foredeep (Karn-
kowski, 1999, modified). 



142 
 

methodology and equipment used. Results of the 
comprehensive interpretation of well logs, i.e., vo-
lumes of mineral components and porosity and wa-
ter saturation, are also included in the statistical in-
vestigation.  

2.3. Applied statistical methods 
The appropriate statistical approach to use for well 
logging should be a match for the methods that are 
appropriate to the problem being solved. Efficien-
cy depends on the theoretical precision of methods, 
the possibility of adapting them to log data, and the 
accuracy of logging the given data (Ingerman 
1995). Three methods were selected for the goals 
of this work: (1) limiting the available data set 
without losing information; (2) making easier the 
processing of data clustered into the selected 
groups; and (3) analyzing the discrete sets of data 
after discrimination and classification based on de-
fined criteria (Jolliffe 2002). Principal component 
analysis (PCA) was used to address the first goal. 
This mathematical procedure transforms a number 
of possibly correlated variables into a smaller 
number of uncorrelated principal components. The 
first principal component accounts for as much of 
the variability in the data as possible, and each 
succeeding component accounts for as much of the 
remaining variability as possible. The applicability 
of PCA is limited by assumptions about data li-
nearity, by the statistical importance of mean and 
covariance, and by an assumption that large va-
riances have important dynamics. Cluster analysis 
(CA) is the assignment of a set of observations into 
subsets so that observations within a cluster are 
similar in some way. Clustering is a common tech-
nique for data mining that builds a hierarchy from 
individual elements by progressively merging clus-

ters. The first step is to determine which elements 
to merge into a cluster. Usually, we take the two 
elements that are closest based on the chosen dis-
tance measure. The idea of clustering variables ra-
ther than observations is useful and helps make the 
clustering of PCA results effective. Linear discri-
minant analysis (LDA) is a method used to identify 
the linear combination of features that best sepa-
rate two or more classes of objects. The resulting 
combination is used as a linear classifier. Canoni-
cal discriminant analysis identifies axes that best 
separate the categories. LDA explicitly attempts to 
model the difference between the classes of data. 
PCA, on the other hand, does not take into account 
any difference in class.  

3. Results and Discussion 
Two cases are presented here. The first example 
shows how statistics can help distinguish among 
thin sandstone/mudstone gas-saturated beds, thin 
sandstone/mudstone water-saturated beds, or clays-
tones themselves, crucial distinctions for gas pros-
pecting in the Miocene sandy-shaly formation in 
the Carpathian Foredeep. The effect of masking of 
gas-saturated low-thickness horizons because of 
insufficient vertical resolution of logs is observed 
as low resistivity of gas-bearing layers. In the 
study area, low resistivity is typical for water-
bearing sandstones/mudstones and claystones. A 
short radius of investigation logs such as bulk den-
sity, RHOB, and acoustic transit interval time (DT) 
also reveal distortion: Because gas is shifted into 
the far parts of pores due to mud filtration in the 
flushed zone, these features do not show anomalies 
caused by gas presence in the porous space.  

3.1. Case 1 
Case 1 relates to the Miocene sediments in the K 
gas deposit in the eastern part of the Carpathian 
Foredeep. K11 and K17 wells are drilled in the 
Sarmatian formation built of thin sandstone lami-
nas interbedded with thin layers of claystones and 
mudstones. Differences in sedimentological con-
struction of the beds and in the lithology are appar-
ent, but low thickness of the layers and low vertic-
al resolution of logging probes limit using well 
logging to obtain proper, detailed petrophysical 
characteristics of selected beds. Many logs of vari-
ous vertical resolution are run in both wells and 
give a great amount of data. Data delivered by sin-
gle logs do not repeat the information but are in-
stead complementary; however, it is difficult to 
analyze individual anomalies of many logs sepa-
rately. Results of the comprehensive interpretation 

Table 1. Well logs and results of the comprehensive in-
terpretation used in the statistical processing. 

Well logs Results 
of the interpretation 

GR*, NPHI, RHOB, SP, 
DCAL, LL3, EL14, EL28,  
EN16, EN64, HO01-HO12, 
DT 

PHI, K, SW, VSA, VSH 

GR*, gamma ray; NPHI, neutron porosity; RHOB, bulk density; SP, 
spontaneous potential; DCAL, difference between caliper and bit 
size; LL3, resistivity from the Russian type laterolog; EL14 and 
EL28, resistivity from lateral logs of shallow and deep radius of in-
vestigation, respectively; EN16 and EN64, resistivity from normal 
logs of shallow and deep radius of investigation, respectively; HO01-
HO12, logs of increasing radii of investigation of High Resolution 
Array Induction, HRAI, respectively; DT, transit interval time of P 
wave; PHI, total porosity; K, permeability; SW and SX0, water satu-
ration in the virgin and flushed zones, respectively; VSA, volume of 
sand; VSH volume of shale



143 
 

are available together with logs, and the interpreter 
is overloaded with data. In addition, the interpreter 
still faces the problem of choice: Which anomaly 
depicts a gas-bearing horizon and which one is ar-
tificial due to limitations of the measured technol-
ogy and interpretation procedures?  

Statistical analysis of data in wells K11 and K17 
consists of four steps. First, basic statistics are cal-
culated and means, medians, minima and maxima, 
and standard deviations show that claystone and 
mudstone and shaly sandstone dominate in the ana-
lyzed rocks in both wells. Histograms of the results 
of the comprehensive interpretation (Fig. 2) reveal 
more details. For example, histograms of sand vo-
lume (VSA) are similar, but the range of change in 
VSA is greater in the K17 well. Also, the porosity 
(PHI) histogram reveals a greater number of data 
with higher PHI; the histogram of water saturation 
(SW) is shifted to the right, with a maximum close 
to 100% but with many samples between 75% to 
99% showing gas-bearing beds. The histogram of 
log10K (LogK) shows higher permeability than in 
well K11, i.e., more samples reveal permeability 
higher than 0.1 mD. Next, PCA reduces the num-
ber of primary log data. According to the Kaiser 
criterion and scree test (Jolliffe, 2002), only three principal components are selected. They explain 

75% of the variability of the data in the K11 well 
and 82% in the K17 well. Thus, we do not risk los-
ing information about rock formation. Loading fac-
tors for the principal components (Tab. 2) show 
which logs are important in constructing them and 
explain the variance in the data set. In both wells, 
resistivity logs construct the most important first 
principal component, PC1. Resistivity of rocks de-
pends on mineral composition (lithology) and satu-
ration of porous space. All resistivity logs included 
in PC1 have high loading factors, indicating that 
information about the invasion zone provided with 
resistivity from logs of different radial range is 
crucial for a description of a sandy-shaly gas-
saturated formation. Information from GR and 
NPHI falls into the second position in the PCA. 
GR gives the information about content of clay 
minerals, and NPHI gives information about the 
hydrogen index (HI). A high index is typical for 
water-bearing formations, but shaliness in the for-
mation can increase it, too. Gas-bearing formations 
have reduced HI because of lower amounts of hy-
drogen filling the porous space. The third principal 
component (PC3) in the study wells is not based on 
the same logs. In well K17, where gas-bearing 
sandstones occur more frequently, PC3, based on 
RHOB, gives information about saturation. In the 

 
Fig. 2. Histograms of results of well-logging interpreta-
tion in the K11 well (upper part) and K17 (lower part). 

Table 2. Loading factors for PC and logs in K11 and 
K17 wells 

 K 11 K 17 
 PC1 PC2 PC3 PC1 PC2 PC3 

GR -0.32 0.84 0.23 -0.28 0.83 -0.40 
NPHI 0.06 0.74 0.33 -0.15 0.89 0.08 
RHOB -0.52 0.56 -0.10 -0.32 0.32 -0.79 

SP 0.15 0.05 0.86 0.56 0.68 0.23 
DT 0.35 0.20 0.60 0.37 0.47 0.64 

EL14 0.83 0.14 0.23 0.56 0.31 0.60 
EL28 0.74 0.20 0.28 0.49 0.34 0.60 
EN16 0.93 -0.14 0.13 0.90 -0.00 0.38 
EN64 0.94 -0.10 0.10 0.87 0.08 0.41 
LL3 0.94 -0.11 0.13 0.91 0.01 0.35 

HO01    0.69 -0.15 0.24 
HO02    0.91 0.03 0.22 
HO03    0.92 0.08 0.24 
HO06    0.94 0.10 0.25 
HO09    0.93 0.11 0.24 
HO12    0.90 0.11 0.23 
DCAL 0.27 0.78 -0.09 0.29 0.43 0.20 
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K11 well, a high position of SP in PC3 reflects the 
influence of the clay component of lithology 
(shaliness in the K11 well rock profile is higher 
than in the K17 well). In the next step, CA for 
principal components is performed. Because of the 
great number of data for the full Sarmatian profile 
(in K11, 6811 data depth points; in K17, 6941), 
334 and 340 data points are drawn for K11 and 
K17, respectively. The Ward method is used for 
clustering, and as a result, dendrograms are used 
for analysis (Fig. 3). Optimal cut-off levels are se-
lected on the basis of agglomeration plots. Five 
clusters are selected for K11 (A1, A2, B, C1, and 
C2) and three for K17 (A, B, C). One-way analysis 
of variance with nonparametric tests for median for 
results of the comprehensive interpretation was 
done to confirm the correctness of clustering and 
prove a real variability of lithology and reservoir 
parameters in the selected groups. Box and whisk-
er plots for results in wells K11 and K17 show dif-
ferences between populations (Fig. 4). Clusters A 
and C are similar in terms of lithology. In K11, all 
groups (A1, A2, B, C1, and C2) are similar for 
VSA. In K17, the volume of sand in cluster B is 
distinctly lower. A similar pattern emerges for PHI 
and LogK in the groups distinguished in the K11 
and K17 wells. Thus, we conclude based on data 
from the A and C clusters a composition of shaly 
sandstone beds of good reservoir parameters. Clus-
ter B comprises data from water-saturated horizons 
of increased shaliness and lower porosity and per-
meability. In terms of water saturation, cluster A 
consists of a high-porosity, high-permeability wa-
ter- and gas-saturated population. Group A2 in 
K11 and group A in K17 are the most important 
from a prospecting point of view. Medians, 25% 
and 75% quartiles, and minimum–maximum 
ranges provide a good evaluation of the gas-
bearing possibility of the formation in groups A2 
(K11) and A (K17).  

The third step of data processing is the LDA of 
principal components. For this approach, the data 
sets used for clustering are divided into a training 
set and a testing set in a 3:1 proportion. Training 
sets are used for determination of the discriminant 
functions. Correctness of the LDA is checked us-
ing the testing sets. Three discriminant functions 
are defined for data in K11. The principal compo-
nent PC1 contributes the most to discrimination, a 
result of the lowest value of partial Wilks lambda 
and the highest value of F statistics and tolerance 
(Tab. 3). The first discriminant function, DF1_11, 
provides 55% of discrimination power. In the 
DF1_11function, PC1 carries the greatest weight. 
In the second discriminant function, DF2_11, pro-
viding 25% of discrimination power, PC2 is the 
most important.  

Groups of water-saturated shaly-sandy rocks (A1, 
B, and C2) of lowered porosity and permeability 

 
Fig. 3. Results of cluster analysis in K11 and K17 wells. 

 
Fig. 4. Box and whisker plots for volume of sand, VSA,
porosity, PHI, decimal log of permeability, log10K, and
water saturation, SW, for wells K11 and K17.  

Table 3. Results of discriminant analysis, standardized 
coefficients of discriminant functions, K 11 well 

  
Wilks  

lambda 

Partial  
Wilks  

lambda 
F  T DF1_11 DF2_11 DF3_1 

PC1 0.13 0.25 187.98 0.89 -0.94 0.23 -0.43 
PC2 0.09 0.37 106.22 0.97 0.26 -0.82 -0.54 
PC3 0.10 0.31 141.72 0.92 -0.71 -0.52 0.56 

Cumulative % 0.55 0.80 1.00 
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have various values of the first discriminant func-
tion, DF1_11, and of the second function, DF2_11 
(Fig. 5). Classification functions are calculated 
based on a classification probability assumed a 
priori in proportion to the number of data in the 
clusters. For the defined classification functions, 
correctness of classification is about 93% (Tab. 4). 
Correctness in the A2 group, the most important 
from a prospecting point of view, equals 94%. The 
effectiveness of the method is confirmed in the test 
data set (Tab. 4). For the full data set, 92% of the 
data are correctly classified, and the best result is 
obtained for groups A2 and B. This example shows 
how the lithology of the horizons with the best re-
servoir parameters can be distinguished among 
other, similar lithological types. In the K17 well, 
the attention is focused on discrimination between 
gas-bearing and water-saturated beds of favorable 
(sandy) lithology and good reservoir parameters. 
Two discriminant functions are considered, and the 
first one, DF1_17, comprises 70% of discriminant 
power. In the DF1_17 function, the most important 
are PC1 and PC3 (lowered RHOB is an indicator 
of gas-bearing beds). In the second discriminant 
function with 30% discriminant power, PC2 (based 
on shaliness indicators) has the greatest weight. 
The first discriminant function differentiates be-
tween sandy beds of good reservoir parameters 
from A and B clusters and from beds of cluster C 
of low porosity and permeability. The sandy-shaly, 
water-saturated group of good reservoir parameters 
(C) is distinctly separated in Figure 6. The highest 
values of the first discriminant function, DF1_17, 
and the vast range of the second discriminant func-
tion, DF2_17, are typical for that group. Low val-
ues for DF1_17 and high values for DF2_17 are 
characteristic for the group of good reservoir pa-
rameters (as in the previous case) but not for gas-
bearing samples. We conclude that the second dis-
criminant function is crucial for selecting gas-
bearing beds because of positive values in that 
group of data.  

The results of discriminant analysis in the K11 and 
K17 wells are presented together with the litholo-
gy–porosity–water saturation solution from the 
comprehensive interpretation of well logging (Fig. 
7). In the upper part of the well profiles, there are 
water-saturated beds classified according to reser-
voir properties and the lithology solution obtained 
from the comprehensive interpretation of well logs. 
In the lower part of the profiles, more gas-bearing 
layers are identified and a conformity of the statis-
tical analysis and the comprehensive interpretation 
is observed.  

3.2. Case 2  
Case 2 concentrates on the separation of gas-
saturated parts of the special sandstone horizon, 
designated as D sandstones, from other clastic se-
diments in the Sarmatian sandy-shaly formation in 
the D gas deposit. The elaborated D sandstones 

 
Fig. 5. Results of the discrimination analysis, dispersion
plot of the canonical functions of the K11 well. A1, B, 
C2: water-saturated sandy shales of low porosity and 
permeability; A2: water- and gas-saturated shaly sand-
stones of high porosity and permeability; C1: water-
saturated shaly sandstones of high porosity and permea-
bility. 

Table 4 Correctness of classification, K11 well. 
Group % A1 A2 B C1 C2 % A1 A2 B C1 C2 

Training data set Testing data set 
A1 82.35 28 3 3 0 0 A1 88.89 8 0 1 0 
A2 94.00 0 47 3 0 0 A2 100.00 0 12 0 0 
B 100.00 0 0 100 0 0 B 100.00 0 0 19 0 
C1 100.00 0 0 0 26 0 C1 93.75 0 0 1 15 
C2 82.98 0 0 3 5 39 C2 80.95 0 0 2 2 
All 93.39 28 50 109 31 39 All 92.21 8 12 23 17 
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occurring at the bottom of the Sarmatian succes-
sion are porous (15–35%) and permeable (up to a 
few hundred mD) quartzite arenites of 20–50-m 
thickness of submarine fans. Their genesis is the 
result of clastic material transportation from 
eroded orogene, temporarily uplifted over sea level 
in the great Miocene sedimentary basin in front of 
the Carpathians head (Porebski et al. 2000). Typi-

cal block-shape anomalies in well logs are ob-
served in the D sandstone (Fig. 8). Statistical anal-
ysis is performed using log data from three wells. 
In the D12 and D13 wells, D sandstones are identi-
fied, but in D15 they are not observed. At the first 
stage, PCA gives the reduction of log data to four 
principal components that explain more than 80% 
of the variability of the data. In the D12 and D15 
wells, the most important role for PC1 is in resis-
tivity logs (EN16, EN64, and LL3). Resistivity in-
formation is crucial in lithology and gas-saturation 
identification. In the D13 well, PC1 is built by GR, 
NPHI, SP, and DCAL (the difference between real 
caliper and bit size). This result indicates that in 
D13, shaliness plays the greater role in lithology in 
comparison to other wells, although simple statis-
tics using VSH do not confirm this conclusion. In 
D12 and D15, PC2s are similar, constructed by GR 
and SP and confirming the importance of shaliness 
in the interpretation of the Sarmatian sediments. 
Contrary to results from the previous wells, in D13 
resistivity logs, EN16 and EN64 build PC2. PC3s 
in all wells are influenced by DT and RHOB, em-
phasizing the role of gas saturation in well logs and 
principal components. PC4s are built by lateral re-
sistivity logs, EL14 and EL28. In summary, PCA 
is an effective tool in the reduction of the number 
of data. The important information about lithology 
(especially VSH), porosity, and gas saturation is 
preserved. PCs do not show special features of D 
sandstones. In the next step, clustering is done on 
the basis of PCs, and a distinct A group of D sand-
stone is separated into D12 and D13. Keeping in 
mind the ability of PCA to show the internal struc-
ture of data, additional grouping of PCs is 
performed on the selected samples from only D 
sandstones to check the uniformity of that group 

 
Fig. 7. Lithology–porosity–saturation solution and re-
sults of discriminant analysis in wells K11 and K17; ex-
planations as in Figures 5 and 6. 

 
Fig. 8 Well logging in the D12 well in the Sarmatian 
succession; 915–995 m, D sandstones. 

 
Fig. 6. Results of the discrimination analysis, dispersion 
plot of the canonical functions, K17 well. A: water- and 
gas-saturated sandy-shaly rocks of high porosity and 
permeability; B: water-saturated shaly sandstones of 
low porosity and permeability; C: water-saturated 
sandy-shaly rocks of high porosity and permeability. 
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(Fig. 9). Selection of 4 and 5 groups in D sand-
stone data sets in wells D12 and D13, respectively, 
is essential to distinguish gas-saturated samples 
from others. Samples in the A cluster have a rela-
tively high VSA, high values of PHI and K, and 
low water saturation (Fig. 9). Thus, we can say that 
D sandstones are not uniform in terms of lithology 
and water saturation but that the gas-saturated 
groups—A3 in D12 and A5 in D15—are distinct.  

LDA and CA performed on principal components 
in the whole Sarmatian data set show good results. 
Training data sets are used to select components 
that are the best in differentiating the rock forma-
tion into classes of the best reservoir parameters 
and high gas saturation. Principal components built 
of GR, NPHI, and SP turn out to be the most effec-
tive in discrimination in all wells. Results of test 
data sets confirm classification obtained using 
training sets. After statistical analysis, we conclude 
that D sandstones are important in terms of gas sa-
turation, but in gas prospecting, thin sandy-shaly 
beds cannot be overlooked.  

4. Conclusions 
Statistical methods make easier the processing of 
great amounts of ambiguous well-logging data. 
Use of principal components instead of full log da-
ta sets delivers enough information to classify rock 
samples in terms of lithology, reservoir parame-
ters, and gas saturation. Thin gas-saturated sand-
stone layers in the Sarmatian shaly-sandy forma-
tion, especially in D sandstones, can be successful-
ly identified.  
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Abstract: All reservoirs are characterized by a sum of matrix and fluids properties. They are evaluated
by a complex investigation consisting of core sampling analysis, geological, geophysical and hydrody-
namic investigation and production data. These properties can be constant for the whole field when the
reservoir is a homogenous one, or these properties can be variable and the reservoir is a heterogeneous
one. But, what is the reservoir heterogeneity and how we can find its magnitude? According to Jensen et
al (1997), “Heterogeneity is the property of the medium that causes the flood front, the boundary be-
tween the displacing and displaced fluids, to distort and spread as the displacement proceeds”. There are
more statistics methods (static and dynamic) for determination of reservoir heterogeneity. The static
methods are: The Coefficient of Variation, Dykstra-Parsons Coefficient, Lorenz Coefficient and Gelhar-
Axness Coefficient. This work is focused on the static methods, more specifically on Lorenz coefficient,
while the dynamic methods are not discussed. For calculation the Coefficient Lorenz is necessary to
know porosity, permeability and thickness of the reservoir. The number of values has to be enough and
have a uniform distribution on the field for a statistical calculus. The following aspects of this applica-
tion are emphasizing: wide domain of values for permeability data, the number of permeability values is
not always enough for statistical analysing methods; the parameters from well logs are more representa-
tive and easy to obtain for the whole reservoir. This paper presents a new mathematical model and a
novel practical method to evaluate the reservoir heterogeneity with Lorenz Coefficient using properties
of rocks determined from well logs. The mathematical model uses field parameters, such as reservoir
porosity, porosity of shale, shale volume and thickness to evaluate the reservoir heterogeneity. The
technical contribution of this paper consists not only in a novel practical method to evaluate reservoir
heterogeneity, but new challenges are expected from a technological point of view. The application data
are provided by the wells from the oil structure named Barbuncesti, (Beca, C., Prodan, D., 1983.) Bar-
bucesti structure is situated in the southern part of the inner (folded) flank of the Eastern Carpathians
foredeep known as the Miopliocene or Diapiric Folds Zone.

Keywords: heterogeneity, porosity, permeability, clay volume, Lorenz Coefficient

1. Introduction
A good management of oil and gas fields is given
by the data accuracy contained in the geological
documentation, physical model of reservoir, his-
tory matching etc. A comprehensive and detailed
study of the reservoir rocks and their fluids (Davis,
1973) is essential to optimize oil and gas recovery
and maximize income. Geological and geophysical
data are essential elements of most aspects con-
cerning reservoir description. The initial data for
an oil reservoir exploitation study (Dake, 1978) are
obtained from: well logs, samples from wells
(cores, cuttings, lateral samples, DST, etc.), pro-
duction data, and hydrodynamic investigations.

The physical model contains data regarding: reser-
voir’s depth, collectors’ thickness, porosity, per-
meability, formation pressure, temperature etc.
These values are obtained from well measurements
and represent individual point values with a not
necessarily uniform spatial distribution, both hori-
zontal and vertical. Data uniformity determines the
collectors’ homogeneity or heterogeneity.

Heterogeneity measures can be classified as static
and dynamic. The static measure of heterogeneity
takes into account statistically the directly or indi-
rectly measured values on formation samples, the
dynamic measure of heterogeneity implying a flow
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experiment and evaluating how the heterogeneity
affects the flow.

Reservoir properties such as porosity, permeabil-
ity, clay volume, and water saturation are probabil-
istic in nature at a small scale, but deterministic in
behaviour at a large scale. They have a major in-
fluence on fluid accumulation into the reservoir
and on the fluid flow through the porous media.
Similarly, the collectors’ heterogeneity values lead
to reservoir’s management decisions like the op-
portunity of drilling horizontal wells, use of secon-
dary recovery processing, performing raising af-
flux from the collector to the wells etc.

Using quantitative methods for finding the collec-
tors’ heterogeneity allows for the right decisions in
its exploitation.

Apart from the Lorenz Coefficient, worth to be
mentioned is the Coefficient of Variation, the
Dykstra–Parsons and the Gelhar–Axness ones.

Coefficient of Variation
The coefficient of variation is given by relation:

100=
X
S

CV (1)

where S is the standard deviation and X is the
arithmetic average.

The mean and standard deviation tend to change
together while the coefficient of variation tends to
remain relatively constant. If the data are a reser-
voir’s property, the coefficient of variation may
indicate its heterogeneity (Moissis and Wheeler,
1990).

Dykstra – Parsons Coefficient

One of the most important properties of the reser-
voirs is permeability. Although the permeability is
an important measure in reservoir engineering, its
values obtained using direct (samples measure-
ments) or indirect (hydrodynamic investigations)
methods have large variations. The heterogeneity
of reservoirs’ permeability is given by the
Dykstra–Parsons’ Coefficient (Dykstra and Par-
sons, 1950):

50.0

16.050.0 -
k

kkVDP = (2)

where k0.5 in the permeability median value while
k016 is the permeability one standard deviation be-
low k0.5 on a log-probability plot (Dykstra and Par-
sons, 1950).

VDP is null for homogeneous reservoirs and one for

hypothetically „infinitively” heterogeneous ones.
This coefficient is also known as permeability
variation coefficient, variance or variation.

Gelhar – Axness coefficient

The Gelhar – Axness coefficient (Gelhar and Ax-
ness, 1983) is a combination of static measures and
spatial correlation and is given by:

DkH λσI ×= 2
)ln( (3)

where 2
)ln( kσ is the variance and Dλ is the autocor-

relation length.

2. Lorenz Coefficient
The Lorenz heterogeneity coefficient is a static
measure of heterogeneity taking into consideration
the statistic nature of the porosity and of the per-
meability of a stratified reservoir consisting of N
sub layers of net pay thickness hi, Ki absolute per-
meability and Φi absolute porosity. For every 1 ≤ n
≤ N, the fractional flow capacity, Fn, is evaluated
as:
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and the fractional storage capacity, Cn, as:
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One can plot F versus C on a linear graph (Fig.1),
and connect the points to form the Lorenz curve
BCD. The curve must pass through (0,0) and (1,1).
If A is the area between the curve and the diagonal,
the Lorenz coefficient is defined as LC= 2A. Using
the trapezoidal integration rule, we have (Jensent
and Lake, 1991):
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The Lorenz Coefficient is null for homogeneous
reservoirs and one for hypothetically „infinitively”
heterogeneous ones. The Lorenz Coefficient can be
computed with a good accuracy for any oil field if
the thickness, porosity and permeability are cor-
rectly determinated. Between these three proper-
ties, usually, the permeability has a large domain
of values, the amplitude of this property’s values is
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wide and the accuracy of determinations is not al-
ways very good.

In this paper we propose to compute the Lorenz
coefficient using the data from well logs. The
thickness and the porosity are two properties which
are easy to obtain from well logs, (Djebbar and
Donaldson, 2004) compensated neutron log, den-
sity log, sonic log and other methods.

A special problem is the values of permeability for
which were established many empirically relations.
The absolute values of permeability compute with
these relations are not always satisfactory because
the precision is not very good. To calculate the
fractional flow capacity, Fn , we can use relatively
values, so we present further on.

Based on the relation of Wyllie and Rose (1950)
were propose a few empirically relations for evalu-
ate the permeability “k” which use the porosity
“Φ ” and irreducible water saturations “Swi”, both
properties can be obtained from well logs. The
most well know relations (Schlumberger Ltd.,
1989) are:

Tixier

wiS
k

3
2

1
250 Φ

⋅= (7)

Timur

wiS
k

25.2
2

1
100 Φ

⋅= (8)

Coates-Dumanoir

w
wi

w

Sw
k Φ300

4
2

1
⋅= (9)

Coates
( )

wi

wie

S
Sk −⋅

⋅=
1Φ70

2
2

1 (10)

where, eΦ is the effective porosity

Further on we are using Coates’s relation in which
change the effective porosity with the relation used
in interpretation of well logs (Djebbar and Donald-
son, 2004):

shshe V Φ⋅−Φ=Φ (11)

In the relation (11) “Vsh” and “ shΦ ” are volume
and porosity of shale. Both volume and porosity of
shale can be obtained from the well logs.

After the calculations were done, we obtained:
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We made the following notations:
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We replace into the relation (12) the relations (13),
(14) and (15) and obtain:
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The shale has permeability very small near zero
(Darling, 2005) so the permeability of shale given
by the relation (15) can be taken equal with zero,
therefore the relation (16) becomes:

( )shP VRkk ⋅−= 12/1
0

2/1 (17)

The fractional flow capacity, Fn, given by relation
(4), becomes:
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Using the relations (18) and (5) we can calculate
the Lorenz Coefficient only with data from the
well logs (porosity, porosity of shale, shale volume
and thickness of the bed)

3. Application
The application was made on the Barbuncesti

Fig. 1. Total flow capacity Fj vs. total storage capacity
Cj Lorenz coefficient = 2 x Area BCDB.
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structure. From stratigraphical point of view occur
miocene and pliocene deposits with a cumulative
thickness about 3500 meters. They are developed
in a detritic faices forming an alternance of pellitic
and arenitic rocks as: sandstones, sands and shales.
Barbuncesti structure is an asymmetric anticline
oriented NE – SW affected by longitudinal and
transversal faults which divides it in different tec-
tonic sealed blocks forming distinct hydrodynamic
units. Its size is about 6 km length and 2 km wide.
The traps are structural (fault seal) type.

The main petroleum accumulations are hosted by
upper miocene reservoirs. These deposits (about
600–800m thick) are separated in 8 productive
complexes.

There were selected four wells A, B, C, D and only
one porous - permeable layer (layer 2).In these
wells were recorded the following logs: dual -
laterolog (DLT), density log, neutron log, sonic log
and gamma ray. The qualitative interpretation of
well logs shows the heterogeneity of the layer 2 in
vertical and horizontal planes.

The correlation of the wells A, B, C, D is shown in
Fig. 2. All reservoir properties need to calculate
the Lorenz Coefficient were determined using the
Interactive Petrophysics Software from Schlum-
berger. The values of these properties were ob-
tained at a step equal with 0.1m on the depth scale.
The porosity of bed and porosity of shale were de-
termined from density log, neutron log and sonic

log, and volume of shale from gamma ray
(Schlumberger Ltd., 1989, 1996). For each well,
the evaluation of heterogeneity of the complex 2
was calculated with the relations (18), (5) and (6).
Because the thickness is constant, equal with 0.1m,
the relation (18), become:
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The number of input data for calculus the parame-
ters Cj and Fj are: well A – 171, B – 191, C – 291,
and D – 261. An example of format for input data
is given in table 1, for well A. With these data the
heterogeneity of reservoir for wells A, B, C, and D
were calculated. Lorenz Coefficient plots are
shown in fig. 3, 4, 5, and 6.

For the whole oil field we have cumulated all data
from each well, and calculated the value of Lorenz
Coefficient, (Fig. 7). The numerical values of the
Lorenz Coefficient are presented in table 1.

The value of Lorenz Coefficient obtained for the
whole oil field is approximately equal with the
arithmetic average of Lorenz Coefficient values for
each well:
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== 1 (20)

where - w- is the number of the wells

Fig. 2. Correlation of log for wells A, B, C and D.



153

In order to validate of the results from the well
logs and the relation with which the Fj parameter
was computed, for the same field, we have com-
puted the Lorenz Coefficient based on the porosity
and permeability from samples with relations (4)
and (5). The initial data listed are in table 2 and the
result is shown in fig. 8. The value of the Lorenz
Coefficient is 0.37. The values of Lorenz Coeffi-
cient are: 0.48 from well logs and 0.37 for the
samples, which represent a difference by 0.11.

4. Conclusion
Determination of reservoir heterogeneity based on
Lorenz Coefficient with this methodology, shown
above consist of calculating the fractional flow ca-
pacity, Fn with relation (18), which is not directly
dependent of the permeability. Both parameters Cj
and Fj are function of reservoir porosity “Φ ”,
shale porosity “ shΦ ”, volume of shale “Vsh”, and
thickness “h” of reservoir. All these properties can
be determined from well logs with a very good
precision and have the advantage, that at least re-
garding the degree of precision, the density and
continuity of data, are net superior at those obtain
from the samples.

For determination “Φ ”, “ shΦ ” we can use density
log, neutron log and sonic log and “Vsh” was ob-
tained from gamma ray. The thickness “h” can be
obtained directly by measuring on the diagraphies,
or put the condition 40≤shV %and selecting only

Table 1. Values of Lorenz Coefficient for wells and
“Barbuncesti Field” from well log

No Name of well Lorenz Coefficient “LC”
1 A 0,516
2 B 0,392
3 C 0,642
4 D 0,332
5 “Barbuncesti

Field”
0,478

Fig. 3. Lorenz Coefficient for well A, CL =0.516

Fig. 4. Lorenz Coefficient for well B, CL =0.392

Fig. 5. Lorenz Coefficient for well C, CL =0.642

Fig. 6. Lorenz Coefficient for well D, CL =0.332

Fig. 7. Lorenz Coefficient from well log for
“Barbuncesti Field ”, CL =0.478

Fig. 8. Lorenz Coefficient from samples for
“Barbuncesti Field”, CL =0.37
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the intervals according to this condition. These
properties can be obtained from only two logs,
neutron log (CNL) and gamma ray (GR). This is
very important, because these two logs are usually
recorded and they can be recorded both into open
and cased holes.
This method gives us the possibility to obtain Lo-
renz Coefficient for the fields where samples do
not exist or their number is reduced and we can not
make a statistical calculus. These fields are espe-
cially mature fields where enhanced recovery
processing or drilling horizontal wells are neces-
sary to be applied and have to know the reservoir
heterogeneity.
In the application presented in this paper, the value
of Lorenz Coefficient calculated with equations (5)
and (18) for the field is 0.478 (see table 1) and
from the samples calculated with equations (4) and
(5) is 0.370.
The difference between the two values from the
equations (5), (18), and equations (4) (5) are 0.108.
It is very difficult to say what value is exactly. The
value obtain from measurement on samples are one
a hand, a few and can not be representative and the
other hand, the determinations can have errors. The
value obtained from the logs, was determined on a
big number of property values and can be more
representative.
In conclusion we can consider that the equations
(5), (18) can be used with great reliance.
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Table 2. Example of input data format for well A
WELL A

DEPTH GR Porosity Shale volume DEPTH GR Porosity Shale volume
(m) (GAPI) Φ (dec) Vsh (dec) (m) (GAPI) Φ (dec) Vsh (dec)

2843,00 105,89 0,361 0,902 2845,10 682,52 0,185 0,294
2843,10 106,94 0,367 0,918 2845,20 687,19 0,187 0,302
2843,20 105,78 0,360 0,900 2845,30 690,83 0,189 0,308
2843,30 103,71 0,347 0,866 2845,40 680,93 0,186 0,292
2843,40 102,95 0,342 0,854 2845,50 66,18 0,179 0,261
2843,50 103,76 0,347 0,867 2845,60 645,88 0,172 0,235
2843,60 996,97 0,321 0,802 2845,70 650,06 0,169 0,242
2843,70 897,62 0,257 0,641 2845,80 669,11 0,171 0,273
2843,80 79,00 0,187 0,468 2845,90 683,90 0,173 0,297
2843,90 724,76 0,163 0,363 2846,00 687,43 0,174 0,302
2844,00 725,53 0,168 0,364 2846,10 68,19 0,173 0,293
2844,10 733,44 0,173 0,377 2846,20 677,53 0,172 0,286
2844,20 734,88 0,176 0,379 2846,30 683,67 0,172 0,296
2844,30 739,06 0,179 0,386 2846,40 702,74 0,175 0,327
2844,40 747,93 0,183 0,400 2846,50 706,24 0,173 0,333
2844,50 746,46 0,185 0,398 2846,60 708,21 0,170 0,336
2844,60 724,45 0,182 0,362 2846,70 724,45 0,171 0,362
2844,70 706,87 0,181 0,334 2846,80 748,31 0,176 0,401
2844,80 694,15 0,180 0,313 2846,90 747,96 0,177 0,400
2844,90 687,21 0,181 0,302 2847,00 742,21 0,177 0,391
2845,00 682,25 0,183 0,294
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Abstract: Carbonate soils and indurate calcrete horizons are common in southeast Bulgaria. The car-
bonate accumulations are of variety of micro-structural and textural types. The calcrete usually forms 
lens or disk-like bodies on flat hills. The carbonate soils are observed on top of porous sediments but not 
on crystalline rocks. In the study area, where calcrete is common, the pH value of the agricultural land is 
usually above 7.5 and the surface, shallow ground and deep ground water is saturated with respect to 
calcium carbonate. Chemical analyses of indurate calcrete horizons, carbonate soils, rain water and 
ground water from southeast Bulgaria are commented in the text. It appears that competing processes of 
leaching and re-precipitation from waters oversaturated with respect to CaCO3 are responsible for for-
mation of transitional compounds - calcrete precursors, which further are transformed to calcrete. Be-
cause, the rain water’s acidity and ground water’s degree of over-saturation with respect to CaCO3 vary 
with the season, it appears that seasonal variations in the water composition and the temperature control 
the net balance of soil carbonates.  

Keywords: calcrete, soil, water, calcite, Thrace plane  
 
1. Introduction 
Carbonate soil or indurate carbonate layer, rich in 
re-precipitated calcite, is widespread in the Thrace 
Plane. Layers of carbonate minerals are usually 
formed around geo-chemical barriers in regions 
with hot and dry climate, immediately under the 
organic soil or near the water table. The carbonate 
crusts grow displacing and replacing the organic 
soil layer. Because of its dependence on tempera-
ture, alkalinity and abundance of water, the car-
bonate layer, referred to as “calcrete” or “caliche” 
in the international literature, is an indicator for 
climate conditions. An increase in the rate of cal-
clete growth is expected, due to the global ten-
dency of temperature raise and aridization. Under-
soil, soil and atmospheric precipitation are the 
main sources of calcium and carbon that form the 
calcite. Surface and ground water is the transport-
ing agent that facilitates the mobilization and im-
mobilization of calcium and carbonate ions.  

The calcrete is formed by displacement or re-
placement of the other compounds of the soil in ar-
eas, where surface and ground waters are saturated 
with respect to calcite (e.g. Wright, 2007). Two 

distinct types of calcrete can be recognized. The 
first type called pedogenic calcrete is formed 
above the groundwater table immediately below 
the plant roots. The second type named groundwa-
ter calcrete is formed around the ground water ta-
ble (Alonso-Zarza, 2003; Wright, 2007). In the 
Thrace plane both calcrete types are common, as 
the thickest accumulations are exposed in the qua-
ternary and neogene sediments from the Tundja 
depression. The depression is formed by the val-
leys of river Tundja and several smaller rivers, 
such as Popovitca, Kalnitca and Iavuz dere (Fig. 
1). This region occupies the eastern part of the up-
per Thrace plane. It is shallow continental basin 
filled with mollasic sediments. The main aquifer is 
located in the low terrace of river Tundja. 

In order to effectively manage the agricultural 
lands affected by calcretization, it is necessary to 
study the process of calcrete formation. Interac-
tions of different natural and anthropogenic factors 
leading to formation of the calcrete crust, its 
growth and negative impact on the soil diversity 
and fertility are the subject of a multidisciplinary 
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project, lead by the University of Mining and Ge-
ology, Sofia. Early data from studies on the geo-
morphology, geochemistry, hydrochemistry, hy-
drology and physical chemistry of carbonate pre-
cipitates in the studied region are presented in the 
paper.  

2. Geomorphologic setting 
Preliminary mapping of an area of about 1900 km2 
(Fig. 1) have shown that the calcrete is widespread 
in Thracе. This region is an intramountain conti-
nental basin, which has subsided since the late Oli-
gocene. The basement of the basin comprises a va-
riety of low and high-grade Mesozoic, Paleozoic 
and possibly Precambrian metamorphic rocks, as 
well as Upper Cretaceous intrusions of intermedi-
ate composition, and the associated volcanic rocks. 
Volumetrically most significant are the Paleozoic 
granites, the Triassic dolomitic marbles and the 
Cretaceous rocks of dioritic composition. Since the 
marbles are magnesium rich, enrichment with this 
element can be expected in the ground waters. The 

infill of the basin comprises mostly sands and 
sandy clays, intercalated with conglomerates.  

The thickness and density of the calcrete horizons 
are irregular. The shape of the carbonated bodies 
also varies significantly depending on the local 

geomorphology. In most cases the calcrete forms 
disk–like bodies located on slightly elevated to-
pographic forms. In the water saturated lowland 
the carbonate layer is missing (Dimitrov et. al. 
2009). Usually the calcrete exposures have areas of 
several hundred square meters. They are light grey 
or pinkish in colour. The light colours are due to 
earthy carbonate aggregates or nodules. In the sand 
quarries from the study area mature, thick to 3 m 
calcrete horizons can be observed. In some locali-
ties, where buried paleosoils are exposed, carbon-
ate accumulations related to these soils are also 
common.  

The age of the calcrete accumulation is not known 
yet. Dating based on geomorphologic and archaeo-
logical criteria is in progress. The isotope dating, 

Fig. 1. Orientation map of the study area. Areas of sampling for the data presented in the tables are shown in the inset. 
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which can be applied in this case is subject to criti-
cism, because of the constant remobilization and 
re-precipitation of carbonate material in the cal-
crete crust (e.g. Budd et. al., 2002). One common 
observation in Thrace is that after its first occur-
rence, the calcrete crust persisted in time, until at 
least 20-30 m deep valleys in the Pliocene sedi-
ments were formed. Comparison of the average 
rates of erosion (e.g. Stock еt. al., 2005) with the 
current topographic position of the calcrete might 
help in dating of some of the horizons.  

It was found that the calcrete is developed above 
sandy strata with clay interbeds. It was never ob-
served above crystalline rocks, even though Juras-
sic and Trissic marbles are common in this area. 
The last observation suggests that for calcrete 
deposition the porosity and permeability of the un-
dersoil is more significant than the chemistry of 
the rock basement. 
 
3. Fabric and texture of carbonate soils  
The calcite is the dominant mineral in the calcrete. 
The crystals sizes correspond mainly to micrite, 
which occupies 20% to 60% of the thin sections. 
Usually the micrite is dark grey. It can be easily 
distinguished from the microsparite, which is light 
grey and occupies about 20% of the thin section’s 
area. The sizes of the microsparite crystals vary be-
tween 0.004 and 0.02 mm. In the domains occu-
pied by microsparite, dark grey or black spots of 
organic matter or Fe-hydroxides are common.  

In the indurate calcrete usually 10-20% clastic 
matter is present. It is mainly quartz but in some 
cases feldspars are also common. More rarely bio-
tite flakes, lithoclasts, epidote, amphibole and zir-
con grains can be observed. The detrital grain sizes 
are various. Mostly silt-sized grains are present 
(under 0.063 mm) but locally larger grains (0.063-
0.125 and 0.125-0.25 mm) can be found. In the 
micritic domains the clastic grains usually have 
sparitic rims, while in the microsparitic domain 
such rims are not present, which most likely sug-
gest that they were destroyed by re-crystallization. 
Frequently, the detrital grains are corroded or they 
are overgrown with secondary chalcedony. In the 
calcrete profiles the clastic component usually de-
creases upwards.   

Risolites formed by fossilization of root plants are 
rare. Only isolated sections were observed ce-
mented by microsparite. Cellular fabric of resolites 
is even rarer. The porosity of the indurate calcrete 

is in the range 10-15%. Usually the domains ce-
mented by sparite are less porous. Selective leach-
ing with organic dies shows, that the carbonate 
mineral is predominantly calcite. Chemical analy-
ses of calcrete from different exposures show, that 
the MgO varies between 1% and 15%. Although 
dolomitic marbles are abundant in the study region 
direct relationships, between the Mg-rich basement 
and the magnesium content in the calcrete are not 
yet found.  

Based on the micro-structural studies the evolution 
of the calcrete may be summarized as follows: So-
lutions rich in carbonate ions percolate through the 
pores of the shallow undersoil. First crystallizes 
micrite and around the clastic grains crystallizes 
sparitic cement. The sparite may form multiple 
coatings, because two or three rims are observed 
locally. Later the micrite recrystallized to micro-
sparite. The intensity of re-crystallization increases 
from bottom to top of the calcrete layers, as it is 
most intense in the uppermost 20 - 40 cm of the 
calcrete layer. Corrosion of the detrital grains most 
likely accompanies the re-crystallization. It is 
likely, that as the processes of leaching and pre-
cipitation are competing, the calcrete layer is con-
stantly rejuvenating. 

Different textural types of calcrete can be observed 
in the study region (Fig. 2). Most common are the 
massive, vein – like and nodular varieties. In the 
black organic layer calcrete appears as ephemeral 
earthy masses, which are abundant in the late 
summer but decompose during the winter and 
spring rain periods. Unstable carbonate masses are 
usually found in soils developed above massive 
calcrete horizons.  
 
4. Waters in the study region  
Chemistry of precipitation, surface and ground wa-
ter is one of the most important factors influencing 
the calcrete formation. That is why the general hy-
dro-chemical background and changes in water 
chemistry, related to the specific geological condi-
tions are to be studied. The integral hydro-
chemical parameters of waters, such as tempera-
ture, рН, pH and specific conductivity - , were 
determined “in situ” with the aid of HI 99121 pH-
meter, HI 993310 conductivity meter and HI 
98204 combined tester. Inductively Coupled 
Plasma – Atomic Emission Spectroscopy (ICP-
AES) was used to determine concentrations of 
Ca2+, Mg2+, Na++K+,  HCO3

-, CO3
2-, Cl- , and SO4

2- 
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in water samples, from the studied region, as well 
as in soil leachates from carbonate soils. 

4.1. Rain water 
Well pronounced seasonal changes can be seen in 
the rain water pH values. PH values measured “in 
situ” in March and April in our study sites were in 
the range of pH=7.3-8.0. 
Rain water pH values measured in our stations in 

the period May - September were in the range of 
pH = 5.8 - 7.20 (Tab. 1). It has been found, that 
during a single rainfall the acidity varies, as at the 
beginning of the rain the water is more acid (sam-
ples 6, 7 and 9), while at the end of heavy rains the 
water is neutral (samples 1 and 2). Only the most 
acidic rain water, which as a whole possesses 
higher mineralization (M), bears small amounts of 
sulphur and chlorine (samples 6 and 7). The data 
show, that the water is polluted to a certain level 

Table 1. Rain water characteristics in the studied region 
Study location  
Parameter 

1 2 3 4 5 6 7 8 9  

t,oC 17 16 16 14.5 18.5 17.0 18.0 16.5 15.5 
pH 20oC 7.20 7.07 6.3 6.7 6.20 5.86 5.97 6.50 6.14 

 20oC S/cm 23 17 18 19 33 24 30 23 16 
HCO3

- mg/L - - - - 15.3 12.2 12.2 5.5 2.7 
SO4

2-mg/L - - - - 14 11 13 - - 
Cl- mg/L - - - - 5.5 9.1 5.5 - - 
Ca2+ mg/L - - - - 8.2 8.2 6.0 3.7 2.0 
Mg2+ mg/L - - - - 3.0 2.2 4.0 3.7 2.0 
Na++K+ mg/L - - - - <0.2 <0.2 <0.2 <0.2 <0.2 

 
Fig. 2. Textural types of calcrete from Tundja depression. а) Carbonate veins in Pliocene clays. b) Earthy carbonate 
aggregates in black organic soil. c) Vein-like calcrete located under massive calcrete layer – 1. organic layer; 2. mas-
sive calcrete; 3. carbonate veins; 4. sandy clays of Pliocene age. d) Semi- compacted nodules in black organic soil.  



159
 

and can not be classifies as de-ionized water. Simi-
lar facts (measured averaged water conductivity in 
the range of 72 – 99 S/cm) were found by one-
year monitoring (2001 – 2002) of rain water in 
“Chirpan” synoptic station (Machkova et al. 2008) 
– located close to our study sites. The above men-
tioned fact justified calculation (based on thermo-
dynamic equilibria) of the coefficient of water 
saturation with respect to calcite (KK) and dolomite 
(KD). Results showed that the rain water will easily 
dissolve these minerals at a contact with them. 

4.2. Shallow ground water 
Such waters (Tab. 2, samples 1-5) were collected 
from 1-3 m deep channels excavated during local 
gasification works. In all cases the waters appeared 
in local topographic depressions. A Piper diagram 
for these samples is presented in figure 3. On the 
Piper diagram the samples are clustered in two 
domains according to their geological origin. The 
domain containing samples 1, 2 and 5 represents 
shallow ground waters percolating through calcrete 
layers. Calcrete crust (with thickness of 0.5-1.0 m) 
was found in positive topographic forms in prox-
imity to the sampling sites.  
The domain containing samples 3 and 4 represents 
waters in contact with basement clays from the 
Pleocene. The sulphur enrichment might be due to 
accumulation of gypsum produced by the nearby 
power plants. Sample No 6 (Tab. 2) represents 
shallow ground water collected over thin horizon 
of pedogenic calcrete.  

Experimentally found values of water saturation 
index with respect to calcite ( pH), as well as 

thermodynamically calculated values of the satura-
tion coefficients with respect to calcite (KC), point 
at waters over saturation with respect to this min-
eral. Most probably water composition is formed 
as result of leaching of soil and immediate under-
soil layer by rain waters percolating though those 
layers. The very high concentrations of sulphate 
and calcium ions (samples 1, 2 and 5) are indica-
tive for the increased salt content in the soil as a 
result of anthropogenic salinization. Alternatively, 
these high concentrations could be explained by 
rain water leaching, while it infiltrated the calcrete 
layer in the area. Three samples of solid calcrete 
material taken from the region were very rich in 
sulphur – total S content of 13.1%, 11.7% and 
11.09%.  

In our opinion, high pH values in sample 6, to-
gether with increased Al concentrations could be 
due to the following mechanism: relatively acid 
and aggressive with respect of СаСО3 rain water 
dissolves carbonates from the soil and undersoil, 
thus increasing pH value of the infiltrated water. In 
sites with clayish undersoil layer aluminium is 
mobilized due to local alkalization, which causes 
re-structuring of the clay minerals. The high con-
centrations of mobilized calcium and carbonate 
lead to over saturation with respect to СаСО3, 
which may result in a secondary precipitation of 
calcite–a process that is accelerated by the tem-
perature increase.  

4.3. Ground water in contact with the crystal-
line basement  
The composition of the deep ground water in the  

Table 2. Characteristics of shallow ground waters in the studied region 
Sampling point; Parameter 1 2 3 4 5 6 
t,oC 23 21 22 23 19.5 28.2 
pH 20oC 7.5 7.8 7.6 7.8 7.65 8.63 

pH 20oC +0.28 +0.46 +0.19 +0.16 +0.31 +0.20 
 20oC S/cm - 2648 1710 1545 4142 382 

HCO3
- mg/L 363 336 448 427 592 163 

SO4
2- mg/L 1440 1400 420 350 2400 25 

Cl- mg/L 35 74 29 24 33 <4 
Ca2+ mg/L 527 559 220 191 598 74 
Mg2+ mg/L 62 80 40 40 358 6 
Na++K+ mg/L 102 44 49 37 21 14 
CO3

2- mg/L - - - - - 18 
KC 3.26 6.29 2.81 5.29 5.43 55.38 
KG 0.07 0.74 0.02 0.012 KD61.93 - 
Saturation coefficients with respect to gypsum (KG) and dolomite (KD); Hydro-chemical type of waters 
(based on the major ions in amounts higher than 20 eq.%): 1 and 2 – Sulphate – hydro - carbonate – cal-
cium - magnesium; 3 and 4 - Sulphate –– calcium; 5 – Sulphate – calcium - magnesium; 6 Hydro-
carbonate – calcium type, polluted with nitrates (84.64 mg/L) and aluminium (total Al - 27.94 mg/L). 
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studied region is controlled by its interaction with 
clayish-sandy Pliocene sediments and crystalline 
Mesozoic and Palaeozoic rocks of the basement.  

Water chemistry, studied by sampling springs, is 
presented in tab. 3 and fig. 3. The chemical interac-
tions of the waters described in tab. 3 are as follow:  
1. Water percolating through Paleozoic granite;  

2. Water coming from Triassic dolomites injected 
with Upper Cretaceous dioritic dykes;  

3. Water coming from Triassic dolomites;  
4. Water infiltrated through calcrete horizon and 

discharged through Pliocene sands and clays;  
5. Water percolating through ploicene sands and 

upper cretaceous diorites;  

Table 3. Ground water in contact with the crystalline basement. 
Study locations, Date, 
Remarks 

Parameter 1 2 3 4 5  6 

№№ 1-4 t,oC 14.5 16 14.6 14 23.2 23.9 
15-17.04.2009 pH 20oC 7.50 7.56 7.45 7.30 7.03 7.32 
№№ 5,6  20oC S/cm 2504 895 389 2272 2090 1002 
04.07.2009 HCO3

- mg/L 366 400 397 389 512 476 
 SO4

2- mg/L 1200 116 41 286 275 60 
 Cl- mg/L 42 58 6 100 195 52 
 Ca2+ mg/L 324 198 122 304 382 122 
 Mg2+ mg/L 74 5 12 25 60 62 
 Na++K+ mg/L 235 5 10 51 49 18 
 TDS mg/L 2279 782 588 1499 1941 890 
 КC 2.38 3.39 2.00 2.46 1.72 1.50 
10.07.2009 t,oC 16.6 - - 18.2 17.7 17.6 
№1after heavy rains  pH 20oC 7.44 - - 7.28 7.09 7.36 
  20oC S/cm 2432 - - 1522 2230 1064 
 HCO3

- mg/L 400 - - 373 419 514 
 SO4

2- mg/L 949 - - 175 264 61 
 Cl- mg/L 159 - - 159 210 73 
 Ca2+ mg/L 244 - - 230 368 124 
 Mg2+ mg/L 93.6 - - 60 73 61 
 Na++K+ mg/L 245 - - 48 52 45 
 TDS mg/L 2091 - - 1269 1888 983 
 КC 2.11 -  1.499 1.31 1.67 
03,04.08.2009 t,oC 20.1 19.8 20.0 17.6 18.5 17.6 
 pH 20oC 7.63 7.33 7.55 7.25 7.07 7.40 
  20oC S/cm 1804 906 607 1532 2150 1067 
 HCO3

- mg/L 370 410 370 339 394 479 
 SO4

2- mg/L 949 84 44 154 242 43 
 Cl- mg/L 145 73 6 169 214 57 
 Ca2+ mg/L 243 168 120 239 352 77 
 Mg2+ mg/L 95.7 1.2 12 37 69 86 
 Na++K+ mg/L 262 45.5 11 63 58 43 
 TDS mg/L 2189 860 586 1273 1875 946 
 КC 3.50 2.46 2.56 1.80 2.42 1.35 
Hydro-chemical type of the waters (based on the major ions in amounts higher than 20 eq.%): No. 1: (a) 16.04.2009: 
Sulphate-calcium-sodium; (b) 10.07.2009: Sulphate-hydro-carbonate-calcium-sodium-magnesium; (c) 04.08.2009: 
Sulphate-calcium-sodium-magnesium, with increased nitrates content (120 mg/L). No. 2: (a) 17.04.2009: Hydro-
carbonate-sulphate-calcium, КD  1; (b) 04.08.2009: Hydro-carbonate-calcium, with increased nitrates content 
(54 mg/L); КD = 1.24. No. 3: (a) 17.04.2009: Hydro-carbonate-calcium, КD = 1.37; (b) 04.08.2009: Hydro-carbonate-
calcium, КD = 2.20. No. 4: (a) 15.04.2009: Hydro-carbonate-sulphate-calcium, polluted with nitrates (298 mg/L); 
(b) 10.07.2009: Hydro-carbonate-chloride-sulphate-calcium-magnesium, polluted with nitrates (224 mg/L); 
(c) 03.08.2009: Hydro-carbonate-chloride-calcium, polluted with nitrates (238 mg/L). No. 5: (a) 04.07.2009: Hydro-
carbonate-sulphate-chloride-calcium-magnesium, polluted with nitrates (468 mg/L); (b) 10.07.2009: Hydro-carbonate-
chloride-sulphate-calcium-magnesium, polluted with nitrates (502 mg/L); (c) 03.08.2009: Hydro-carbonate-chloride -
calcium, polluted with nitrates (510 mg/L). No. 6: (a) 04.07.2009: Hydro-carbonate-calcium-magnesium, with in-
creased nitrates content (98 mg/L); (b) 10.07.2009: Hydro-carbonate-calcium-magnesium, with increased nitrates con-
tent (105 mg/L); (c) 04.08.2009: Hydro-carbonate-magnesium-calcium, with increased nitrates content (135 mg/L). 
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6. Water discharged through thick horizon of indu-
rate calcrete. 

The Piper diagram showed the different geological 
origin of the samples 1a and 1b from one side and 
samples 2 and 3 from the other side. Samples 1c, 
2b, 4, 5 and 6 are not plotted on the Piper diagram, 
because of their high content of nitrates. The ni-
trate is believed to be of anthropogenic origin, 
mainly derived from fertilisation of the soils in the 
area. Recalculating the eq. % of the major water 
ions using their ratios in order to exclude nitrates is 
not justifiable from the geochemical point of view.  
The calculated coefficients of water saturation with 
respect to calcite for water taken from different 
sampling points indicate for over saturation with 
respect to this mineral. Most probably, the high 
calcium and carbonate/hydro-carbonate concentra-
tions are result of combined soil, undersoil and 
rock basement leaching.   

The increase in the saturation coefficient КC, con-
sidered together with the increase in the relative 
amounts of magnesium ions with respect to cal-
cium ions, can be explained with calcite precipita-
tion (study location No 1). Small decrease in con-
centrations of calcium and sulphate ions and in-
crease in concentrations of sodium and chloride 
ions was observed in water sampled in summers, 
compared to water sampled in the spring (study lo-
cation No 2). The observed change in the water 
hydro chemical type and the decrease in the satura-
tion coefficient КC could be related to (even very 
low) precipitation of calcium carbonate. The slight 
increase in КC and КD summer values, compared to 

spring ones, points at eventual possibility for fu-
ture precipitation of these compounds (study loca-
tion No 3). However, the data available up to now 
do not allow drawing of reliable conclusions. The 
decrease in the calcium concentrations, conductiv-
ity and mineralization, considered together with 
(even slight) decrease in КC could be assumed as 
an indicator for immobilization of calcium ions in 
warmer weather (study location No 4). Chloride 
replaces sulphate as a second major ion in summer 
samples (study location No 5). The slight increase 
in КC is likely to indicate for a slight tendency for 
calcium immobilization.  The decrease in КC val-
ues, considered together with the decrease in cal-
cium concentrations imply that СаСаО3 was pre-
cipitated to a certain level (study location No 6). 

4.4. Water from artificial lakes  
Hydrochemical parameters of water from two arti-
ficial lakes in the study region give an idea on the 
composition of water that flows on the surface of 
calcrete layers. Lake No 1 was sampled in April 
2009 and Lake No 2 – in August 2009 (Tab. 4). As 
it can be expected, the water is oversaturated with 
respect to СаСаО3. Lake No. 1 was totally dried in 
summer and the precipitated material was very rich 
in calcium, magnesium and sodium carbonates and 
sulphates. 

4.5. Seasonal variation of the carbonate con-
tent in the soils  

Interactions of rain/snow water with soils are other 
important factor which contributes to calcrete for-
mation. Changes in soil chemistry due to calcrete 

 
Fig. 3 A Piper diagram for the samples shown in tables 2 and 3.   
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formation usually affect soil fertility. That is why 
the soil chemistry has to be studied. Sampling, 
sample preparation and analyses were made fol-
lowing standard procedures, described for the spe-
cific parameters in table 5.  

The main studies on the variation of soil chemistry 
are planned for the future, however some impor-
tant conclusions can already be drawn. The soils 
from topographic depressions, where tick organic 
soil layer is present have lower pH values. In cal-
cretized soils the acidity decreases from the or-
ganic top towards the calctete rich undersoil. 
Where the calcrete appears on the soil surface, the 
soil is slightly alkaline. Alkaline and acidic soils 
are distributed spot-wise and the reasons for this 
distribution are to be studied in the future.  

The light increase in the quantity of water soluble 
hydro-carbonates and the specific conductivity in 
summer samples, compared to spring samples, in 
all studied horizons (Tab.5) implies for a possibil-
ity for initial formation of transitional compounds, 
that are pre-cursors of calcrete. This statement is 
supported by the increased pH values of soil water 
leachates. The most significant changes were ob-
served in the transitional layer, where increased 
concentrations of water-soluble calcium, magne-
sium, sulphate and of inorganic carbon also sup-
port the statement about formation of transitional 
compounds - calcrete precursors. 

5. Conclusions 
The geomorphological forms correspond to geo-
chemical zonation. The calcrete is present in the 
well-drained elevated topographic forms, where 
the soil acidity is low. In the topographic depres-
sions the content of sulfur, chloride and magne-
sium in the shallow ground waters increases but 
calcrete is missing. Apparently, the waters immo-
bilize these elements depositing them in the well 
drained elevated parts of the topography. From the 
upper, towards the lower part of the relief the geo-
chemical conditions favor deposition of calcite, 
dolomite and gypsum. All waters in the study re-
gion are oversaturated with respect to carbonates, 
which is the most important condition for deposi-
tion of carbonate minerals in the soil. The acidity 
of the soil varies seasonally and the same applies 
for the calcrete formation. 

Based on the results obtained up to now, the 
mechanism of pedogenic calcrete formation is as 
follow: Aggressive with respect to CaCO3 rain wa-
ter dissolves carbonates from soil and immediate 
undersoil. Solutions oversaturated with respect to 
CaCO3 percolate through the pores of the shallow 
undersoil. It is likely, that because the processes of 
leaching and precipitation are competing, the cal-
crete layer is constantly rejuvenating. As the rain 
water acidity and ground water degree of over-
saturation with respect to CaCO3 depends on the 

Table 4. Hydrochemical parameters of water from two artificial lakes in the study region 
Lake 
No 

T, оС рН pH 20oC, 
S/cm  

Ca2+ 

mg/L 
Mg2+ 

mg/L 
Na++K+ 
mg/L  

SO4
2- 

mg/L 
Cl- 

mg/L 
HCO3

- 

mg/L 
CO3

2- 

mg/L 
TDS 
mg/L 

1 11.7 9.5 +0.40 1107 94 35 74 265 51 145 56 722 
2 29.5 8.84 +0.07 563 41 28 70 46 48 259 16 528 
No. 1: Sulphate-hydro-carbonate-calcium-sodium type, КC = 158; No 2 Hydro-carbonate-
sodium-magnesium-calcium type, КC = 26.14. 

Table 5. Soil analysis in a study site (near Skalitsa village) located close to the water sources described in table 3 un-
der №4  
Sampling level, cm; Parameter 0 -20 cm 

(organic soil) 
20-40 cm 

(transitional layer) 
60–80 cm 

(calcretized layer) 
Spring Summer Spring Summer Spring Summer 

pH(H2O)1 8,41 8,58 8,69 8,83 8,85 9,03 
Specific conductivity2, mS/cm 0,137 0,149 0,113 0,135 0,102 0,130 
Water soluble hydro-carbonates3, mgeq/100g 0,70 0,84 0,56 0,77 0,42 0,58 
Water soluble sulphates4, mgeq/100g 0,39 0,38 0,48 0,94 0,51 0,54 
Water soluble calcium5, mgeq/100g 0,84 0,82 0,55 0,73 0,58 0,53 
Water soluble magnesium6, mgeq/100g <0,04 0,23 0,11 0,36 <0,04 0,28 
Inorganic carbon, g/kg -calculated as difference 
between total С  and organic С7  

56.2 51.9 58.3 64.1 82.9 74.2 

Analytical standards: 1BNS ISO 10390; 2 BNS ISO 11265; 3 BNS ISO 11048 and BNS ЕN ISO 9963-1; 4 BNS ISO 11048 and 
BNS 17.1.4.03; 5 BNS ISO 11048 and BNS ISO 6058; 6 BNS ISO 11048 and BNS ISO 6059; 7 BNS ISO 14235; ISO 10694. 
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season, it appears that formation of transitional 
compounds - calcrete precursors and probably their 
transformation to calcrete also depends on the sea-
son.  
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Abstract: Rockfalls are frequently generated in mountainous areas and threatened manmade environ-
ment. Therefore, the detachment of large size boulders and their fall track are issues that should be eva-
luated for urban planning and the construction of lifelines and road networks. In order to achieve this, 
several methodologies had been proposed and applied, regarding the evaluation of the landslide hazard. 
The most known methods concern the application of GIS software for the evaluation of the run-out dis-
tances of boulders and the simulation of the fall tracks. In this article, a delineation of areas susceptible 
to rockfalling at the foothills of mountain Orliagas, Greece is provided using the minimum shadow an-
gle method and, in addition selected case studies of rockfalls were studied. These cases were simulated 
and analyzed using the Rocfall software while the employed parameters were tested and calibrated using 
silent witnesses. The outcome provided by this study, is that the simulated fall track and the rockfall 
run-out distance were in agreement with the spatial distribution of the reported boulders while the total 
kinetic energy and the bounce height during the fall track have been evaluated, thus can be used for the 
construction of remedial measures. In addition, as it is shown in the resulting by this study maps, the 
area between the villages of Ziakas and Spileo can be separated into two zones, A and B, regarding the 
landslide hazard for the road network, which is evaluated as low and very high, respectively. 

Keywords: Rockfall, simulation, susceptibility, hazard, Orliagas, Greece  
 
1. Introduction 
A rock fall is a fragment of rock detached by slid-
ing, toppling or falling that falls along a vertical or 
sub-vertical cliff, proceeds down slope by bounc-
ing and flying along ballistic trajectories or by roll-
ing on talus or debris slopes (Varnes, 1978). Very 
occasionally, rockfall initiates catastrophic debris 
streams, which are even more dangerous (Hsu, 
1975). Distinct evidences of rockfall are talus 
slope deposits at the foot of steep cliff faces, but 
rockfall also occurs on slopes covered with vegeta-
tion where evidence is less distinct (Dorren, 2003). 
Rockfalls range from small cobles to large boul-
ders hundreds of cubic meters in size and travel at 
speeds ranging from few to tens of meters per sec-
ond (Guzzetti et al., 2002). Minor rockfalls affect 
most of the rock slopes, whereas large size ones 
such as cliff falls and rock avalanches, affect only 
great rock slopes with geological conditions fa-
vourable to instability (Rouiller et al., 1998). 

The detachment of rock from bedrock slope is 

triggered by several factors such as weathering, 
earthquake and human activities while the fall of a 
rock is determined by factors like the slope mor-
phology and the direct surrounding of the potential 
falling rock (Dorren, 2003). The generation of 
rockfall is a rapid phenomenon and represents a 
continuous hazard in mountain areas worldwide. 
There are numerous examples of infrastructure de-
stroyed or people killed by rockfall. To protect en-
dangered residential areas and infrastructure, it is 
necessary to assess the risk posed by rockfall (Dor-
ren, 2003). 

The basic aim of this study is the evaluation of 
rockfall hazard at the foot hill of mountain Orlia-
gas, Greece using simplified procedures regarding 
the assessment of the run-out distance of rockfalls 
and the simulation of their fall tracks. In particular, 
the procedures that were followed for the delinea-
tion of susceptible to rockfall-induced damages 
zones were based on the minimum shadow angle 
method and for the estimation of the values of ki-
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netic energy and the bounce height of the boulders 
fall were resulted from the application of the Roc-
fall software. 

2. Geology of the area 
In this study, the rockfall hazard at the foot hill of 
mountain Orliagas, Greece was examined. The 
study area is located at the Northern Greece, close 
to the city of Grevena. The lithology of the area is 
mainly characterized by limestones and flysch as it 
is shown on the geological map (Fig.1) that was 
compiled using the surficial geological map of 
1:50.000 scale provided by IGME and data col-
lected from field surveys. Furthermore, the distri-
bution of topographic slope was compiled using 
topographical data that were used as an input at the 
ArcInfo Software for the development of a DEM 
(Digital Elevation Model). In particular, the height 
of the slope is up to 1350 meter and the slope gra-
dient varies between 25o and 75o (Fig. 2).  

In addition, in figure 2 is shown the distribution of 
rockfalls, reported during our field survey and the 
profiles that were used for the simulation and the 
reconstruction of the rockfall event. 

3. Evaluating the rockfall hazard 
The goal of our study was twofold; the evaluation 
of the rockfall hazard in the study area and the es-
timation of the run-out distances of rockfall events. 
These goals were achieved by applying empirical 
methods and computer-based models concerning 
the landslide hazard mapping in regional scale and 
using software in order to simulate the fall of a 
boulder down a slope and to define the falltracks. 

At the foot hill of mountain Orliagas, several boul-
ders were reported and mapped using GPS instru-
ments during a 3-days field survey. The spatial dis-
tribution of the boulders is influenced by the mor-
phology and the slope characteristics and can be 
separated in 4 main zones (Fig.3). Based on these 
concentrations, four longitudinal profiles have 
been created in order to evaluate the rockfall haz-
ard and the values of the basic parameters of the 
falls. Examples of boulders are shown in figure 4, 
while the most characteristic large scale rock to 
can be seen in figure. Moreover, several silent wit-
nesses like broken trees were identified and used 
for the simulation of the downslope movement of 
the boulders. Furthermore, a simplified procedure 

Fig. 1. Geological map of the study area (modified by 
the map of IGME) 

Fig. 2. Topographic map of the mountain Orliagas 
showing the slope degrees and the selected longitudinal 
profiles. 
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for the estimation of the run-out distance of a rock-
fall was initially applied within this particular area 
in order to evaluate the rockfall susceptibility. 

4. Estimating the run-out distance 
Empirical rockfall models are generally based on 
relationships between topographical factors and the 
length of the run-out zone (Dorren, 2003). Usually, 
the parameters to describe the rockfall runout 
zones can be the angle or the horizontal distance 
(Petje et al. 2005). In general, two methods are 
mainly applied for the estimation of the maximum 
distance that a boulder can reach (Fig. 5). The first 

model, Fahrboschung angle, was suggested by 
Heim (1932) and predicts the run out zone using 
the angle that is defined by the horizontal plane 
and the line form the top of a rockfall source scar 
to the stopping point for any given rockfall. The 
second method is the model known as minimum 
shadow angle proposed by Evans and Hungr 
(1993) which were based on Lied (1977). Accord-
ing to them, the area beyond the base of a talus 
slope that is reached by large size boulders is 
termed the rockfall shadow and the equivalent sha-
dow angle is defined as the angle between the out-
er margin of the shadow and the apex of talus 
scope. The distal part of the shadow often contains 
only very few boulders, which are sparsely distri-
buted on the surface (Evans and Hungr, 1993). 
Evans and Hungr (1993), having investigated 16 
talus slopes in British Columbia, suggested that a 
minimum shadow angle of 27.5o is adequate for a 
preliminary estimation of a rockfall runout dis-
tance while Dorren (2003) having compared the 
outcomes of several studies, concluded that the an-
gle lies between 22o and 30o. 

In our study, the shadow angle method was taken 
into account because shows acceptable reliability 
at a large scale (Meibl, 2001; Copons and Vilapla-
na, 2008) and due to the fact that is more suitable 
comparing to Fahrboschung angle model which 
predicts an excessively long travel distance (Evans 
and Hungr, 1993; Wieczorek et al., 1999). Taking 
into consideration the proposed values of shadow 
angle, 22o, 27,5o and 30o, relevant zones of run-out 
distances were compiled (Fig. 6).  

As it is shown in figure 7, the area between villag-
es of Ziakas and Spileo can be separated into two 
zones regarding the evaluation of the longest site 

Fig. 3. Map showing the location of boulders and the 
four selected longitudinal profiles 

 
Fig. 4. Old evident boulder. 

 
Fig. 5. Sketch showing the evaluation of Fahrboschung
angle (f) and the minimum shadow angle (m) 
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that a boulder can reach. In particular, at zone A, 
the manmade environment and the road network 
was constructed outside the delineated zones. 
Thus, the landslide hazard regarding the road net-
work can be characterized as very low. On the con-
trary, at zone B, the run-out distances of the bould-
ers are within the areas delineated by the shadow 
angles of 30o, 27.5o and 22o and the manmade en-
vironment such as the road network, was con-
structed within these zones, thus is under high lev-
el hazard and protection measures should be con-
structed in order to avoid rockfall-induced damag-
es. 

5. Simulating the rockfall trajectories 
In addition, in our study the fall track of particular 
boulders was examined based on four longitudinal 
profiles (Fig. 8). The selected slope profiles were 
validated using the marks of the boulders on the 
area and the Flow direction function of the ArcInfo 
software. Moreover, silent witnesses such as bro-
ken trees and old evident rockfalls were recorded 
using GPS instruments and were also used for the 
development of these profiles.  

The fall tracks of the rockfalls were simulated us-
ing the Rocfall software, which is a robust, easy to 
use computer program that is available from Rocs-
cience and performs a probabilistic simulation of 
rockfalls and can be used to design remedial meas-
ures and test their effectiveness (Stevens, 1998). 

As it was shown in several applications of this me-
thodology, the runout of a rockfall is influenced by 
the geological characteristics of the slope materials 
and the roughness of slope. The former influence 
the loss of energy during impacts and the latter the 
type of rockfalling. Although the fact that in our 
study we simulate the falltrack of a large size 
boulder, we took into consideration the slope 
roughness by employing a value of 5 in the relative 
field of Rocfall software.   

Moreover, one of the most important and difficult 
issues for the simulation of a falltrack is the relia-
bility of the employed material properties. Typical 
values for the coefficient of normal (Rn) and tar-
gential (Rt) restitution used in rockfall analyses 
range from 0.3 to 0.5 and from 0.8 to 0.95, respec-
tively (Stevens, 1998). In this study, the proposed 
by Rocfall software values of Rn and Rt for the 
formation of talus cone with vegetation were used  
while the relative employed parameters for the li-
mestone were  based on the suggestions of  Robo-
tham et al (1995). The initial points in the models 
have been defined during the field survey thus, de-
fined as a single point in Rocfall software. 

The validation of the employed parameters was ac-
complished using the profile_2. In particular, both 
the starting point and the run-out distance of the 
boulders were mapped during our field survey and 
recorded using GPS instruments. In order to simu-
late the fall track, we used the parameters proposed 
by Stevens (1998) and by Rocfall software. The 

 
Fig. 6. Rockfall susceptibility map at the foot hill of 
mountain Orliagas that was compiled using the mini-
mum shadow angle method. 

 
Fig. 7. Delineation of zones A and B.

 
Fig. 8. 3D projection of mountain Orliagas showing the 
selected longitudinal profiles. 
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output of the simulation, regarding the horizontal 
location of the boulders (Fig. 9), is in agreement 
with the observed fall track, validating our scena-
rio.  

Having validated the basic parameters of the geo-
logical units for the simulation of the fall track, we 
proceeded to the development of scenarios regard-
ing the other three profiles. The aim of the simula-

tion was the evaluation of the run-out distances at 
the selected sites and the estimation of the kinetic 
energy and the bounce height of the boulders with-

 
Fig. 9. Basic parameters of profile_2: longitudinal pro-
file, run-out distance, total kinetic energy and bounce 
height of the boulders 

 
Fig. 10. Basic parameters of profile_3: longitudinal pro-
file, run-out distance, total kinetic energy and bounce 
height of the boulders. 
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in their fall track. The estimated values could be 
used for the design and construction of remedial 
measures in order to avoid possible damages to the 
road network triggered by rockfalls. 

In particular, profile_3 concerns the fall track of 
boulders that are located within zone B, as it 
shown in figure 10. The result of this simulation 
indicates that a boulder can travel at a distance far-
thest than the road network and thus, causing dam-
ages to it. The same conclusion was more or less 
arisen from the longitudinal profile_4. This fall 
track is close to the area where rock avalanches are 
mapped and shows that the run-out distance of the 
boulders reaches the road. Therefore, in both cases 
and in order to prevent rockfall-induced structural 
damages, remedial measured should be developed 
using the values of kinetic energy and the bounce 
height of the rockfalls that were estimated in this 
study and provided in figure. 

Finally, the case study of profile_1 is more com-
plicated than the previous ones. At the end of the 
profile, a large size boulder and smaller ones are 
located and used as silent witnesses. However, as it 
is shown in this study by the developed simulation 
(Fig. 12), the run-out distance cannot reach this 
area. Although the fact that we developed several 
scenarios using different volume of rockfalls, none 
could even get closed to the end of the fall track. 
Thus, we concluded that the position of this large-
scale block at this huge runout distance should be 
resulted not only by one single event of rockfall 
but must be either the cumulative result of more 
than one event or the outcome of a landlslide that 
moved this block downward. 

As an outcome of the simulation of three different 
fall tracks within the two zones, we concluded that 
boulders detached from the mountain Orliagas 
couldn’t reach the manmade environment at the 
first one. However, regarding the zone B, this 
study concluded that in two cases (profiles 1 and 
2), rockfalls could reach the road network, thus 
triggering damages on it.  

6. Conclusions 
The aim of this paper was twofold: evaluation of 
rockfalls hazard on regional scale at the foot hill of 
mountain  Orliagas, in  the  area  of  village  Ziakas  
and simulation of the fall tracks of boulders at se-
lected profiles in order to examine the rockfall-
induced damages to manmade environment. The 
former was evaluated using GIS-based methods 
proposed by geologists and geomorphologists and 
applied in several countries. In particular, the run-
out distance of a boulder is estimated using the 
shadow angle method and areas based on the run-
out distance of a future rockfall event were deli-

 
Fig. 11. Basic parameters of profile_4: longitudinal pro-
file, run-out distance, total kinetic energy and bounce 
height of the boulders. 
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neated. In addition, longitudinal profiles were de-
veloped based on observations during a filed sur-
vey and silent witnesses regarding the track of old 
evident rockfalls. These profiles have been incor-
porated into the Rocfall software and simulation of 
the downslope movement of large scale rocks was 
developed. The outcome provided by this simula-
tion indicates that the road network linking the vil-
lages of Ziakas and Spileo could be separated into 
two zones. The hazard in the first one is very low 
while the possibility of rockfall-induced damages 

to the second zone is high. Moreover, basic para-
meters of the fall tracks of the boulders, such as the 
kinetic energy and the bounce height, were esti-
mated and could be used in the design of remedial 
measures.  
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Abstract: In many arid or semi-arid countries, like Cyprus, groundwater is the main source for domestic   
and irrigation use. The degradation of groundwater resource can be quantitative and qualitative, if the 
abstraction exceeds the natural recharge rate. For this reason treated water at these areas is a valuable 
water resource and should be taken into account in designing a rational water policy. Furthermore, the 
interest in artificial recharge of groundwater using pretreated waste water continues to increase, espe-
cially in the semi-arid countries. In this paper, the possibility of artificial recharge in the South-Eastern 
Mesaoria (Kokkinochoria) aquifer, close to Liopetri village, is examined. This study area is character-
ised by low precipitation (330 mm) and it is covered by deposits of Nicosia formation, Pliocene aged, 
which consists of marls and fined to coarse grained calcitic sandstone. The aquifer is developed between 
the sandstones horizons and sands. The average thickness of the aquifer is up to 80 m and the maximum 
120 m. Overpumping during the last decades, through a large number of boreholes, has caused a decline 
of groundwater level and the occurrence of negative piezometry up to 30 m below mean sea level. As a 
result, sea intrusion phenomena are recorded for distance up to 1-2 km inland. Therefore, the use of ter-
tiary treated wastewater, which is produced at Agia Nappa-Paralimni treatment plant, is proposed for the 
application of artificial recharge through boreholes. Adequate pretreatment of the reclaimed water is 
also considered prior to the recharge, taking into account the final use of the aquifer’s water. 

Key words: Artificial recharge, Aquifer, Treatment, Waste water, Cyprus 
 

1. Introduction 
In Cyprus, groundwater is the main source for 
drinking and irrigation use. It is estimated that wa-
ter consumption increases during the last decades 
in Cyprus; the major water use category is irriga-
tion (Republic of Cyprus, 2004; UNESCO, 2005). 
The degradation of groundwater resource can be 
quantitative and qualitative, if the abstraction ex-
ceeds the natural recharge rate. For this reason 
treated water at these areas is a valuable water re-
source and must be taken into account in designing 
a rational water policy (Angelakis et al. 2006). Ar-
tificial groundwater recharge with reclaimed waste 
water effluents has been successfully used world-
wide to control water depletion in overexploited 
aquifers (Peters et al., 1998; Constantinou & Geor-

giou, 1999; Rinck-Pfeiffer, 2000; Tsagarakis et al., 
2004). 

This study deals with the possibility of application 
of artificial recharge in the South-Eastern Mesaoria 
aquifer, close to Liopetri village (study area), using 
the reclaimed wastewater, which is produced at 
Agia Nappa-Paralimni treatment plant. This scien-
tific work was carried out by the Aristotle Univer-
sity of Thessaloniki (Laboratory of Engineering 
Geology and Hydrogeology) in cooperation with 
LDK ECO Environmental consultants S.A. and At-
lantis consultants, in the framework of a research 
program, funded by the Republic of Cyprus (Min-
istry of Agriculture and Natural Resources, De-
partment of Water Development). 
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2. Study area 
The study area is located south of Liopetri village, 
part of the South-Eastern Mesaoria basin. It covers 
an area about of 6 Km2; 3 Km2 out of them is pub-
lic land. The elevation of the area is less than 50 m 
above sea level (Fig. 1). The distance of the study 
area from the nearest southern cost is 5 Κm. The 
area is characterized by semi-arid climatic condi-
tions. The mean annual rainfall is  330 mm and the 
mean annual temperature 19.6 oC. About 90% of 
annual rainfall occurs in wet period (November-
April), while summers are usually dry. The driest 
months are July and August. A decreasing linear 
trend in annual rainfall is recorded (Larnaca sta-
tion). Based on Thornthwaite method, the esti-
mated mean actual evapotranspiration represents 
percentage of 80% of the annual rainfalls (Con-
stantinou, 2004). 

From a geological point of view, the study area is 
covered by deposits of Nicosia formation, Pliocene 
aged (thickness >800 m), which consists of marls 
and fined to coarse grained calcitic sandstone. The 
upper part consists of secondary limestone com-
pact crust (kafkala) and soft secondary limestone 
(chavara). The average thickness of the aforemen-
tioned limestones is 6 m. The presence of kafkala 
constricts the infiltration of water to the deeper aq-
uifers. Sandstones and sandy facies are observed at 

depth 30-45 m below ground surface (Constanti-
nou & Irakleous, 2006). 

3. Hydrogeology - Characteristics of the aq-
uifer 

The main aquifer system is developed at sand-
stones horizons and sands. The base of the aquifer 
mainly consists of marls and has a rugged topogra-
phy with alternations of ridges and troughs. Due to 
the presence of impermeable strata in the ground 
surface, the phreatic aquifer locally absents and the 
aquifer system is of confined conditions. The aver-
age thickness of the aquifer is up to 80 m and the 
maximum 120 m. Based on the lithological pro-
files (Fig. 2) of the drilled boreholes, it is con-
cluded that the thickness of the aquifer in the east-
ern part of the study area is less than in the western 
part. In the study area close to Liopetri village, the 
depth of the marly base of the aquifer ranges be-
tween -25 and -40 m below mean sea level (m.s.l.). 

The average thickness of the unsaturated zone, be-
low sea level, is 25 m, whereas the average thick-
ness of rocks of the unsaturated zone above sea 
level is 50 m. The thickness of the saturated zone 
depends on the local hydrogeological conditions 
and the pumping regime ranging between 1-5 m. In 
general, the direction of groundwater flow is from 
the North to the South and is controlled by the 

 
Fig. 1. Location of the study area (Constantinou and Irakleous, 2006). 
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creation of depression cone in the areas where 
overpumping takes place. 

Groundwater recharge in the aquifer occurs via the 
following mechanisms: direct infiltration of rain-
fall and return flow of water applied for irrigation. 
The problem of the South-Eastern Mesaoria aqui-

fer is that the irrigation abstraction exceeds the rate 
of natural replenishment. In most parts of the aqui-
fer the yield of boreholes has been reduced (<3 
m3/h), because of the reduction of the saturated 
thickness of the aquifer and a lot of boreholes or 
wells are useless (Theodosiou, 1994). 

 
       Fig. 2. Characteristic geological profiles in the study area in the North and South part. 
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The groundwater table is 34 m (January 2009) be-
low mean sea level (negative piezometry) except 
of in the northeastern part, close to Sotira village. 
The water table is highest in April or May and 
lowest in November (Fig. 3). Overpumping during 
the last decades through a large number of bore-
holes has caused a decline of groundwater level 
and the occurrence of negative piezometry up to 30 
m below mean sea level (Fig. 4). As a result, sea 
intrusion phenomena are recorded for distance up 
to 1-2 Km inland in the northern part (Republic of 
Cyprus, 1982). 

The average hydraulic conductivity value is 
k=2.6x10-6 m/s, as deduced from the conducted 
pumping long test analyses, and is greater than the 
value deduced from the tests of short duration 
(3.7x10-7 m/s). The mean specific yield is assumed 
to be 8.5%. Based on the values of hydraulic con-
ductivity and the depth of the aquifer layers, the 
mean transmissivity was estimated to be Τ=18 
m2/day. The stabilization discharge of groundwater 
level during the constant head tests varies between 
6 m3/h and 20 m3/h (Fig. 5) (Constantinou & Irak-
leous, 2006).  

Seawater intrusion due to overexploitation and the 
nitrate pollution because of the intensive use of 
fertilizers are the main causes of groundwater qual-
ity deterioration in the study area (Republic of Cy-
prus, 2003). Based on results of chemical analyses 

from 5 samples (January 2009) it is concluded that: 
Electrical conductivity at 25 oC ranges from 700 
μS/cm to 3150 μS/cm (Fig. 6). Chloride concentra-
tion ranges from 82 mg/l to 278 mg/l. High values 
of electrical conductivity and chloride concentra-
tion can be associated with the seawater intrusion 
in the southern part of the study area. Very high 
concentrations of iron (Fe) and manganese (Mn) 
are recorded at one sample; 193 μg/l and 10.4 μg/l, 
respectively. The predominant water type is: Na 
(Mg) - HCO3 (SO4). The concentrations of heavy 
metals (Pb, Cd, Cr, Ni, As) are low.  

4. Possibility of application of artificial re-
charge  

Artificial recharge using treated wastewater in the 
South-Eastern Mesaoria aquifer, via deep bore-

 
        Fig. 4. Groundwater level contours map (m a.s.l.) in the study area. 
 

Fig. 3. Fluctuation of groundwater level. 
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holes, is an internationally acceptable practice, 
which is compatible with the 2000/60/EC directive 
and may be contributed to cover a part of irrigation 
needs, as well to the sustainable water resources 
management in this region (Voudouris et al., 2006; 
Soulios et al., 2007). 

Due to the presence of limestone crust (kafkala) at 
the surface, the application of artificial recharge 
through boreholes (maximum depth 90 m) is pro-
posed using the reclaimed wastewater, which is 
produced at Agia Nappa-Paralimni treatment plant. 
The maximum annual recharge volume of the aqui-
fer system through 90 recharge boreholes is esti-
mated to be 3.24x106 m3 water. The mean recharge 
rate of each borehole is 120 m3/day. The proposed 
duration of recharge is 10 months (300 days). 

Adequate pre-treatment of the reclaimed water is 
also considered prior to the recharge, taking into 
account the final use of the aquifer’s water.  

Clogging of boreholes that are used for artificial 
recharge, caused by gas bubbles, bacteria, chemi-
cal reactions and suspended matter, is a well-
known phenomenon (Olsthoorn, 1982; Martin et 
al., 2002; Rinck-Pfeiffer, 2006). Clogging during 
artificial recharge increase the water table in the 
borehole and reduces the recharge rate. Based on 
geological conditions of the study area, a sche-
matic installation is shown in Figure 7, in order to 
minimize the clogging effect.  

The recycled water will infiltrate through gravel 
pack, providing favorable conditions for ventila-
tion and laminar flow due to small water flow ve-
locity. Clogging of the boreholes by suspended 
solids (SS) is not expected to affect the viability of 
the proposed project as long as the recycled water 
contains SS levels ≤3-4 mg/l (Rinck-Pfeiffer et al., 
2002). 

5. Quantity and quality of recycled water  
The data from the operation of the Ag. Napa 
Wastewater Treatment Plant (WWTP) shows that 
there is, in general, surplus of recycled water in re-
gard to the irrigation and/or other needs of the two 
communities (Ag. Napa and Paralimni) served by 
the plant (Fig. 8). 

 
Fig. 5. Fluctuation of groundwater table during the pilot 
test  (Constantinou & Irakleous 2006, Geological Sur-
vey Department). 

    Fig. 6. Distribution of the groundwater electric conductivity (μS/cm). 
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Within the framework of the project two basic sce-
narios were studied. The first one (BS1) considers 
that 5 more towns/villages  (Deryneia, Sotira, 
Frenaros, Acheritou and Liopetri) are going to be 
connected with the WWTP in Ag. Napa and so the 
recycled water will be produced from all 7 
towns/villages. The second scenario (BS2) consid-
ers that no other town/village is going to be con-
nected to the WWTP and the recycled water will 
only come from the two towns of Ag. Napa and of 
Paralimni. 
In order to estimate the future amount of surplus 
recycled water (2040), the present water demand 
(at Ag. Napa and Paralimni) was determined, 
which was considered to increase by an annual ra-
tio of 0.5% for the next 10 years. In regard to the 
scenario BS1, it was considered that the 5 
towns/villages will be connected to the Ag. Napa- 
Paralimni WWTP in 2012 and that all of their pro-
duction of recycled water will be used for the arti-
ficial recharging of the aquifer.  
The necessary works for the transfer of the recy-
cled water to the area of recharging will be con-
structed in three phases, in accordance with the 
drilling of wells. The maximum design capacity at 
each phase is: 
 Phase A´: 41.67 l/s or 150 m3/h 
 Phase B´: 83.33 l/s or 300 m3/h 
 Phase C´: 125 l/s or 450 m3/h 

Regarding the quality of the recycled water, it ap-
pears to be overall adequate for its designated uses.  
However, some parameters seem to exceed the de-
sired limits: 

 Conductivity and chlorides (Cl-): The values for 
these two parameters are higher (average of 1700 
μS/cm and of 460 mg/l, respectively) than the de-
sired values as determined in the Directive 
75/440/EEC (limit values for surface water to be 
used for drinking purposes). Nevertheless, since 
the recycled water is eventually used for irriga-
tion purposes the average values were considered 
acceptable. 

 Cyanides (CN-): Very high concentrations of 
cyanides were measured in the recycled water. 
The high values of cyanides in combination with 
the increased level of COD and the high values 
of FOG in the recycled water, indicate that indus-
trial type of wastewater is illegally discharged in 
the sewer system of Ag. Napa and Paralimni, 
which could originate from various type of indus-
trial activities (metals processing, photographic 
and printing activities, production of synthetic 
rubber, production of adhesives, production of 
paints, pharmaceutical activities, leather treat-
ment, production of animal food and agricultural 
pesticides/biocides, production of detergents, 
mining activities and from wineries).  

 Fat, Oil and Grease (FOG): The constant ex-
ceedances of the WWTP’s specification limit 
value, regarding the FOG content in the recycled 
water, was due to the absence of an oil separator 
in the treatment process.  

6. Recycled water treatment works 
The treatment works include the following: 

6.1. Removal of the FOG and the cyanides 
(CN-) content. 

These treatment options are designed to treat the 
entire recycled water produced from the WWTP. 
Two separate lines are designed for the treatment 
of recycled water produced by Ag. Napa and by 
Paralimni, respectively.  

Fig. 7. Proposed installation of the recycled water re-
charge system via deep boreholes. 

 
Fig. 8. Surplus recycled water (m3) from Agia Napa-
Paralimni treatment plant. 
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Each unit consists of a Dissolved Air Flotation 
(DAF) unit (for the removal of FOG) and of an 
Alkaline Oxidation unit for the removal of cya-
nides. The overall design capacities of both lines 
are 36600 m3/day for scenario BS1 and 27100 
m3/day for BS2. 

6.2. Ultrafiltration of surplus of recycled wa-
ter  

This treatment option refers to all scenarios under 
consideration and is designed to treat the surplus of 
recycled water that is used for the recharging of the 
aquifer. It is designed to be constructed in 3 phases 
in accordance with the drilling of the recharging 
wells. The capacity of each phase is 150 m3/h. The 
ultrafiltration treatment is followed by disinfection 
with NaOCl solution. 

7. Proposed construction works for the arti-
ficial recharge and hydraulic works 

The proposed construction project for the artificial 
recharge of the aquifer includes the construction of 
90 injection boreholes in the public land, South of 
Liopetri village, covering an area of 3 Km2. The 
injection boreholes are proposed to be constructed 
in 3 stages of 30 boreholes each, due to the produc-
tion of recycled water will gradually increase until 
the year 2040. The proposed depth of boreholes is 
90 m in the western part of the study area and less 
than 50 m in the eastern part. After drilling, the 
borehole will be complete (casing and gravel pack) 
and development (cleaning and surface protection).   

At a distance of about 3-6 m from selected injec-
tion boreholes a limited number (5-6) of observa-
tion boreholes (piezometers), covering the total 
study area, is proposed to drill. Inside these piezo-
meters, instruments can be installed for water level 
measurements, as well as for the determination of 
groundwater quality parameters.  

The proposed recharge method includes the injec-
tion of recycled waste water through one borehole 
for storage and pumping from other boreholes. It is 
recommended the installation pumps in injection 
boreholes, in order to clean periodically the bore-
holes in the case of clogging after long time re-
charge. In order to transfer the recycled water from 
Ag. Napa WWTP to the recharge area (aquifer) the 
following hydraulic works were studied, depend-
ing in the selected scenario: 

1. Recycled water transfer project from Paralimni 
daily balancing reservoir (6000 m3) to Agia 

Napa daily balancing reservoir (5000 m3). 

This project was carried out focusing on two alter-
native scenarios due to physical elevation differ-
ences between the two reservoirs. The first sce-
nario examines the development of a pumping sta-
tion (total dynamic head of 22 m) and a pressure 
pipeline (1200 m, HDPE pipe, DN355mm, 6 atm) 
and the second scenario examines only a gravity 
pipeline (2900 m, HDPE pipe, DN400mm, 6 atm).  

2. Main conveyor pipeline for recycled water 
transfer, by gravity, from Paralimni-Agia Napa 
sewage treatment plant to South-Eastern Me-
saoria aquifer area (total length: 11330 m) 

This project was carried out focusing on two main 
alternatives and nine scenarios. The first alterna-
tive deals with the development of the pipeline in 
one phase with maximum caring capacity (125 l/s) 
and examines three different pipe materials 
(HDPE, steel and ductile cast iron). The second al-
ternative deals with the development of the pipe-
line in two phases (double pipeline); an immediate 
construction of the first pipeline (first phase) with 
caring capacity of 83.34 l/s and after 16 years the 
construction of the second pipeline (second phase) 
with caring capacity of 47.67 l/s or more, depend-
ing on the number of injection wells at that time. 
The second alternative examines again three dif-
ferent pipe materials for each phase. In order to se-
lect the best solution, sizing and cost estimation 
was conducted for all scenarios. The outcome re-
sulting from the comparison of all scenarios was to 
choose the first alternative with a ductile cast iron 
pipe, DN400.  

3. Distribution system of rechargeable water be-
tween injection boreholes 

This study focused on the formulation, sizing and 
cost estimation of the distribution system between 
90 injection wells in part of the South-Eastern Me-
saoria aquifer area in three phases depending on 
the number, time and space schedule of the injec-
tion well drilling. The total length of the distribu-
tion system is approximately 25 Km of HDPE, 
6atm pipes with diameters ranging from DN50mm 
to DN400mm. 

4. Construction of pumping wells and transfer 
pipelines to the Southern Pipeline System 

This project involves the construction of pumping 
wells and transfer pipelines in order to deliver wa-
ter to Balancing Reservoir No3 of the Southern 
Pipeline System. The study focused on two alter-
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native pumping scenarios depending on the annual 
volumes of water pumped out of the aquifer 
(700,000 m3/yr or 440,000 m3/yr). The application 
of the first scenario (annual pumped water volume 
of 700,000 m3) involves the construction of 12 
pumping wells and 2656 m of transfer pipelines 
(HDPE, 6 atm) whereas the application of the sec-
ond scenario (annual pumped water volume of 
440,000 m3) involves the construction of 8 pump-
ing wells and 1594 m of transfer pipelines (HDPE, 
6 atm). 

8. Evaluation criteria of the scenarios 
The comparison of the various scenarios consid-
ered in the project, is based in three basic parame-
ters, as presented below: 

1) Financial criteria 

o Internal Return Ratio (IRR)  

o Net Present Value (NPV) 

o Minimum Water Reuse Cost (MWRC) 

2) Environmental parameter 

o Recovery rate of the aquifer  

3) Conformity with Water Policy in Cyprus 

o Ability to reuse water from the aquifer of 
South-Eastern Mesaoria at Liopetri. 

9. Conclusions-Discussion 
The South-Eastern Mesaoria aquifer system is de-
veloped at sandstones horizons and sands. The av-
erage thickness of the aquifer is up to 80 m and the 
maximum 120 m and it is characterised by quality 
degradation and depletion during the last decades. 
Artificial recharge using tertiary treated waste wa-
ter via deep boreholes is one of the options avail-
able for increasing the groundwater reserves in the 
South-Eastern Mesaoria aquifer. The maximum 
annual recharge volume of the aquifer system 
through 90 recharge boreholes is estimated to be 
3.24x106 m3 water.  

In relation to the estimation for the quantitative re-
covery of the aquifer, it is proposed that the annual 
volume of water pumped out the aquifer is 700,000 
m3 for the period from 2010 to 2014 (Phase A´) 
under the BS1 scenario (including the 5 
towns/villages) and 440,000 m3 under the BS2 
scenario (without the 5 towns/villages). Gradually 
the pumped volumes will increase due to the in-
crease of the recycled volume of water injected 
into the aquifer. The proposed increase in the vol-

ume of water pumped out the aquifer is approxi-
mately 10% for every 5 years, starting the year 
2014. According to the above, at the end of Phase 
A' the expected rise in water table under BS1 sce-
nario will be 6.4 m and under BS2 scenario 3.8 m, 
while at the end of Phase B' the expected rise in 
water table under BS1 scenario will be 17.3 m and 
under BS2 scenario 10 m. The rise of the water ta-
ble up to 25 m (aquifers’ unsaturated zone thick-
ness under the sea level) under BS1 scenario will 
occur in 2023, while under BS2 scenario in 2028. 

Generally, the comparison of the various scenarios 
shows that scenario BS1 (including sub-scenarios 
as stated above) overwhelms scenarios BS2, in 
terms of all of the considered criteria (financial, 
environmental and policy making). Also, all the 
scenarios which involve the removal of FOG and 
cyanides, present negative NPV and their MWRC 
is more than twice the price of fresh drinking water 
in Cyprus (0.77 €/m3). Therefore, they are not in-
cluded in any further comparison. This is the most 
advanced scenario (in terms of financial, environ-
mental and policy making criteria) under which the 
recycled water is produced by the 7 towns/villages, 
its surplus is only treated by ultrafiltration and dis-
infection with NaOCl and the connection between 
Ag. Napa and Paralimni is via a pumping station 
(Voudouris et al., 2009). 

Finally, artificial recharge using treated wastewater 
in the South-Eastern Mesaoria aquifer, close to 
Liopetri village, via deep boreholes, is an interna-
tionally acceptable practice, which is compatible 
with the 2000/60/EC directive and may be contrib-
uted to cover a part of irrigation needs, as well to 
the sustainable water resources management in this 
region. 
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Abstract: The Natural Stone Database for Northern Ireland was constructed to address the paucity of 
information available to stone conservation practitioners. Almost 2000 listed buildings, 260 monuments 
and 118 quarries were surveyed over three years to produce an interactive GIS database for the Northern 
Ireland Environment Agency. This contains information on stone sources, together with details of stone 
condition and decay processes and is complimented by a website available to the general public. This 
paper uses elements of this GIS to link annual rainfall data for Northern Ireland with information on the 
biological soiling, and decay of stone monuments across the province to examine the relationship be-
tween moisture and availability on these processes. Results suggest that biological soiling is indeed 
strongly influenced by moisture availability (i.e. precipitation), with higher levels of biological soiling 
evident in the wetter North-West of Northern Ireland where annual precipitation is higher in response to 
a strong Atlantic signal. This compares to lower levels of biological soiling evident in the more rain-
sheltered South-East of the province. Stone deterioration appears to be less influenced by climate and 
more closely related to the geology characteristics with higher levels of decay often observed on sand-
stone monuments and lower levels of decay associated with areas in which low porosity stone types 
such as basalt predominate.  The results have clear implications for future patterns of soiling in light of 
projections for regional climate change that indicate increased winter wetness, but they also demonstrate 
the multifactorial nature of the controls on stone decay and highlight the need for careful and thorough 
analysis before any generalizations are proposed.  

Keywords: Building stone; Biological soiling; Decay; Climate Change; Stone Database; Northern Irel-
and 

 
1. Introduction 
Northern Ireland has a rich stone-built heritage, in-
cluding buildings and monuments ranging from the 
medieval to the contemporary. Many of these were 
constructed using sandstone (as a primary stone 
type or as stone dressing)– a stone that is often aes-
thetically pleasing and easy to work, but also one 
that is prone to decay. Northern Ireland has a va-
riety of local Carboniferous and Permo-Triassic 
sandstones (Tab. 1), many of which were histori-
cally used for construction, particularly in the case 
of older monuments, where the nearest available 
stone would have been accessed due to transport 
limitations. The Natural Stone Database Project 
was a first step in addressing some of the lack of 
information available for stone conservation in 
Northern Ireland. The project developed as a 

unique partnership between industry and research 
in Northern Ireland that combined the research 
knowledge of the Stone Weathering Research 
Group at Queen's University Belfast with the prac-
tical experience of Consarc Design Group (an arc-
hitectural practice with a specialist conservation 
branch). The project comprised an extensive two 
and a half year programme of surveying, stone 
sampling and analysis which was used to produce 
an interactive, database of listed buildings, monu-
ments and stone quarries 'The Natural Stone Data-
base' and 'Guidance Notes' for the Northern Ireland 
Environment Agency and a website 
(www.stonedatabase.com) providing information 
on local buildings, quarries and stone types, and 
fully accessible by the public (Hyslop et al., 2009). 
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One of the key underlying controls on stone decay 
is moisture content and migration (Turkington et 
al., 2002). Moisture can cause damage directly - 
dilatation and contraction can take place in sand-
stones due to moisture changes. For most sand-
stones, hydric dilatation is in the range of 
500μm/m, but clay-rich sandstones can reach 
5000μm/m (Snethlage and Wendler, 1996). How-
ever, because moisture is an underlying control, it 
also acts indirectly through other decay agents. For 
example, it is in the presence of soluble salts that 
moisture is most often considered most destructive, 
with salts re-crystallizing to push apart grains as 
damp stones dry (Smith and McGreevy, 1988; 
Goudie and Viles, 1997). Moisture availability will 
also be key in determining the nature and extent of 
biological colonization on rock surfaces. Thus, 
Caneva et al. (2008) considered the quantity and 
availability of water to be the main determining 
factors for the speed at which a surface is colo-
nized.  

The aim of this paper is to begin to understand 
stone response, in terms of biological soiling and 
decay, to the variable current precipitation across 
Northern Ireland. It investigates the influence of 
wider environmental factors without delving into 
specific monument macro-environmental influ-
ences (though it recognizes the importance of 
these). Once a greater level of understanding of the 
effects of current precipitation regimes on stone 
has been gained, implications for climate change 
and wetter winter conditions are discussed.  

2. Methods 
Investigating the biological soiling of monuments 
A total of 247 monuments, which were surveyed as 
part of the Natural Stone Database project were in-
cluded for GIS. Soiling information for each mo-
nument on the database was expounded using in-
formation from the original monument survey 
sheets to include the biological soiling information 
for each façade. Each monument was then given a 
corresponding score (1 or 2) according to whether 
all existing façades had >50% biological soiling or 
did not. The GIS map was then queried for all mo-
numents where every existing façade had a value 
of 2 (>50% soiling). The GIS was then also que-
ried for all monuments where sandstone was the 
primary stone type.  

The rainfall raster shows annual rainfall in milli-
metres as an average value for the years 1961-
1990. The MET office isohyet map was digitised 
to Irish grid to include 14 values ranging from 750-
1800mm; this was then converted from polyline to 
a raster surface with a spatial resolution of 500m.  

2.1. Assessing stone characteristics and con-
dition  

All monuments had previously been surveyed as 
part of the stone database project and given a 
stonework condition score for each façade (and 
overall) based on the UAS staging system devised 
by Warke et al. (2003). The building and monu-
ment surveys provided an indication of the overall 

Table 1. Summary of Northern Ireland's main local sandstone varieties, adapted from www.stonedatabase.com 
Sandstone Type Age Porosity (%) Description 
Ballycastle 
Sandstone 

Carboniferous 2,79 Ranges in colour from pink, grey and yellow to white, fine to coarse-
grained bedded sandstone. Decays by scaling and granular disintegra-
tion 

Cookstown 
Sandstone 

Permo-Triassic n/a Ranges in colour from pale pink to red and weathers by flaking, scal-
ing and bedding-plane erosion. Thin section analysis shows it to be 
more calcareous than Scrabo Sandstone 

Dungannon 
Sandstone 

Carboniferous 4.44-17.10 Fine-to medium-grained with colours ranging from cream, greyish-
white, and grey to yellow. In polluted environments this sandstone 
soils rapidly and develops black crusts which when breached rapid 
decay occurs through scaling and granular disintegration 

Dungiven       
Sandstone 

Carboniferous 18,9 Vast range of colours from buff, white, yellow to pink. Individual 
pebbles and beds of coarser material are often visible in blocks. Stone 
faces generally show granular disintegration, differential weathering 
along bedding planes, and occasional pitting of stone surfaces 

Fermanagh 
Sandstone 

Carboniferous 1,29 Pale grey to buff in colour, very durable, rarely exhibiting pitting 

Scrabo               
Sandstone 

Permo-Triassic 21-24 Ranging in colour from buff to pink or red. Clay-rich, bedded sand-
stone which weathers rapidly with flaking, scaling up to cavernous 
decay 
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condition assessment of the stonework of each 
façade of a building and ranged from: Stage 1 (best 
condition) to Stage 4 (poorest condition), stages 1 
to 4 are described in table 2. Each elevation was 
surveyed according to the 'Staging System' which 
records and assesses the type, nature and extent of 
weathering of the stonework, the condition as-
sessment score for each elevation was then aver-
aged to produce an overall value for the building or 
monument. A staging score of 2110 (a lower stage 
2) was chosen as an indicator as it represented a 
medium level of decay. A stage 2 building is de-
scribed in Warke et al. (2003) as one where “sec-
tion specific remedial action would be required but 
the extent of intervention should be relatively li-
mited because of the lack of distant involvement 
within the façade boundaries” i.e. there is some 
spreading stone decay but this is currently limited 
to localised areas. A stage 2 building may be con-
sidered to be bordering on “acceptable” decay with 
limited intervention required, whereas stage 3 and 
4 buildings will require considerable restoration 
work. Therefore the GIS map was queried for all 
monuments where at least 50% of façades demon-
strated a score of 2110 or greater i.e. a medium 
level of decay or above. 

Stone porosity values were derived from Open Po-
rosity and Apparent Density (BS EN 1936) testing 
carried out as part of the stone database project us-
ing blocks collected from both contemporary and 
historical quarries.  

3. Results 
3.1. Biological soiling 
Figure 1 shows a map of annual rainfall overlain 
with monuments (those showing heavy biological 
soiling are highlighted in black, sandstone monu-
ments are signified with an X). A total of 107 mo-
numents out of 247 were selected by query as hav-

ing over 50% biological soiling on all existing 
façades. It was immediately evident that a higher 
proportion of the monuments selected were located 
in the North-West of Northern Ireland. This was 
confirmed by percentage values (Tab. 3) which 
demonstrate that, proportionately, just under 
double the amount of monuments in the North-
West of the country have heavy biological soiling 
on all existing façades as compared with the 
South-East. There is clearly a higher number of 
monuments that have sandstone as a primary stone 
type in the North-West of Northern Ireland, how-
ever this does not appear to correspond directly 
with heavy biological soiling as a higher number 
of non-sandstone monuments have high biological 
soiling.  
 
Table 3. Showing percentage values of monuments 
with over 50% soiling on all existing façades or mo-
numents with a condition score of 2110 or over on at 
least 50% of façades, divided by region i.e. North-West 
or South-East of Northern Ireland 

Area of 
Northern 
Ireland 

Monuments over 
50% soiled on 

all existing 
façades (%) 

Monuments with a con-
dition score of 2110 or 
over on at least 50% of 

façades (%) 
North-West 53 39 
South-East 28 16 

3.2. Stonework condition 
Figure 2 shows a map of annual rainfall overlain 
with monuments (those with a condition score of 
2110 on >50% of façades are shown in black, 
sandstone monuments are signified with an X). A 
total of 74 monuments were found by query to 
have a condition assessment score of 2110 or over 
on at least 50% of the existing façades, and again a 
larger proportion of these (Tab. 3) were located in 
the North-West portion of Northern Ireland – 39% 
of monuments in the NW compared to 16% in the 
SE.  

Table 2. Definitions of the level of decay and extent of intervention required for each of the four main decay stages in 
the UAS staging system. Adapted from Warke et al. (2003) 
Stage Extent of intervention required 
Stage 1 -  No active intervention may be required 

-  Or localized remedial treatment of individual stone blocks 
-  Periodic reassessment advised 

Stage 2 -  Relatively limited section specific remedial action 
Stage 3 -  Significant intervention 

-  Up to 50% of total façade showing deterioration 
-  Appropriate intervention should prolong life expectancy of the structure 

Stage 4 -  Serious deterioration affecting >50% of façade 
-  Considerable intervention required 
-  If not of historic/architectural merit consider palliative rather than restorative treatment 
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4. Discussion 
There is clearly a considerable increase in both bi-
ological soiling and overall decay in the North-

West region of Northern Ireland as compared with 
the South-East. The North-West/South-East divide 
line (drawn across NI in Figs. 1 and 2) was adapted 

 
Fig. 1. GIS map showing annual rainfall (mm) overlaid with monuments (white circle), and monuments where all fa-
çades demonstrate over 50% soiling (black circle). Monuments where sandstone is the primary stone type are high-
lighted with an X and towns located near major sandstone quarries are noted.  

 
Fig. 2. GIS map showing annual rainfall (mm) overlaid with monuments (white circle), and monuments where at least 
50% of façades have a condition assessment score of 2110 or greater (black circle). Monuments where sandstone is 
the primary stone type are highlighted with an X and towns located near major sandstone quarries are noted.  
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from Crawford et al., 2007, who demonstrated that 
the NW of Northern Ireland correlated more close-
ly with the Irish grid square predictors (because of 
the wetter Atlantic influence), whereas the SE of 
NI matched more closely with the Scottish Borders 
grid square. While the work of Crawford et al. 
(2007) was specifically related to choice of predic-
tors for downscaling Global Climate Models to the 
catchment scale in Northern Ireland, it demonstrat-
ed clearly that this divide existed – a greater Atlan-
tic signal to the NW of the line leading to wetter 
conditions than in the SE. The pattern of biological 
soiling (over 50% soiled on all existing façades) 
reflects this trend, confirming that one major factor 
that controls biological colonization is moisture 
supply. Ortego-Calvo et al. (1993) noted that “al-
gae are commonly found on buildings in humid 
places, growing in cornices, in holes and crevices, 
or beneath crusts where water is retained and eva-
poration is low. Biological soiling commonly oc-
curs on localized sheltered or sloping areas of 
buildings where water does not run off as rapidly. 
A value of over 50% demonstrates more than the 
expected biological soiling (occurring on most 
façades in only the dampest areas) – rather, biolog-
ical soiling is extended to the vertical block faces. 
Young and Urquhart (1998) stated that “vertical 
façades seldom support much biological growth 
unless they are in regions of high humidity or are 
often wetted”. This again suggests that a very high 
level of biological soiling is present and that this is 
almost certainly due to high levels of moisture 
availability, confirmed by the greater percentage of 
monuments in the wetter North-West of Northern 
Ireland with high levels of soiling. 

This current study does not take into account the 
crucial role of local and micro-environmental fac-
tors, which may vary considerably between indi-
vidual monument sites. For example, one obvious 
question might be: why do some monuments in the 
SE not conform to the trend, showing over 50% 
biological soiling on all façades? The answer may 
often be related to specific macro-environment ra-
ther than the wider environmental influences ex-
plored in this paper. Thus, monuments which are 
overhung by trees or are near bodies of freshwater 
are evidently more likely to have higher biological 
soiling than those which are more exposed to the 
elements, due to a nearby source of both moisture 
and potential colonizing species (particularly al-
gae). A proportion of the monuments found to 
have heavy biological soiling are counted as such 
due to heavy ivy growth, this has little bearing on 

local rainfall levels but rather is an issue of monu-
ment maintenance. This is indeed the case for sev-
eral of the monuments in the South-East e.g. Kil-
larsey Church, Killyleagh and Templecraney 
Church, Portaferry. The type of biological soiling 
is also not taken into account in the current study – 
this will be unpacked in future work. Thus, some 
façades may be heavily soiled by a mixture of al-
gae, lichen, and mosses, whilst others will be colo-
nized almost entirely by lichen or algae alone. The 
types and species of organism colonizing a surface 
may give an indication of the reason why soiling is 
heavy on that particular façade and in the case of 
lichen, the length of time the façade has been colo-
nized. Heavy algal soiling is more likely to be 
linked to climate and time of substrate wetness, 
whereas lichens once established can survive pe-
riods of drought by reducing metabolic activity 
(Purvis, 2000). Therefore it might be expected that 
lichen will colonize monuments throughout North-
ern Ireland (with species-specific variation, but re-
gardless of the NW/SE wetness gradient) whereas 
algal growth is more likely to be more prominent 
in the NW, correlating with the wet Atlantic influ-
ence. Lichen may indeed grow in size more rapidly 
in wetter localities but this is difficult to gauge for 
organisms that can live for several hundred years.  
A smaller number of monuments are located in 
towns or cities and are more likely to be soiled by 
pollution which will likely inhibit biological 
growth, particularly that of lichens. Lichen are well 
recognized as bioindicators due to their high sensi-
tivity to sulphur dioxide. Hawksworth and Rose 
(1976) developed an air pollution scale for Eng-
land and Wales based on which lichen species 
were present on tree bark in cities. This indeed ap-
pears to be the case for the 8 monuments (London-
derry’s historic gates and walls) located within 
Londonderry city centre (NW NI). The majority of 
these façades have a high pollution-soiling index 
(i.e. over 50% soiled) and a low biological-soiling 
index, suggesting that biological growth is inhi-
bited by heavy pollution soiling. Therefore, both 
monument specific environments and the wider 
geographical distribution of rainfall highlighted in 
this paper both have important roles to play. 

Substrate porosity is often considered to be one of 
the prime influences for biological colonization. 
Guillitte and Dreeson (1995) stated that biorecep-
tivity was controlled mainly by surface roughness, 
initial porosity and the mineralogical nature of the 
substrate. Studies by Viles (1988), Pentecost 
(1992), Tiano et al. (1995) and Warscheid and 
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Braams (2000) also found surface roughness and 
porosity to be linked to more rapid biological co-
lonization. The influence of porosity or surface 
texture on colonisation is inextricably linked back 
to the availability of moisture. Crispim et al. 
(2003) states that “the porosity of the substrate is 
related to the penetration and retention of water, 
which in turn affects microbial colonisation”. 
Other factors to consider are substrate permeability 
i.e. the interconnectivity of the substrate pores, and 
the influence of tooling dimension stone i.e. artifi-
cially enhancing surface roughness. However, 
while substrate porosity may indeed have some 
level of influence, it does not appear to be the ma-
jor control in the case of biological soiling. North-
ern Ireland has a diverse underlying geology, the 
most porous and rapidly decaying stone type that 
was commonly used as dimension stone in Victo-
rian times was Scrabo Sandstone which was 
sourced from quarries near Newtownards at the 
north end of Strangford Lough. Scrabo Sandstone 
porosity ranges from 21-24% and often exhibits 
severe decay on buildings, displaying flaking and 
scaling with occasional cavernous decay. Despite 
this, very few monuments surrounding Strangford 
Lough display heavy soiling, and none in the im-
mediate Newtownards area. In contrast the North-
West of the country displays heavy soiling in all 
areas despite having some of the least porous and 
most durable stone types i.e. Antrim and London-
derry Basalt (0.84-2.8%), Fermanagh Carbonifer-
ous Limestone (0.33-1.25%), Fermanagh Carboni-
ferous Sandstone (1.29%) and Claudy Schist (1.21-
6.72%) in County Londonderry. The information 
used also does not take into account any potential 
cleaning or maintenance work carried out on mo-
numents. One of the key points presented by 
McCabe and Smith (2009) is that how a stone re-
sponds to biological colonization (in terms of de-
cay) is dependant on lithological characteristics. 
Therefore some durable/non-porous stone will ac-
tually provide good stable surfaces for growth and 
thus exhibit heavy soiling (especially in areas of 
high rainfall), while the less durable/higher porosi-
ty stones often lose surface material as a result of 
biological decay – the surface is unstable, so soil-
ing seems less severe (but active decay is greater).  
As with biological soiling, higher assessment con-
dition scores (i.e. building stone decay) also occur 
more prominently in the North-West of Northern 
Ireland. Biodeterioration of stone can indeed be 
caused by lichen and algae. Lichen anchor them-
selves to their substrate using rhizines and can re-

lease a wide spectrum of products including li-
chenic acids which can also cause stone deteriora-
tion . The presence of lichen and algae on a stone 
surface will also change the dynamics of a stone 
block, helping to retain moisture at the stone sur-
face and potentially altering the albedo. In some 
cases these factors may lead to an overall protec-
tive effect. However for the most part biodeteriora-
tion is localized and rarely causes severe decay at 
full façade level.  

However, in contrast with the biological soiling 
map, the condition assessment scoring map does 
appear to correspond largely with the underlying 
geology, in particular with local sandstone out-
crops. Monuments in Northern Ireland generally 
range in age from 14th to 19th Century and as such 
were built almost entirely from stone that was 
available locally due to transport issues. They 
therefore tend to reflect closely the geology of the 
local area as opposed to many of the later buildings 
which often feature imported English or Scottish 
stone. Higher decay values in this case appear to 
correspond to sandstone outcrops across Northern 
Ireland, such as Scrabo Sandstone (Newtownards 
area), Ballycastle Sandstone, Dungannon Sand-
stone, Dungiven Sandstone and Cookstown Sand-
stone, with higher decay scores clustered around 
these outcrops. While not all of these higher decay 
scores correspond to monuments with sandstone as 
the primary stone type, many of these have sand-
stone as a secondary stone type, influencing the 
decay level. The pattern is somewhat different in 
County Fermanagh where the local Carboniferous 
sandstone is particularly hard-wearing and less 
prone to decay than other Northern Irish sand-
stones, thus explaining the number of sandstone 
buildings in this area that show low levels of de-
cay.  

UKCP (2009) climate predictions for Northern 
Ireland show an increase in winter precipitation va-
rying from 6 to 34% by the 2080’s (based on the 
high emissions scenario, ranging from the 10 to 
90% probability level) and a range of decrease in 
summer precipitation by the 2080’s of -4 to -38% 
(high emissions scenario, 10 to 90% probability 
level). Precipitation is also to increase proportion-
ally more in the Mourne mountains area of the 
South-East and increase least in the central North-
West (County Londonderry). This may lead to a 
shift in biological soiling patterns with higher algal 
growth in particular in parts of the South-East of 
the country. Species which are not capable of sur-



189 
 

viving long periods of reduced rainfall during 
summer may begin to die out, leading to an in-
crease in species which are more capable of coping 
with more seasonal climate scenarios i.e. wetter 
winters and drier summers. As temperatures are al-
so to become milder in winter this may lead to a 
general increase in biological soiling without low 
temperatures to reduce the numbers of the more 
temperature-sensitive species.  

5. Conclusions 
 The biological soiling of monuments in North-

ern Ireland reflects the broad NW/SE precipitation 
divide – the NW is dominated by the wetter Atlan-
tic Signal and shows greater biological soiling in 
response, the SE is drier, with less biological soil-
ing evident 

 While these broader trends clearly exert a con-
trol on biological colonization and decay, it is clear 
that site-specific macro-environmental controls can 
override them – for example, overhanging vegeta-
tion and freshwater bodies  

Although biological growth and increased moisture 
availability are likely to play some role in in-
creased decay in the North-West, the extent of 
stone decay appears to correspond more closely to 
underlying geology, with monuments in sandstone 
areas showing more extensive decay 

Biological soiling patterns are likely to change in 
future in response to projected climate change, 
with more climate-sensitive (particularly drought-
sensitive) species reducing in number and an in-
crease in species which are better adapted for pe-
riods of drought in summer and increased rainfall 
in winter. For example, if precipitation levels in-
crease in the SE of NI, it might be expected that 
algae will become more dominant in biological 
soiling in this area if the country. Overall biologi-
cal soiling may also increase due to milder winters 
as temperature-sensitive species will not be regu-
lated by colder seasonal temperatures.  
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Abstract: 20 cm to 2 m wide camptonite dykes occur at the northern part of the Ditrǎu Alkaline Massif 
[DAM] (Eastern Carpathians, Romania) intersecting granitoids, syenitoids and hornblendites. Based on 
their low SiO2 and high alkali, TiO2, LILE and LREE content, high Yb/Nb, Ti/V, (La/Yb)N ratios, 
Zr/TiO2 vs. Nb/Y distribution, nepheline and olivine normative composition they are silica- and alu-
mina-undersaturated, alkaline basic rocks and basanitic in composition. The Mg#, Cr, Ni, Co and Sc 
concentration, and low S.I. and high D.I. values of the DAM camptonites indicate that they could be 
fractionates of primary melts. Based on strongly incompatible trace element composition the DAM 
camptonites derive from an OIB mantle source containing HIMU and EM I mantle components. The 
high LREE and low HREE content of the DAM camptonites (La/Yb=15-24) can indicate both a me-
tasomatised mantle source for the magma generation and a garnet lherzolite source by very low degrees 
(~1-2 %) of partial melting. The latter mean that the camptonite magma must have originated at a great 
depth, around 60-80 km. 

Keywords: Camptonite, Geochemistry, Petrogenesis, Ditrǎu Alkaline Massif, Eastern Carpathians 
 
1. Introduction 
Camptonites are alkaline lamprophyres with more 
plagioclase than alkali feldspar, can include Na-
foids and containing essential amphibole which 
dominates over biotite (Rock, 1991). They are a 
group of alkali-rich igneous rocks and form sub-
volcanic dykes, sills, plugs, stocks, vents or mar-
gins to larger intrusions. They have ‘basanitic to 
nephelinitic’ compositions, low-Si (41–43 % 
SiO2), high-Na (3–4 % Na2O) content, usually Na 
» K, and are rich in Sr, Rb, Ba, Th, Zr, LREE and 
volatiles (Rock, 1991). 

While several scientific studies concerning the 
mineralogy, petrology, structure, formation 
and time of origin of the DAM, as well as the 
economic potential of its rock and ores have 
been made, the camptonites intersecting dif-
ferent rock types of the Massif, have slightly 
been discussed (Mauritz, 1912; Mauritz et al., 
1925; Streckeisen, 1954; Anastasiu and Contan-
tinescu, 1982). So far, only petrographical and a 
few chemical analyses were made on camptonite 
bodies, hence, the petrological and tectonical in-
terpretation of these rocks would greatly contribute 
to understand the genetics of DAM. 

This paper presents whole rock major, trace and 
rare-earth element data of camptonites occurring at 
the northern part of the DAM, and discusses 
variation in their chemical composition and their 
petrogenesis. 

2. Geological setting 
The DAM is a Mesozoic alkaline igneous 
complex and situated in the S-SW part of the 
Giurgeu Alps belonging to the Eastern Carpa-
thians (Romania) (Fig. 1). The diameter of its 
surface mass in a NW-SE and NE-SW direc-
tion is 19 and 14 km, respectively. Including 
the border zones its total extension is ap-
proximately 225 km2. According to our present 
knowledge, the DAM is an intrusive rock body 
(Fig. 2) with an eastern, north eastern tilt, built 
up by several tectonic blocks providing the mas-
sif a complex form. Magnetotelluric and telluric 
gravimetry along a Paşcani – Tg.-Neamţ – 
Ditrău – Reghin geotraverse (Visarion, 1987) 
displayed an allochthon body till a depth of 2–
2.5 km, which belongs to the Bukovina Nappe. 
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The DAM outcrops right east of the Neogene-
Quaternary Cǎlimani-Gurghiu-Harghita calc-
alkali volcanic belt by breaking through the 
pre-Alpine metamorphic rocks of the 
Bukovina Nappe. The massif is partly covered 
by the andesitic pyroclastic rocks and lava 
flows of the volcanic arc and the Pliocene-
Pleistocene sedimentary rocks of the 
Gheorgeni and Jolotca Basins. The DAM in-
truded the central crystalline rock mass of the East-
ern Carpathians, and it participated later in the 
Alpine tectonic events along with metamorphic 
rocks (Pál-Molnár, 2000). 

From a petrographic point of view the DAM is ex-
ceptionally diverse. Great number of different rock 
types appears on the surface (ultrabasites, gabbros, 
diorites, monzonites, syenites, nepheline syenites, 
granites, lamprophyres). Based on 30 K/Ar data 
originating from various mineral fractions of dif-
ferent rock types Pál-Molnár and Árva-Sós (1995) 
and Pál-Molnár (2000) has shown that the massif 
is the result of a long lasting (Middle Triassic – 
Lower Cretaceous) two phase (Middle Triassic – 
Upper Triassic and Lower Cretaceous) magmatic 
process. With additional Ar/Ar age data Dallmeyer 
et al. (1997) reinforced the Middle Triassic origin 
of ultrabasic rocks, while Kräutner and Bindea 
(1998) stressed again the long and multi-phase 
magmatic activity of the DAM, which started dur-
ing the Triassic by the opening up of the Tethys 
and the detachment of the Getida-Bukovina Mi-
croplate from the Eurasian Plate. 

3. Petrography 
Since the occurrence of camptonites can be 
studied better at the northern part of the DAM, 
and the contacts of camptonites with the most 

rock type in natural outcrops can be found at 
this part as well, the Jolotca Creek and its 
northern affluents have been chosen as the 
studied area. 
The 20 cm to 2 m wide camptonite dykes and dyke 
swarms intersect granitoids, syenitoids and horn-
blendites. Contacts of camptonite dykes with the 
wall rocks are sharp. Both camptonites and the 
country rocks are less or largely altered. There are 
numerous faults on the territory, from which sev-
eral cut the camptonite dykes, too. The studied 
rocks (35 samples) were collected from nine natu-
ral outcrops of seven creeks. Field relations sug-
gest late stage emplacement of camptonite in the 
DAM’s magmatic evolution (Batki et al., 2004). 

The studied camptonites are dark-grey, greenish-
grey. Their texture is mostly panidiomorphic, por-
phyritic and at some places vitrous in contact 
zones. They do not contain any kind of xenoliths. 
Based on petrographic investigations two types of 
camptonites occur in the studied area. The first 
type of camptonites (Type I.) consists of subsilicic 

 
Fig. 1. Schematic map of the Carpathian-Pannonian re-
gion after Săndulescu et al. (1981). 

 
Fig. 2. Geological map of the Ditrǎu Alkaline Massif 
(Pál-Molnár, 2008; modified after Kräutner and Bindea, 
1998). 
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aluminian ferroan diopside phenocryst, ground-
mass kaersutite and Mg-biotite, interstitial albite-
oligoclase and ocelli filled with euhedral calcite in 
the core and anhedral plagioclase at the rim. The 
dominant component of the second type of camp-
tonites (Type II.) is hastingsite – magnesiohasting-
site in the groundmass. The other main rock-
forming mineral is Fe-Mg-biotite. The interstitial 
plagioclase is albite-andesine. This type is pyrox-
ene free and has silica-rich felsic globular struc-
tures filled with the same mineral assemblages as 
in the groundmass. Accessories are apatite, titanite, 
magnetite and zircon (Batki & Pál-Molnár, 2006). 

4. Analytical methods 
Whole-rock major oxide compositions for 26 se-
lected samples were analysed on a Finnigan MAT 
Element spectrometer by HR-ICP-MS, trace and 
rare-earth elements were determined by ICP-AES 
using a Varian Vista AX spectrometer at the De-
partment of Geology and Geochemistry, Univer-
sity of Stockholm.  

5. Geochemistry 
Major, trace and rare-earth element analyses are 
given in table 1 and table 2. The DAM camptonites 
are characterized by low SiO2 contents (in the 
range of 43-51 wt.%) (Fig. 3, 4) and variable Mg 
values (0.5-0.7). MgO, Cr and Ni contents range 
from 4.9-10.0 wt.%, 42-277 ppm and 40-214 ppm, 
respectively. They have low S.I. and high D.I. val-
ues (Table 1). The DAM camptonites are typically 

alkaline as shown by high concentrations of TiO2 
(Fig. 3), alkalies (Fig. 4) and incompatible trace 
elements such as LREE, Zr, Nb, Y, Ba, Sr and by 
high Ti/V, (La/Yb)N and low Y/Nb ratios (Table 
2). They are silica-undersaturated (ne = 5.6-13.8), 
alkaline basic to ultrabasic rocks (Fig. 4) and 
basanitic (ol = 7.6-17.6) (Fig. 5) in composition. 
Their alumina-undersaturated or metaluminious 
character (Fig. 6) and their primitive mantle-
normalized trace element patterns (Fig. 7) agree 
well with average alkaline lamprophyres (Rock, 
1987; 1991). The camptonite dykes show strong 
enrichments in LILE relative to the primitive man-
tle and negative anomalies for Cr and Ni (Fig. 7). 
The primitive mantle-normalized (Sun and 
McDonough, 1989) REE patterns of camptonites 
show a decrease from La to Yb (Fig. 8), and do not 
have Eu anomaly (Eu/Eu*=0.54-0.68). While the 
camptonites have just 5- to 9-fold higher HREE 
content, they have 50- to 100-fold higher LREE 
content than the primitive mantle. Such fractiona-
tion of the LREE and HREE (La/Yb=15-24) show 
that during partial melting the lamprophyric 
magma was enriched in LREE much more than in 
HREE. The high LREE content of the camptonites 
must be related to their extremely high volatile 
content (Szabó et al. 1993). Experimental data of 
Wendlandt and Harrison (1979) suggest that most 
LREE become soluble under mantle pressure when 
an H2O-rich fluid coexists with partial melt. Green 
(1979) detected Ti, Rb, Sr, Ba, Ce and Pb in CO2 
inclusions in upper mantle rocks and suggested 

Table 1. Representative major element composition (wt%) of camptonites from the northern part of the Ditrǎu Alkaline Massif.  
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that these elements were previously dissolved in 
the CO2. Roedder (1972) and Stosch (1982) also 
found evidence for the transport of REE by dense 
CO2. The REE’s migrate from fluid into the sili-
cate melt under subsequent lower pressures (Fesq 
et al. 1974). In contrast, H2O is better understood 
as a solvent, compared to CO2, especially, in fluid 
mobile LIL element transfer under upper mantle 
conditions (Williams et al., 1995; Prouteau et al., 
2001). 
6. Petrogenesis 
The studied camptonites lack mantle xenoliths, do 
not have modal olivine, and most of them show 
whole-rock Mg# 0.5-0.7 supposing that they could 
be fractionates of primary melts. Their differenti-
ated nature is confirmed by their low S.I. and high 
D.I. values. 
The OIB-normalized REE patterns (Fig. 9), and the 
Ti/100 vs. Zr vs. Y*3 distribution of the campton-
ites show (Fig. 10), that they are related to an in-
traplate magmatic activity. The La/Nb, Zr/Nb, 
Ba/Nb, Ba/La, Rb/Nb and K/Nb ratios of the 
camptonites (Table 3; Weaver 1991; Sun and 
McDonough 1989; Ngounouno et al. 2006; Perini 

et al., 2004) indicate the presence of HIMU and 
EM I mantle components in the source region of 
the DAM camptonites. Both of the camptonites 
(Type I. and Type II.) have the same primitive 
mantle- and OIB-normalized REE patterns which 
mean that they are co-magmatic. 

 
Fig. 3. Discrimination diagrams of camptonites from the 
Ditrǎu Alkaline Massif based on Rock (1987) � Camp-
tonite Type I. � Camptonite Type II. � average alka-
line lamprophyres [AL], CAL – calc alkaline lampro-
phyre (Rock, 1991) 

Table 2. Representative trace and  rare-earth element composition (ppm) of camptonites from the northern part of the Ditrǎu 
Alkaline Massif.   
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The low HREE content of the camptonites indi-
cates the presence of residual garnet in the source 
region. The enrichment in LREE suggests very low 
degrees (~1-2 %) of partial melting (Kay and Gast, 
1978). Therefore the camptonite magma should de-
rive from garnet lherzolite mantle source by very 
low degrees of partial melting. In this case the 
camptonite magma must have originated at a great 
depth (60-80 km) (Watson and McKenzie, 1991). 
The enrichment in LREE and LILE can indicate a 
metasomatised mantle source of the camptonites as 
well (Wendlandt and Harrison, 1979). 

7. Conclusion 
Whole-rock major oxide compositions, trace and 
rare-earth element concentrations were determined 
on camptonite dykes intersecting granitoids, syeni-
toids and hornblendites at the northern part of the 
DAM, Eastern Carpathians (Romania). Based on 
their chemical composition they are silica- and 

 
Fig. 4. Lithological classification of camptonites from 
the Ditrǎu Alkaline Massif (Cox et al., 1979). �� Camp-
tonite Type I. � Camptonite Type II. � average AL
(Rock, 1991). 

 
Fig. 5. Nb/Y vs. Zr/TiO2*0.0001 discrimination dia-
gram of camptonites from the Ditrǎu Alkaline Massif
based on Winchester and Floyd (1977) � Camptonite
Type I. � Camptonite Type II. � average AL (Rock,
1991). 

 
Fig. 6. Al2O3/(Na2O+K2O) vs. Al2O3/(CaO+Na2O+K2O)
distribution of camptonites from the Ditrǎu Alkaline 
Massif based on Shand (1943) and Maniar and Piccoli 
(1989). � Camptonite Type I. � Camptonite Type II.
� average AL (Rock, 1991). 

 
Fig. 7. Primitive mantle-normalized (Sun and McDonough, 1989) trace element patterns of 
camptonites from the Ditrǎu Alkaline Massif, � Camptonite Type I. � Camptonite Type II. ��
average AL (Rock, 1991). 
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alumina-undersaturated, alkaline, basanitic rocks. 
They derive from a differentiated melt, and could 
be fractionates of primary melts. They originate 
from an OIB mantle source containing HIMU and 
EM I mantle components. The camptonite magma 
derived from a garnet lherzolite mantle source by 
very low degrees (~1-2 %) of partial melting which 
means that it must have originated at a great depth, 
around 60-80 km. 
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Abstract: The Xanthi Plutonic Complex (XPC) is one of a series of Oligocene subduction-related plu-
tonic bodies comprising an “acid” group and a “basic” group. Based on mineral compositions and as-
semblages of the “basic” group, the XPC is assumed to have originally crystallized at a pressure of 5.4 
kbar and at a temperature of 1300oC under relatively dry conditions and oxygen fugacity (fO2) near the 

NNO buffer. As the basic magma migrates to shallower levels and at a temperature of about 870oC, wa-
ter content increases and oxygen fugacity moves towards the MH buffer. The increase of water content 
could be the result of open system evolutionary processes. The “acid” group crystallizes at an average 
temperature of 729oC and at a pressure of 0.7 kbar under oxidizing conditions, between the NNO and 
MH buffer, suggesting a possibly different origin and/or evolution for the “acid” group. 

Keywords: Xanthi Plutonic Complex, Greece, geothermobarometry, crystallization conditions.  
 
1. Introduction 

Magmatic rocks and particularly granites are a 
common characteristic feature of orogenic belts. 
No matter how their melts have generated, granites 
of orogenic areas are significant geologic tracers 
and can always help in unravelling the tec-
tonomagmatic history of such belts. Magmatic 
rocks are widespread in Macedonia and Thrace in 
northern Greece, intruding the Rhodope Massif 
crystalline basement.  

The Oligocene to Miocene evolution of the 
Rhodope Massif is dominated by the presence of 
fault-controlled sedimentary basins with calc-
alkaline to high-K calc-alkaline intrusive and ex-
trusive magmatism and volcaniclastic intercala-
tions. Early Tertiary volcanism is widespread in 
the central and eastern Rhodope Massif (Innocenti 
et al., 1984; Eleftheriadis, 1995; Eleftheriadis and 
Lippolt, 1984; Christofides et al., 2001b). Grani-
toids of varying composition are also widespread 
in Rhodope Massif comprising monzonitic and 
granodioritic rocks and subordinate gabbro. Plu-
tonic intrusions of mostly Oligocene age, such as 
Xanthi, Kavala and Vrondou, are more widespread 
in central and western Rhodope Massif (Kotopouli 
& Pe-Piper, 1989; Christofides, 1996; Christofides 
et al., 1998 and references therein).  

It is well known that the mineral assemblages of 
the magmatic rocks and their compositions are 
strongly related to the composition of the melts 
and mainly to the physicochemical conditions dur-
ing their crystallization. However, retrieval of 
pressure and temperature information can be diffi-
cult. Mineral assemblages in igneous rocks crystal-
lize over a wide temperature interval and are not 
often equilibrium associations. Some mineral 
phases continue to react under subsolidus condi-
tions. Nevertheless, low-variance phase assem-
blages still exist and can be used to estimate crys-
tallization conditions during magma solidification. 

The XPC comprises rocks with a wide range of 
mineral constituents (olivine, two pyroxenes, am-
phiboles, biotite, feldspars, iron-titanium oxides), 
the study of which could offer valuable infor-
mation concerning the P-T conditions under which 
the rocks were generated. The aim of this study is 
to investigate the mineral assemblages of the vari-
ous rock types of the XPC and to apply several 
published geothermobarometers, based on mineral 
compositions, in order to estimate its crystalliza-
tion conditions. 
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2. Materials and Methods 

Mineral analyses were carried out at the Geology 
Department of Manchester University, using an 
EDS LINK system attached to a JEOL 6400 SEM 
with 15 KV accelerating voltage and 3 nA probe 
current. Pure Co was used as an optimization ele-
ment. 

FeO and Fe2O3 values for pyroxenes and magnetite 
were calculated using the method of Droop (1987) 
and for amphiboles the method of Schumacher 
(Appendix 2, Leake et al., 1997). FeO and Fe2O3 
values for biotites were determined by wet chemi-
cal method. 

3. Geological setting-Petrography and Geo-
chemistry 

Geophysical data (Maltezou & Brooks, 1989; Tso-
kas et al., 1996) suggest that XPC is a laccolith-
shaped body, extending several kilometers south-
wards. The Complex, which is mostly undeformed 
and unweathered, forms an extensive contact 
metamorphic aureole with skarn mineralisation 
(Liati, 1986).  The XPC (Christofides, 1977; 1989; 
Christofides et al., 1998; Kyriakopoulos, 1987; 
Koukouvelas & Pe-Piper, 1991) is in magmatic 
contact with gneisses, mica schists, amphibolites, 
calc-silicate rocks, marbles and Eocene-Oligocene 
sedimentary rocks of the Rhodope Massif. To the 
south, the XPC is in fault-contact with Neogene 
and Quaternary rocks.  

The XPC is distinguished into two main rock 
groups: a) the “acid” group and b) the “basic” 
group. The terms “acid” and “basic” do not have a 
strictly geochemical meaning but they are used just 
for the separation of the rocks into two groups. 

a) The “acid” group is composed of granodiorite 
(Grd) which grades into monzogranite (MzGr) and 
occupies the largest part of the XPC. It contains 
plagioclase, K-feldspar, biotite hornblende and Fe-
Ti oxides. Marginally it is more or less porphyritic. 
Granodiorite covers 75% of the Complex. 

b) The “basic” group occurs in the eastern part of 
the Complex and is composed mainly of 
monzonite (Mz) with subordinate quartz 
monzonite, quartz monzodiorite (QMzd) and 
monzogabbro (Mzg). It consists of plagioclase, 
perthitic and non-perthitic K-feldspar, biotite, 
clinopyroxene, orthopyroxene, Fe-Ti oxides and 
locally hornblende. A small two-pyroxene-olivine 
gabbro (Gb) occurs at the northeastern end of the 
Complex (Fig. 1). Lastly, small exposures of 
quartz gabbro (QGb) and quartz diorite (Qd), as 
well as monzonitic porphyry (MzP), occurring at 
the eastern and northeastern part of the XPC, re-
spectively, have also been identified. Microgranu-
lar mafic enclaves of quartz diorite composition 
occur mainly near the margin of the granodiorite. 

Silica content of the XPC ranges between 44-78 
wt%. A distinction of the rocks into a gabbroic-
monzonitic group, corresponding to the “basic” 

Fig. 1. Petrological map of the Xanthi Plutonic Complex.
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group, and a granodioritic group is obvious in most 
element variation diagrams at about 62 wt% silica. 
Some of the elements e.g. Ba and Zr behave as in-
compatible in the first group and then become 
compatible dropping in the granitic group. K2O 
and Rb increase with silica but with different 
trends, the gabbromonzonitic being steeper. ΣREE 
increase from gabbro to monzonite and then drop 
to the granodiorite. REE patterns are tightly 
banded. LREE are enriched and Eu anomaly is dis-
tinct negative except in cumulitic gabbro (Christo-
fides, 1990; Christofides et al., 1998). The XPC is 
considered as having post-COLG characteristics 
(Christofides et al., 2001a). Initial 87Sr/86Sr ratios 
of 0.7045-0.7075 (Kyriakopoulos, 1987; Christofi-
des, 1989) require an upper mantle/lower crust 
source material for the evolution of the Xanthi 
rocks. 

4. Mineral Chemistry 

The minerals of the XPC are extensively discussed 
in Christofides (1977). Here, they are only briefly 
described. Representative mineral analyses are 
given in table 1. 

4.1. Olivine 

Olivine is only found in the gabbro of the “basic 
group”. Altered olivine is found in some instances 
in monzogabbro and monzonite. It is Mg-rich 
ranging in composition from Fo58 to Fo70.  

4.2. Pyroxene 

Orthopyroxene and clinopyroxene, the main mafic 
minerals of the “basic” group, have Mg/(Mg+Fe) 
ratios ranging from 0.63 to 0.71 and 0.69 to 0.76, 
respectively, when accompanied by olivine. In 
orthopyroxene and clinopyroxene assemblages not 
accompanied by olivine, Mg/(Mg+Fe) ratios range 
from 0.49 to 0.61 and 0.64 to 0.75, respectively. 

Octahedral Al3+ and Ti4+ (both <0.03) are relatively 
constant for all pyroxenes. The highest 
Mg/(Mg+Fe) ratio (0.71) for orthopyroxene was 
measured in a gabbro sample  but overall pyroxene 
mineral chemical compositions are considered ho-
mogeneous. 

4.3. Amphibole 

Amphibole is present in the monzonitic rocks of 
the “basic” and in the rocks of the “acid” group. It 
appears to be homogeneous, with no apparent 
compositional zoning. In the IMA-approved no-
menclature (Leake et al., 1997), the amphiboles are 
classified as magnesio-hornblendes, with the ex-

ception of the monzonitic porphyry amphiboles, 
which are classified as edenites. Mg/(Mg+Fe) rati-
os range from  of 0.58 to 0.76 and Si content rang-
es from 6.8 to 7.6 atom per formula unit. 

A positive correlation is observed between AlIV 
and Altot

 (Fig. 2a), in agreement with 
Hammarstrom and Zen (1986), showing a system-
atic difference between the Al contents of the am-
phiboles in different rock types. The compositional 
variations observed in amphiboles could be the re-
sult of single or coupled substitutions. Figure 2 in-
dicates that the possible coupled substitutions pre-
sent in the amphiboles are edenite, Ti-tschermakite 
and simple substitution of Fe2+ for Mg. 

4.4. Biotite 

Biotite is the most common mafic mineral found in 
all rock types including gabbro. It is Mg-rich with 
a Mg/(Mg+Fe) ratio ranging from 0.49-0.76 (Fig. 
3) and shows little variation in tetrahedral alumi-
num (2.28-2.45). 

4.5. Feldspars 

Plagioclase occurs in all rock types. Optically 
zoned crystals have a core composition of An53-80 
in the “basic” group and An38-50 in the “acid” 
group. The overall composition of the unzoned 
crystals is An40-60 and An37-44 in the two groups, re-
spectively. 

K-feldspar ranges in composition from Or56 to 
Or87, and in a few cases includes a celsian compo-
nent that reaches 2.35wt%. In the monzonitic sam-
ples from the “basic” group a perthitic K-feldspar 
has been recognized. These perthitic feldspars con-
sist of intergrowths of alkali feldspar and albitic 
plagioclase. In most cases they are mesoperthites, 
i.e. with wormy intergrowths of a Na-rich phase 
the composition of which is An ~30 (An26-44) and a 
K-rich phase (host K-feldspar) having Or62-75 (Fig. 
4). They have been interpreted to be original ter-
nary feldspars that have subsequently exsolved 
(Fuhrman et al., 1988; Papadopoulou et al., 2005). 

4.6. Fe-Ti oxides 

Magnetite is the predominant Fe-Ti oxide in all 
rock samples. Ilmenite is found as single crystals 
and also as thin lamellae in magnetite. The TiO2 
content of magnetite varies (up to 9.5 wt%) while 
MnO is rather constant (0.5 wt%). Ilmenite com-
position ranges from 0.89 to 0.96 xilm with varying 
MnO content (0.8-3 wt%).  
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Rock group
Sample Gb Gb Gb Gb

SiO2 37.67 36.20 36.41 37.08
FeO 29.09 34.25 34.41 29.81
MnO 0.52 0.90 0.67 0.43
MgO 33.47 28.91 29.25 32.67
CaO 0.12
Total 100.75 100.25 100.75 100.11

Rock group Rock group
Sample Mz QMzd MzP Gb Sample Mz QMzd Gb MzP Mzg Qd

SiO2 52.24 53.66 51.94 53.52 SiO2 51.29 51.76 51.83 51.88 51.91 53.21

TiO2 0.18 0.27 TiO2 0.98 0.68 0.62 0.73 0.92

Al2O3 0.77 0.60 0.32 0.94 Al2O3 3.29 2.25 2.25 2.67 1.95 0.62
FeO 24.67 20.96 27.79 20.98 FeO 9.17 9.31 9.55 8.92 10.75 7.97
MnO 0.66 0.82 1.4 0.73 MnO 0.25 0.30 0.31 0.00 0.43 0.67
MgO 19.30 22.99 17.21 22.17 MgO 14.32 13.80 13.76 13.88 13.91 13.98
CaO 1.55 1.51 0.97 1.52 CaO 20.38 20.99 21.78 21.42 20.65 23.11

Na2O 0.39 Na2O 0.53 0.36 0.35 0.55
Total 99.58 100.55 99.81 100.12 Total 100.21 99.45 100.45 100.06 100.52 99.56

Rock group Acid Rock group
Sample Grd QMzd MzP Mzg Sample Grd MzGr Mz QMzd MzP Qd QGb

SiO2 36.85 37.82 37.69 37.22 SiO2 50.02 51.56 49.37 48.71 46.23 49.02 48.78

TiO2 4.91 4.36 4.83 6.61 TiO2 0.88 0.48 0.64 0.64 1.61 1.19 1.5

Al2O3 13.46 13.34 13.26 13.02 Al2O3 4.57 3.77 5.23 5.12 6.83 5.64 5.96

Fe2O3 3.63 1.36 4.99 3.11 FeO 12.84 12.05 14.20 15.15 13.82 12.66 12.18
FeO 14.79 15.52 13.65 18.46 MnO 0.74 0.86 0.50 0.40 0.29 0.47 0.49
MnO 0.53 0.21 0.32 MgO 15.17 15.5 14.66 13.67 13.54 14.90 15.13
MgO 12.39 13.92 12.93 10.01 CaO 11.87 12.07 11.45 11.21 11.44 11.94 11.63

CaO 0.17 0.20 0.22 Na2O 1.17 0.68 1.42 1.31 1.80 0.97 0.98

Na2O 0.31 0.29 0.31 0.31 K2O 0.43 0.29 0.59 0.62 1.25 0.54 0.51

K2O 9.36 9.39 9.37 9.44 Total 97.69 97.26 98.05 96.82 96.80 97.33 97.16
Total 96.23 96.38 97.55 98.40

Rock group Acid Rock group Acid
Sample Grd MzP Gb Mz Sample Grd MzP Gb Mz

SiO2 57.14 55.18 55.30 58.22 SiO2 64.13 64.85 65.72 64.66

Al2O3 26.29 28.14 28.14 25.65 TiO2 0.23 0.41 0.34

FeO 0.28 0.34 Al2O3 18.99 19.12 19.07 18.76
CaO 9.01 11.23 11.46 8.36 FeO 0.17

Na2O 6.13 4.91 4.64 6.68 CaO 0.15 1.11 0.31 0.22

K2O 0.25 0.33 0.45 0.25 Na2O 1.34 4.17 2.80 2.53

Total 99.10 100.13 99.99 99.15 K2O 14.32 9.59 12.30 12.80
BaO 0.57
Total 99.67 99.06 100.60 99.32

Rock group Rock group
Sample QMzd Mz MzP Gb Sample QMzd Mz MzP Gb

SiO2 0.31 0.45 0.25 0.88 SiO2 0.29 0.17 0.20 0.74

TiO2 0.34 0.71 2.61 4.30 TiO2 49.15 49.93 50.28 49.58

Al2O3 0.49 0.66 1.01 2.87 Al2O3 0.47
FeO 93.69 90.29 90.89 82.97 FeO 48.41 47.55 46.83 44.15
MnO 0.50 MnO 2.08 1.54 2.02 3.05
MgO 1.04 MgO 0.49 0.57 0.67 1.37

CaO 0.28 0.44 Na2O 0.35 0.26 0.29

Na2O 0.49 0.00 0.30 0.45 Total 100.77 100.03 100.00 99.65
Total 95.59 92.55 95.06 93.00

Rock group Rock group
Sample K-phase Na-phase K-phase Na-phase Sample Mt Ilm Mt Ilm

SiO2 65.66 61.28 65.72 59.19 SiO2 0.35 0.24 0.32 0.22

Al2O3 18.47 24.15 19.28 26.03 TiO2 5.68 27.02 0.52 28.66

CaO 0.42 5.54 0.57 7.56 Al2O3 0.53 0.18 0.64 0.53

Na2O 3.90 7.39 3.93 6.86 FeO 89.76 68.07 94.89 66.64

K2O 11.62 1.67 10.91 0.84 MnO 0.49 2.32 2.48
Total 100.07 100.03 100.41 100.48 MgO 0.31 0.22 0.41

Na2O 0.40 0.29 0.56
Total 97.51 98.32 96.93 98.93

Table 1. Representative mineral analyses of the XPC.

Biotite

Basic Basic

Amphibole

Olivine
Basic

Orthopyroxene Clinopyroxene

Basic Basic

Magnetite Ilmenite

Basic

Plagioclase K-feldspar

Acid Basic

Basic (Mz) Basic (QMzd)

Basic Basic

Mesoperthite Ilmenite lamellae in magnetite
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Fig. 2. Fig. 2. a) Relationship between AlIV and Altot in amphiboles of the studied pluton; b-c) dia-
grams showing coupled ion substitutions in amphiboles, b) edenite, c) Ti-tschermakite; d) simple
Fe2+-Mg substitution.○= “acid” group, ■ = “basic” group. 

Fig. 3. Nomenclature of biotites of the XPC according to Deer et al. (1962). Symbols as in fig. 2.
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5. Intensive parameters 

Mineral chemical data were used to constrain the 
crystallization conditions of the XPC, i.e. pressure, 
temperature, fO2 and fH2O. 

5.1. Pressure  

Pressure estimates were made using the 
clinopyroxene and the Al-in-amphibole 
geobarometer. According to Nimis (1999), pres-
sure is the main physical variable that controls the 
chemical behaviour of clinopyroxene in a magmat-
ic environment. The pressure of crystallization of 
the Complex was calculated assuming a mean 
temperature of 1000oC, as discussed later. The 
highest pressures have been calculated for the por-
phyritic monzonite and quartz monzodiorite, prob-
ably representing a lower crystallization level for 
these two rock types and/or a different crystalliza-
tion history. We consider that the pluton started to 
consolidate at a pressure of 5.8 kbar. 

Several studies (e.g. Hammarstrom & Zen, 1986; 
Hollister et al., 1987; Johnson & Rutherford, 1989; 
Schmidt, 1992; Anderson & Smith, 1995) revealed 
that Al content of hornblende varies linearly with 
pressure of crystallization. However, pressure es-
timates may be affected by ion substitutions in 
hornblende, oxygen fugacity and fluid composi-
tion.  

Anderson & Smith (1995) argue that temperature 
and  fO2  can greatly affect the Al content in amphi-
bole and suggest a ratio of Fe3+/(Fe3++Fe2+)>0.25 
(or 0.20, as suggested by Schmidt, 1992) and, sub-
sequently, Fetot/(Fetot+Mg) ratios in the range of 
0.40-0.65 for amphiboles used for barometry.  

Although MzP shows the highest pressure of crys-
tallization, as calculated by the barometer of 
Schmidt (1992), it is not taken into account, as 

amphiboles of this rock type, fail to meet the above 
criteria. Negative values obtained by the Anderson 
& Smith (1995) geobarometer are attributed to the 
same reason. 

As a result, we accept a pressure of 1.8 kbar for the 
“basic” group and 0.7 for the “acid” group, the lat-
ter being supported by the extensive contact meta-
morphism. For the “basic” group, pressure values 
are lower than those calculated from clinopyrox-
enes. They probably reflect the level at which 
hornblende crystallizes rather than the pluton itself. 
Average pressure estimates are given in table 2 for 
the “basic” and “acid” group.  

5.2. Temperature 

In magmatic rocks, mineral phases crystallize in a 
wide range of temperature values and it is rather 
uncertain if they have reached equilibration during 
magma consolidation. Many minerals continue to 
equilibrate under subsolidus conditions or exhibit 

Table 2. Pressure estimates for the XPC. 
Clinopyroxene geobarometer (Nimis 1999) 
  Basic 
P (kbar)  Mz Mzg Qd QMzd MzP Gb 
min 3,3 3,3 3,5 7,1 5,8 2,3
max 4,5 5,8 3,5 11,4 14,2 5,4
average 4,1 4,5 3,5 9,2 10,0 3,8

Al-in-amphibole geobarometer 
Schmidt (1992) 

  Acid Basic 
P (kbar)  Grd MzGr Mz QMzd MzP Qd QGb
average 0,7 0,1 1,3 1,2 2,5 1,6 1,8

Anderson & Smith (1995) 
  Acid Basic 

P (kbar)  Grd MzGr Mz QMzd MzP Qd QGb
average 0,5 0,2 0,8 0,8 -1,6 -3,6 0,4

 
Fig. 4. Wormy intergrowth of Na-rich plagioclase and K-feldspar having originally ternary com-
positions. Under crossed polars. Horizontal dimension is 0.5 mm. 
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zonation indicating continuous reaction with the 
melt. In order to determine the crystallization con-
ditions of a pluton it is necessary to use different 
geothermometers (Anderson, 1996).  

Temperature estimates in the present study are 
based on the QUIlF program (Quartz + Ulvospinel 
= Ilmenite + Fayalite equilibrium abbreviated as  
QUIlF) applications to the olivine-pyroxene, two-
pyroxene and magnetite-ilmenite assemblages 
(Frost & Lindsley, 1992; Lindsley & Frost, 1992), 
the hornblende-plagioclase geothermometer of 
Holland & Blundy (1994) and the two-feldspar 
geothermometer of Fuhrman & Lindsley (1988), 
modified by Kroll et al. (1993). 

Table 3 summarizes the results of crystallization 
temperatures. Application of the QUIlF program to 
the olivine-pyroxene and the two-pyroxene assem-
blages found in the “basic” group, yield maximum 
temperatures of 1300 and 1000oC (±40oC), respec-
tively (average temperatures 1000o and 868oC). 
The two-oxide thermometer provides a wide range 
of temperatures from 428-824oC, possibly reflect-
ing re-equilibration during cooling and a maximum 
temperature of 916oC calculated from ilmenite la-
mellae in magnetite.   

The plagioclase-amphibole geothermometer yields 
an average temperature of 729oC and 878oC for the 
“acid” and “basic” group, respectively. The latter 

agrees with the average temperature calculated 
with the two-pyroxene geothermometer. 

The two-feldspar geothermometry application pro-
vides temperatures ranging from 830-880oC for the 
mesoperthite feldspars found in the monzonitic 
rocks of the “basic” group and an average tempera-
ture of 580oC for the feldspar pairs found in the 
“acid” group. The former are in good agreement 
with the average temperatures calculated with the 
two-pyroxene geothermometer, while the latter are 
considerably lower than those calculated by the 
hornblende-plagioclase geothermometer, possibly 
indicating subsolidus re-equilibration. 

5.3. Oxygen fugacity 

Oxygen fugacity calculated by the QUIlF program 
for magnetite and ilmenite bearing assemblages 
shows a wide variation in the “basic” group, from 
1.6 to –1.3 DFMQ log fO2 in the gabbroic rocks and 
0.2 to 4.0 DFMQ log fO2 in the monzonitic rocks, 
reflecting more oxidizing conditions. Increase of 
oxygen fugacity causes crystallization of magnetite 
and Mg-enrichment of amphibole and pyroxenes 
(Cornejo & Mahood, 1997). 

According to Wones & Eugster (1965) Mg-rich 
biotites suggest crystallization at relatively oxidiz-
ing conditions. As seen in figure 5, biotites crystal-
lize above the NNO buffer. Under the same condi-
tions Fe2+ is more readily oxidized than Mn and 
this leads to Mn enrichment in ilmenite. Indeed, 
ilmenite has Mn content up to 4wt%.  

5.4. Water fugacity 

An estimation of the water content during final 
crystallization can be made using the biotite-
sanidine-titanomagnetite geobarometer (Wones & 
Eugster, 1965). Using temperatures and oxygen 
fugacity calculations from coexisting Fe-Ti oxides, 
values of fH2O span a wide range from 0.2 to 2.5 

Basic

T (
o
C) Gb

min 841
max 1306
average 999

Orthopyroxene+Clinopyroxene (Lindsley & Frost 1992)

T (
o
C) Mz QMzd MzP Gb

min 613 608 676 670
max 1020 723 837 1008
average 868 667 751 791

Amphibole+Plagioclase (Holland & Blundy 1994)

T (
o
C) Grd MzGr Mz QMzd MzP Qd QGb

min 693 710 726 728 834 924 741
max 769 710 745 768 954 924 741
average 729 710 735 756 881 924 741

T (
o
C) QMzd Mz MzP Gb

average 864 666 604 741

Olivine+Orthopyroxene+Clinopyroxene (Lindsley & Frost 1992)

Magnetite+Ilmenite (Lindsley & Frost 1992)

Basic

Acid Basic

Basic

Table 3. Temperature estimates for the XPC.

Fig. 5. Plot of biotites of the XPC on the triangular dia-
gram Fe3+-Fe2+-Mg of Wones & Eugster (1965).
1. Fe3O4-Fe2O3 (MH), 2. Ni-NiO (NNO), 3. SiO2-
Fe2SiO4-Fe3O4 (QFM). Symbols as in fig. 2. 
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kbar in the “basic” group, probably reflecting dis-
equilibrium among biotite, K-feldspar and Fe-Ti 
oxides.  

Textural relations compared with experimental 
studies on similar compositions (Naney, 1983) can 
give qualitative information on water content of 
the XPC. Biotite crystallizes under rather dry con-
ditions (0.5-5%wt H2O) while the presence of 
hornblende requires a minimum of approximately 
4 %wt H2O in a granodioritic system at 2 kbar and 
fO2 between NNO and MH buffers. In the “basic” 
group, amphibole is absent from most of the min-
eral assemblages and its crystallization follows that 
of biotite. These observations suggest low water 
content during the early stages of crystallization, 
below 4 wt%. In a later crystallization stage water 
content increases, due very probably to open sys-
tem evolutionary processes, leading to amphibole 
crystallization. 

6. Discussion 

Estimation of the crystallization conditions of a 
pluton can provide evidence concerning its evolu-
tion history. From this study, it is evidenced that 
the XPC originally crystallized at a pressure of 5.8 
kbar and at a maximum temperature of 1300oC un-
der relatively dry conditions and fO2 near the NNO 
buffer. This temperature probably reflects the ini-
tial crystallization of the gabbroic magma immedi-
ately after its emplacement. At a later stage of 
crystallization and at an average temperature of 
about 870oC, water content increases (above 
4%wt) leading to the crystallization of amphibole, 
the disappearance of olivine and the formation of 
mesoperthites, which follow the exsolution of ini-
tial ternary feldspar. The increase of water content 
could allow the magma to reach shallower em-
placement levels, which probably is reflected in 
the lower pressures calculated by the Al-in-
hornblende barometer. Oxygen fugacity increases 
towards the MH buffer as indicated by the Fe3+ 
content of biotite and the composition of the Fe-Ti 
oxides. The increase of water content could be the 
result of open system evolutionary processes. 

The “acid” group crystallizes at an average tem-
perature of 729oC and at a pressure of 0.7 kbar un-
der oxidizing conditions, between the NNO and 
MH buffer. Temperatures, and mainly pressures, 
are significantly lower than those of the “basic” 
group, suggesting possibly a different origin and/or 
evolution of the “acid” group. 

Lower temperatures (400-600oC) obtained for in-
dividual plagioclase and K-feldspar pairs and Fe-
Ti oxides confirm that these minerals are affected 
by subsolidus re-equilibration.  

These results seem to be in agreement with the 
geochemical characteristics of the Complex (work 
in progress). 
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Abstract: Methane soil flux measurements have been made in 38 sites at the geothermal system of 
Sousaki (Greece) with the closed chamber method. Fluxes range from –47.6 to 29,150 mg m-2 d-1 and 
the diffuse CH4 output of the system has been estimated in 19 t/a. Contemporaneous CO2 flux measure-
ments showed a fair positive correlation between CO2 and CH4 fluxes but the flux ratio evidenced 
methanotrophic activity within the soil. Laboratory CH4 consumption experiments confirmed the pres-
ence of methanotrophic microorganisms in soil samples collected at Sousaki. These results further con-
firm recent studies on other geothermal systems that revealed the existence of thermophilic and aci-
dophilic bacteria exerting methanotrophic activity also in hot and acid soils thereby reducing methane 
emissions to the atmosphere. 

Keywords: Sousaki, accumulation chamber, soil degassing, hydrothermal systems, methane output, 
methanotrophic activity 

 
1. Introduction 
Methane, the most abundant hydrocarbon in the 
atmosphere, plays an important role in the Earth’s 
atmospheric chemistry and radiative balance being 
the second most important greenhouse gas after 
CO2. It has a relatively short lifetime in the tropo-
sphere (8–12 years), but its strong IR absorption 
band at 7.66 μm, where water and CO2 absorb 
weakly, makes CH4 an effective contributor to the 
radiative forcing with a global warming potential 
about 21 times that of CO2 (IPCC, 2001).  

Methane is released to the atmosphere by a large 
number of sources, both natural and anthropo-
genic, with the latter being twice as large as the 
former (IPCC, 2001). It has recently been estab-
lished that significant amounts of geological CH4, 
produced within the Earth’s crust, are currently re-
leased naturally into the atmosphere. The prelimi-
nary global estimate of these CH4 emissions indi-
cates that there are probably more than enough 
sources to provide the amount required accounting 
for the suspected missing source of global CH4 
(Etiope et al., 2008). Despite of the large number 
of flux measurements conducted in Europe, Asia 
and the USA, considerable uncertainties still affect 
both the total emission of geological methane and 

the apportioning of its sources. Among these the 
volcanic/geothermal source is probably one of the 
least constrained. Recently Etiope et al. (2007) 
made an effort to estimate the total methane emis-
sions from geothermal and volcanic systems in 
Europe, but their provisional range (4-16 kt a-1) is 
rather large and claims for more field measure-
ments in order to widen the current database and 
decrease the present uncertainties. The same au-
thors recognised Greece as one of the three Euro-
pean countries that most contribute to the release 
of geothermal CH4.  

Microbial oxidation in aerobic soils contributes 3–
9% of the total annual removal of CH4 from the 
atmosphere (IPCC, 2001; Dutaur and Verchot, 
2007). Methanotrophic bacteria in soils are unique 
in their ability to utilize CH4 as a sole source of 
carbon and energy and Hütsch (2001) suggested 
that if this sink were absent, the rate of atmos-
pheric increase would be 1.5 times greater.  

In volcanic/geothermal areas diffuse degassing of 
endogenous gases through the soils is widespread 
(Chiodini et al., 2005) and in such environment 
soils are a source rather than a sink for CH4 (Cas-
taldi and Tedesco, 2005). This is due both to the 
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emission of CH4 among the geogenic gases and to 
the fact that chemico-physical conditions in the 
soils of volcanic/geothermal areas are not suitable 
for methanotrophic oxidation. The O2 content is 
too low, temperature and proton activity are too 
high (Bender and Conrad, 1995). In recent times it 
has been demonstrated that methanotrophic con-
sumption in soils occurs also under such harsh 
conditions. Extremely acidophilic and thermophilic 
methanotrophic bacteria of the phylum Verrucomi-
crobia have been isolated both at Campi Flegrei, 
Italy (Pol et al., 2007) and at Hell’s Gate, New 
Zealand (Dunfield et al., 2007). 

Previous studies (D’Alessandro et al. 2006) deter-
mined an CO2 gas output from the Sousaki geo-
thermal system of about 20,000 t/a almost exclu-
sively from diffuse soil emission. The same au-
thors made also a preliminary estimate of the CH4 
output cross-correlating the measured CO2 soil 
fluxes with the CH4/CO2 mass ratio measured in 
the soil gases at 50 cm depth. The obtained value 
was about 36 t/a. But as evidenced at the vol-
canic/geothermal system of Pantelleria (D’Ales-
sandro et al., 2009) such method is prone to over-
estimation of the CH4 output because it disregards 
possible CH4 consumption by methanotrophic mi-
croorganisms within the soil. 

In the present paper we present the results of two 
CH4 flux measurement campaigns made in October 
2009 and in June 2009 on a total of 38 measure-
ment sites. During the June 2009 campaign soil 
samples were also collected at 9 sites. These sam-
ples were used for laboratory incubation experi-
ments to highlight possible methanotrophic activ-
ity. 

2. Study area and Methods 
The Sousaki area (Fig. 1) is located about 65 km 
west from Athens, near the Isthmus of Corinth and 
represents the NW end of the active Aegean vol-
canic arc. Here, sparse outcrops of dacitic rocks 
are the remnants of late-Pliocene to Quaternary 
volcanic activity (4.0–2.3 Ma - Pe-Piper and Hat-
zipanagiotou 1997), while widespread fumarolic 
alteration and warm (35–45 °C) gas emissions are 
still recognizable. Drilling exploration assessed the 
presence of a low enthalpy geothermal field, re-
vealing two permeable formations at shallow depth 
(<200 m) and one at deeper levels (500–1100 m). 
All geothermal waters are of Na-Cl type and dis-
play temperatures in the range 50–80 °C and sa-
linities in the range 39–49 g/l (Fytikas et al., 1995). 

Sampling sites for CH4 flux measurements were 
selected on the basis of previous CO2 flux meas-

Fig. 1. (a) Location of the Sousaki geothermal system with respect to the south Aegean volcanic arc (volcanoes with 
historical activity are evidenced with a triangle); (b) Area of the Isthmus of Corinth; (c) Study area with methane flux 
measurements points and main gas vents (stars). Symbols as follows: circles = sampling campaign of October 2008; 
squares = sampling campaign of June 2009; white symbols = negative fluxes; grey symbols = 0 – 1000 mg m-2 d-1; 
black symbols = > 1000 mg m-2 d-1; (d) enlargement of the high flux area.  
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urement campaigns (D’Alessandro et al. 2006). 
Most of the 38 CH4 flux measurements were made 
within the CO2 anomalous degassing area which 
extends for about 0.015 km2. A few CH4 flux 
measurements were made also outside the main 
degassing area and one farer away in an abandoned 
olive tree plot to get insight on background CH4 
fluxes in the area (Fig. 1).  

Measurements were made with the accumulation 
chamber method (Livingstone and Hutchinson, 
1995). The flux chamber has cross section area of 
0.07 m2 and height of 10 cm. The chamber top has 

two fixed capillary tubes, one is used to collect 
chamber air samples and the other is used to bal-
ance the pressure between the inside and outside. 
Three gas samples were drawn from the headspace 
in the chamber at fixed intervals after the deploy-
ment (5, 10 and 15 min). The 20 mL samples are 
collected using a syringe and injected through a 
three-way valve and a needle into a 10 mL pre-
evacuated sampling vial (Exetainer , Labco Ltd.). 
The overpressured vials were sent to the laboratory 
for CH4 and CO2 analysis.  

The flux of CO2 and CH4 from the soil can be cal-

Table 1. CH4 and CO2 concentrations in and fluxes from the soils of Sousaki. 

            site                  date 
position CH4 CO2 CH4 CO2 

easting northing concentration flux 
UTM WGS84 ppm mg m-2 day-1 g m-2 day-1 

SOU1 9/10/2008 683400 4200670 7035 947400 7818 3290 
SOU2 9/10/2008 683430 4200671 776 860100 -10.2 182 
SOU3 9/10/2008 683447 4200704 2655 202500 1182 1690 
SOU4 9/10/2008 683443 4200735 5751 470700 11870 2970 
SOU5 9/10/2008 683433 4200740 7449 699400 16310 3930 
SOU6 9/10/2008 683441 4200776 18 66900 42.5 509 
SOU7 9/10/2008 683448 4200798 7676 581100 14540 4090 
SOU8 9/10/2008 683427 4200821 10900 840100 17480 5350 
SOU9 9/10/2008 683417 4200843 7549 568800 11720 3670 

SOU10 9/10/2008 683418 4200870 5481 889000 -8.5 970 
SOU11 9/10/2008 683418 4200887 12500 912600 29150 6700 
SOU12 9/10/2008 683417 4200905 11700 899900 5780 2590 
SOU13 9/10/2008 683424 4200919 8378 782800 -18.7 334 
SOU14 9/10/2008 683428 4200945 60 247200 -15.3 58.3 
SOU15 9/10/2008 683415 4200934 12700 916200 10980 2650 
SOU16 9/10/2008 683405 4200922 12600 912100 18690 4540 
SOU17 9/10/2008 683396 4200673 6017 796900 -6.8 378 
SOU18 9/10/2008 683384 4200660 6.5 381000 -47.6 173 
SOU19 9/10/2008 683347 4200626 2.5 194200 -5.9 60.7 
SOU20 9/10/2008 683357 4200607 10.8 32100 -1.7 2.3 
SOU21 9/10/2008 683448 4200474 2.5 59600 -3.4 77 
SOU22 9/10/2008 683445 4200462 1.4 7300 -11.9 2.4 
SOU23 9/10/2008 683464 4200485 2.2 651200 -2.55 383 
SOU24 9/10/2008 683473 4200469 51 915300 -0.85 331 
SOU25 13/10/2008 684076 4200449 0.1 44800 0 23.3 
SOU26 13/10/2008 684069 4200460 0.3 7800 -0.85 2.7 
SOU27 13/10/2008 684053 4200468 1 344100 68 553 
SOU28 13/10/2008 684056 4200482 1985 872900 -0.85 84 
SOU29 21/6/2009 683403 4200672 6510 934400 8020 3350 
SOU30 21/6/2009 683425 4200665 4534 900200 11490 6950 
SOU31 21/6/2009 683439 4200683 4112 812200 723 4150 
SOU32 21/6/2009 683445 4200707 6034 886900 8140 4220 
SOU33 21/6/2009 683434 4200744 10800 886900 18910 4810 
SOU34 21/6/2009 683449 4200760 2126 737300 -8.5 42 
SOU35 21/6/2009 683448 4200791 11700 880400 6640 2590 
SOU36 21/6/2009 683428 4200821 11700 885100 8390 2870 
SOU37 21/6/2009 683423 4200652 38 160400 -27.2 4.7 
SOU38 21/6/2009 683471 4200289 15 16700 -14.4 8.2 
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culated as the rate of concentration increases in the 
chamber: 

 = dC/dt  V/A (1) 

where  is the flux of a gas, V is the volume of air 
in the chamber (m3), A is the area covered by the 
chamber (m2), C is the chamber concentration of a 
gas and dC/dt is the rate of concentration change in 
the chamber air for each gas. Volumetric concen-
trations are converted to mass concentrations ac-
counting for atmospheric pressure and tempera-
ture. Flux values are expressed as g m-2 d-1 for CO2 
and as mg m-2 d-1 for CH4. 

Ground temperature measurements were taken at 
10 and 50 cm depth using thermal probes and a 
digital thermometer. Samples of soil gas were col-
lected at each site at a depth of 50 cm through a 
Teflon tube of 5 mm ID using a syringe. At ten 
sites soil gases were collected through a special 
sampling device with three 2 mm ID tubes tapping 
soil gases at 13, 25 and 50 cm depth. Soil gas sam-
ples were collected and stored for subsequent labo-
ratory analyses in the same way as gases from the 
flux chamber. 

Gas concentrations were measured 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 (±1 ) was always better than 
±5%. The detection limit for CH4 was about 0.1 
ppm.  

After collection of gas samples for CH4 flux de-
termination, soil samples for CH4 consumption ex-
periments were collected at 9 of the sites in June 
2009. Samples collected at 25 cm depth were 
stored in sterilised PP bottles. In the laboratory the 
soils were sieved at 2mm mesh and pH was deter-
mined in a 1:2.5 w/w soil/water suspension. To de-
termine CH4 consumption, soil samples (15g) were 
incubated in 160ml glass jars closed with neoprene 
rubber stoppers, with enriched atmospheric air 
(about 10 ppm CH4) at nearly constant ambient 
temperature (22-25 °C). Gas samples, withdrawn 
immediately after closure and 24, 48 and 72 hours 
after closure, were analysed as previously de-
scribed. All analyses were performed on duplicate. 
One of the samples did not show any detectable 
CH4 after 24 hours therefore, only on this soil 
sample, the experiment was repeated withdrawing 
the gas sample 2, 4, 6 and 8 hours after closure. 

The biological origin of the measured fluxes was 
also tested by measuring CH4 oxidation rates on 
sterilized soil samples. For this purpose, soil sam-
ples in closed jars were held overnight in an oven 
at 110 °C. The experiments were performed on 9 
soil samples and starting CH4 concentrations were 
about 10 ppm CH4. Obtained values were ex-
pressed in pmolCH4 h-1 g-1 of soil (dry weight) and 
negative sign indicated CH4 consumption. 

3. Results and discussion 
3.1. Geographical distribution and total output 
Flux values range from –47.6 to 29,150 mg m-2 d-1 
for CH4 and from 2.3 to 6950 g m-2 d-1 for CO2. 
Methane fluxes showed a strongly bimodal distri-
bution (Fig. 2) with about 45% of the sites show-
ing negative fluxes (-47.6 – 0 mg m-2 d-1) and as 
much samples showing very high values (1000 – 
29,150 mg m-2 d-1) and only few samples show in-
termediate values. The first modal population, 
which displays negative values, is typical of soils 
of the Mediterranean climate sustaining normal 
methanotrophic activity (Castaldi and Fierro, 
2005). A few sites show extremely negative value 
and they are found at the periphery of the anoma-
lous methane degassing area and close to the main 
gas manifestations. Maybe the peculiar environ-
mental conditions of the area, specifically the 
higher than normal atmospheric methane concen-
trations, sustain a bacterial community capable of 
high methane consumption rates like those found 
in landfill cover soils.  

The second modal population, characterized by 
very high values, can be referred to anomalous en-
dogenous methane degassing. Values above 10,000 
mg m-2d-1 have never been measured in vol-
canic/geothermal areas (Cardellini et al., 2003) but 
are sometimes found in regions where surface 

Fig. 2. Percent frequency distribution of methane flux 
values. 
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manifestations of hydrocarbon reservoirs are 
found. Such high values are typical of areas in 
which mud volcanoes are present (Etiope et al., 
2002).  

The high flux areas are geographically related to 
the geothermal system of Sousaki. As highlighted 
in figure 1, the anomalous sites are close to the two 
main gas vents and the nearby high CO2-flux area 
(D’Alessandro et al., 2006). Two minor anomalous 
CO2 degassing areas display negative or low posi-
tive CH4 fluxes. Gases emitted by the gas vents 
and in the soils of the anomalous degassing area 
have CH4 concentrations of about 1% (D’Alessan-
dro et al., 2006) and its isotopic composition ( 13C 
–20.5‰ and D –98‰ – Jens Fiebig personal 
communication) is compatible with an abiogenic 
geothermal origin (Fiebig et al., 2009). 

The total methane output of the geothermal system 
of Sousaki has been estimated multiplying the 
geometric mean of the high flux population (5300 
mg m-2 d-1) by the area enclosing the most anoma-
lous degassing sites (10,000 m2). The obtained 
value 19 t/a of CH4 is lower than that estimated by 
D’Alessandro et al. 2006 (36 t/a) considering the 
measured CO2-flux and CO2/CH4 concentrations in 
the soil. Such a difference could be explained by 
the methanotrophic activity within the soil that has 
previously been disregarded because it was con-
sidered improbable in soils affected by geothermal 
activity.  

3.2. Methanotrophic activity within the soil 
CH4 and CO2 fluxes display a fairly positive corre-
lation (Fig. 3) but most of the sites display a CH4 
flux value that is lower than that expected if the 
CO2/CH4 ratio of the main gas vents, considered to 
be representative of the gas output of the geother-
mal system, would be maintained until the gas is 
diffusely emitted from the soil. Figure 4 shows that 
soil gases measured in sites characterised by high 
gas fluxes have a CO2/CH4 ratio very close to that 
of the main vents while where low or negative CH4 
fluxes were measured such ratio increases 
abruptly. The best explanation of such pattern is 
methanotrophic activity, which is more effective at 
sites where the lower flux allows a longer interac-
tion of the gases with the microbial community 
within the soil. 

Methane flux measurements with the closed cham-
ber method are labour intensive procedure. There-
fore data on volcanic/geothermal areas are very 
scarce and the assessment of the methane emis-

sions from these areas have been estimated cross-
correlating carbon dioxide or water vapour output 
data and the respectively CO2/CH4 or H2O/CH4 ra-
tios of the gaseous manifestations which are avail-
able for many areas (Etiope et al. 2007). But such 
calculation is prone to overestimation because it 
does not consider organic methane oxidation proc-
esses within the soil. 

If we apply the same method to our sampling sites 
the calculated methane flux values are always 
higher than the measured ones (Fig. 5a). Recently 
D’Alessandro et al. (2006) applied a similar ex-
trapolation to the measured CO2 soil fluxes to ob-
tain CH4 flux estimations. In this case instead of 
the CO2/CH4 ratio of the main gas vents the au-
thors used the CO2/CH4 ratios measured at 50 cm 
depth in the soil. But as can be seen in figure 5b 
also the methane flux values calculated with this 
method are overestimated. This is probably due to 
the fact that methanotrophic activity is generally 
highest in the first 15 cm of the soil profile 
(Koschorreck and Conrad, 1993; Kruse et al., 
1996). 
If we use the methane flux values calculated with 
the two above methods we obtain methane output 

 
Fig. 4. Binary plot CH4 fluxes vs. CO2/CH4 concentra-
tion ratio in the soils at 50 cm depth. The grey area 
represents the range of CO2/CH4 concentration ratios in 
the main gas vents. 

 
Fig. 3. Binary plot CH4 fluxes vs. CO2 fluxes. The grey 
line represents the CO2/CH4 concentration ratio in the 
main gas vents. 
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values respectively of 52 and 47 t/a. These values 
are more than a factor 2 higher that the value ob-
tained with the measured values highlighting the 
importance of methanotrophic activity within the 
soil also in geothermal areas. 

3.3. Laboratory incubation experiments 
Methanotrophic activity has long been considered 
impossible in geothermal areas because environ-
mental conditions are sometimes inadequate or 
even lethal for “normal” methanotrophic microor-
ganisms. Many study, in fact, show that methano-
trophic activity decreases until it ceases with in-
creasing temperature, acidity or sulphur gas con-
tent (Bender and Conrad, 1995). Such conditions 
are widespread in geothermal areas. But notwith-
standing this harsh conditions methanotrophic ac-
tivity has been evidenced for the first time at the 
geothermal area of Solfatara di Pozzuoli (Castaldi 
and Tedesco, 2005). The microorganism responsi-
ble for methanotrophic activity was attributed to 
the phylum of Verrucomicrobia (Pol et al., 2007). 
Methanotrophy attributed to microorganisms of the 
same phylum has been evidenced also at Hell’s 
Gate geothermal system in New Zealand (Dunfield 
et al., 2007) highlighting their global distribution. 
To ascertain the presence of methane consuming 
microorganisms in the soils of Sousaki laboratory 
incubation experiments were made on soil samples 
collected at 9 methane flux measurement points. 
All collected soil samples except one evidenced 
methanotrophic activity (tab. 2). Methane con-
sumption rates ranged generally from –4.9 to –38.9 
pmolCH4 h-1 g-1. Such values are of the same order 
of magnitude as those measured in soils in temper-

ate climates (Smith et al., 2000). One soil sample 
(SOU34) displays a much higher consumption rate 
(-478 pmolCH4 h-1 g-1) while only one (SOU29) 
displays a positive value (5.5 pmolCH4 h-1 g-1) in-
dicating methane production within the soil. All 
samples, after they have been autoclaved at 110 
°C, showed no measurable methane consumption 
confirming the biological origin of this process. 
The only exception is sample SOU29 which shows 
the same positive value as the non autoclaved ali-
quots indicating that the methane production proc-
ess is probably inorganic.  

Consumption rates do not show significant rela-
tions with other measured soil parameters at 
Sousaki (CH4 flux or concentration, temperature or 
pH). Methanotrophic activity in the soils displays 
generally a maximum when the soil pH is close to 
7 and decreases going towards higher and lower 
values being normally suppressed at pH(H2O) val-

 
Fig. 6. Binary plot of the methane consumption rate vs. 
soil pH(H2O). Inset: same plot with enlarged y-axis. Er-
ror bar is shown for the consumption rates. Where not 
shown the error bar is less than the dimension of the 
symbol. 

Fig. 5. Binary plot of measured vs. calculated CH4 fluxes. (a) Fluxes calculated multiplying 
measured CO2 fluxes by the CO2/CH4 ratios in the main gas vents. (b) Fluxes calculated multi-
plying measured CO2 fluxes by the corresponding CO2/CH4 ratios in the soils at 50 cm depth. 
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ues above 10 and below 4 (Bender and Conrad, 
1995). But in the soils of Sousaki such pattern 
cannot be seen and significant consumption rates 
have been measured also in soil displaying 
pH(H2O) values as low as 1.56 (Fig. 6). 

The soil sample SOU34 (Tab. 2), whose pH(H2O) 
is 3.63, displays a consumption rate which is more 
than one order of magnitude higher (-478 pmolCH4 
h-1 g-1). This value was obtained in a single ex-
periment but is supported by other two experi-
ments in which no measurable CH4 was present 
within the vials after 24 h incubation, pointing to 
consumption rates of at least –224 pmolCH4 h-1 g-1. 
Furthermore a fourth experiment on an aliquot of 
the same soil with a starting CH4 concentration of 
about 400 ppm showed a consumption rate of 
nearly –33,000 pmolCH4 h-1 g-1. Such a very high 
value could indicate that high methane flux areas, 
where this gas reaches elevated concentrations, 
could sustain intense methanotrophic activity. 

4. Conclusions 
Flux measurements at Sousaki confirmed that this 
geothermal system is diffusively degassing signifi-
cant amounts of methane (19 t/a) through the soils. 
This study further confirms that volcanic/geo-
thermal areas are non-negligible source of methane 
to the atmosphere. But on the other hand the pre-
sent study also confirms that previous estimations 
of this source has been somewhat overestimated 
because methanotrophic activity within the soils 
was disregarded. Almost all previous estimation 
were made cross-correlating carbon dioxide or wa-
ter vapour output data and the respectively 
CO2/CH4 or H2O/CH4 ratios of their gaseous mani-
festations. Such method was based on the correct 
assumption that normal methanotrophic microor-
ganisms could not survive the harsh conditions 
(high temperature, acidity and anoxia) existing 
within the soils in volcanic/geothermal areas. But 
recent studies revealed the existence of acidophilic 

Table 2. Soil parameters and results of the CH4 consumption experiments. 
  depth CH4 CO2 T °C pH 

CH4 consumption (pmol g-1h-1) 
  (cm) concentration (ppm) average ±  

SOU29 
-13 6232 932800 29.2 3.30 n.m.   
-25 6356 929400 n.m. 5.71 5.5 2.1 
-50 6510 934400 29.6 n.m. n.m.   

SOU30 
-13 4432 889400 27.8 2.26 n.m.   
-25 4517 914000 n.m. 2.70 -4.9 1.0 
-50 4534 900200 28.1 n.m. n.m.   

SOU31 
-13 1831 402400 29.5 7.40 n.m.   
-25 2364 694100 n.m. 7.49 -20.9 26.5 
-50 4112 812200 31.4 n.m. n.m.   

SOU32 
-13 436 54300 32.4 7.44 n.m.   
-25 5604 792800 n.m. 7.44 -11.8 14.0 
-50 6034 886900 33.7 n.m. n.m.   

SOU33 
-13 5054 499500 37.4 1.54 n.m.   
-25 9870 802300 n.m. 1.56 -4.9 0.6 
-50 10800 886900 37.8 n.m. n.m.   

SOU34 
-13 424 456300 36.2 3.54 n.m.   
-25 715 617700 n.m. 3.63 -478   
-50 2126 737300 33.6 n.m. n.m.   

SOU35 
-13 10500 829100 33.4 7.33 n.m.   
-25 11700 879900 n.m. 7.22 -18.5 0.02 
-50 11700 880400 29.4 n.m. n.m.   

SOU36 
-13 6104 825200 33.8 7.24 n.m.   
-25 10800 877000 n.m. 7.30 -22.9 0.6 
-50 11700 885100 33.2 n.m. n.m.   

SOU37 
-13 33 86000 36.9 7.99 n.m.   
-25 609 99900 n.m. 8.08 n.m.   
-50 38 160400 29.9 n.m. n.m.   

SOU38 
-13 2.6 5800 34.8 8.32 n.m.   
-25 3.7 6300 n.m. 8.43 -38.9 50.6 
-50 15 16700 29 n.m. n.m.   



216 
 

and thermophilic methanotrophic bacteria of a dif-
ferent phylum in such environments (Dunfield et 
al., 2007; Pol et al., 2007). In the present study, 
laboratory incubation experiments, confirmed the 
methanotrophic activity also within the soils of the 
geothermal system of Sousaki with sometimes 
very high consumption rates. Preliminary estimates 
indicate that methanotrophic activity within the 
soils at Sousaki decreases the total methane output 
of the system by at least a factor 2. 
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Abstract: The notion “energy center” is deeply misunderstood in our country. Modern Bulgarian politi-
cians intentionally wave the energy map where, instead of energy sources, we can only see oil and gas 
pipelines crisscrossing the Black Sea and Bulgaria. These pipelines start from the real energy center to 
the end consumer. Under the conditions of shortage of energy resources in Bulgaria it is absurd to insist 
the Bulgaria could become an energy center on the Balkans. So, instead of an energy center, Bulgaria is 
rather an energy crossroads due to its favorable geographic location. Bulgaria was the center providing 
raw materials for the nuclear energy until the 1980s. The uranium, produced in Bulgaria, made the Bul-
garian and other countries’ nuclear blocks independent. Nowadays, the attempts to revive the production 
of uranium meet the overwhelming resistance of environmental organizations and nuclear monopolies 
controlling the world markets of nuclear fuel. The traditional sources of energy such as oil, natural gas 
and coal satisfy as much as 1 to 5% of the needs of our energy sector. Our scarce deposits of traditional 
energy sources make Bulgaria entirely dependent on the world markets of energy sources. Currently the 
raw material and energy market for Bulgaria and the EU is monopolized by Russia and the Arabic coun-
tries due to their geographic location. The irregular geographic distribution of the raw materials for the 
energy industry such as oil and gas on the world geographic map creates the problem with their trans-
portation to the end consumer. Nowadays hydrocarbons are transported by tankers or via pipelines. 
Pipelines are preferred due to a number of reasons. Their advantages make them very attractive and are 
expressed in the following: 

- They shorten considerably the distance to the end consumer; 
- The transport charges for the transit of the products are avoided; 
- The risks to the environment during this means of transportation are reduced. 

Keywords: DOMS, H2S, gashygrates, pipelines, natural geobiotechnological reactor, non-traditional re-
sources, agrobiotechnologies, nanotechnologies. 

 
1. Introduction  
Russia and the countries from the Caspian region, 
the Middle East, the North Sea and Middle Asia 
are seen as the natural centers of energy resources 
for Europe. Since these centers of energy resources 
are available the economic advantage of their use 
is determined mainly by the methods of their 
transportation to the end consumers. Two competi-
tive projects, the South Stream and Nabucco (fig. 
1), are suggested taking into account the unstable 
economic environment in those countries and with 
a view to avoiding a new gas crisis as the one we 
saw in January 2009. It became clear after the im-
plementation of the Blue Stream project (fig. 1) 
along the Black Sea bottom and connecting the 
Russian Station of Djubga with the Turkish port of 
Samsun that the underwater pipelines are an eco-

nomically advantageous and environmentally safe 
transport corridor. The length of the underwater 
route is 396 km and its maximum depth is 2150 m. 
The project comprises two pipelines with diameter 
of 610 mm and the amount of the natural gas 
reaching Turkey is expected to reach in 2010 16 
billion m3 a year (Aybulatov, 2005). 

The length of the underwater route is 396 km with 
maximum depth of 2150 m. It consists of two pipe-
lines with diameter of 610 mm and the amount of 
the natural gas reaching Turkey is expected to in-
crease up to 16 billion m3 by 2010 (Aybulatov, 
2005). 

2. Materials and methods  
The Nabucco and South Stream projects are ex-
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pensive facilities starting from different energy 
centers. The Nabucco project will break the Rus-
sian gas monopoly and will protect the EU from 
energy extortion. This, of course, affects directly 
Russian interests because the republics in Central 
Asia have been selling their natural gas very 
cheaply through the gas transport network of Gaz-
prom. The Nabucco project will allow them to ex-
port natural gas independently at market prices. 
While the pipelines of South Stream (fig. 2, 3) will 
be laid along the Black Sea bottom, the route of 
Nabucco will pass through politically unstable 
countries with religious intolerance.  

Irrespective of the positive and negative aspects of 
the two projects they will provide Bulgaria and the 
other European countries with choice and energy 
stability. That became clear also at the summit on 
Natural Gas for Europe – Security and Partnership, 
held in Sofia on 24th and 25th April 2009 at the ini-
tiative of President Parvanov and dedicated to en-
ergy stability. The conclusive declaration adopted 
at the business forum welcomed the implementa-
tion of all gas projects in the wide Black Sea and 
Caspian regions and in South Eastern Europe. 

The Burgas - Alexandroupolis pipeline (fig. 1) is 
currently a controversial project taking into ac-
count, first of all, the environmental safety of the 
Bosphorus and the Dardanelles straits. Tankers 
carrying about 130 million tons of oil pass through 
them annually thus threatening the safety of navi-
gation in those straits and in the Black Sea. The 
Bulgarian community is concerned about the envi-
ronmental safety of the terminal in the Burgas Bay 
that is surrounded by attractive holiday resorts and 
balneo-therapeutic health resorts. The environ-
mental frenzy that has seized the municipalities 
around the Bay will hardly allow the government 
to consider the issue correctly and take the best de-
cision. The absence of a reasonable and competent 
evaluation of the environmental safety of the ter-
minal and the land route to the Bulgarian-Greek 

border will cost this country much. It is strange in 
this case that the press and the electronic media 
emphasize the opinion of various environmental-
ists while the evaluations made by competent ex-
perts are ignored. It should not be forgotten that 
when 10 years ago the Russian government sug-
gested the Blue Stream pipeline to be laid along 
the sea bottom from Novorosiysk to Varna the 
Bulgarian government discarded quite lightheart-
edly in the name of environmental safety and en-
ergy independence of Bulgaria from Russia! Para-
doxical, yet a fact! 

We can often hear even today apocalyptic prophe-
sies of the near end of oil and gas era and appeals 
to industrial societies to quit the use of oil and 
natural gas and to start using alternative energy 
sources and raw materials. 

However it should be pointed out that world de-
posits of oil and natural gas are constantly growing 
and in 2007 for example the new discovered de-
posits exceeded their extraction. There are 807,172 
drill facilities producing oil and natural gas from 
these deposits and about 4,000 million tons of oil 
and 2,800 billion m3 of natural gas were extracted 
only in 2006. At this rate of production humanity 
will have oil and natural gas for 45 and 62 years 
respectively. The geographical distribution of this 
wealth is a different issue. For example, the own 
retrievable deposits of oil will be sufficient for Iraq 
for the next 247 years, for Kuwait – for 143 year, 
etc. (Radler, 2003; Gojik et al., 2007). The situa-
tion with the geographical distribution of natural 
gas is analogical. The irregular (for some – unjust) 
geographical distribution of natural resources as oil 
and gas puts most countries of the world, as well as 
Bulgaria, in a very unfavorable situation. 

The only outcome is the search for unconventional 
(alternative) sources of energy, moreover that the 
prices of these resources will continue to grow in 
the foreseeable future. The search for unconven-

 
Fig. 1. Plan of the pipelines. 

 
Fig. 2. Geological studies of the route of South Stream 
performed with R/V Akademik (June 2009) in the Bul-
garian economic area. 
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tional alternative (to oil and natural gas) resources 
and the prospects for their use will bring reas-
surance for the future of humanity. 

The situation of the problem with the use of un-
conventional sources of energy is unenviable due 
to two main reasons: 

- First, the fierce resistance of gigantic petrol and 
nuclear monopolies controlling the world mar-
ket of energy; 

- Second, the coalescence of energy monopolies 
with the ruling political class. 

The unstable condition of our energy sector is the 
result of numerous factors, the topmost being the 
lack of own energy resources. 

The construction of Nuclear Power Plant “Belene”, 
the restarting of blocks 3 and 4 of Nuclear Power 
Plant “Kozlodui” and the restoration of the produc-
tion of uranium will encounter lots of obstacles in 
the face of the EU and of the environmental or-
ganizations. The heated discussion on the fate of 
Nuclear Power Plant “Belene” until the ultimate 
rejection of its construction is extremely detrimen-
tal to our country. What is more, in the next 10 
years Nuclear Power Plant  “Kozlodui” (blocks 5 
and 6) will exhaust their resources. It is interesting 
to hear the evaluation of European experts who be-
lieve that nuclear energy will have no alternative in 
the next 50 years; what is more, its safety contin-
ues to grow. The existing thermal power plants 

contaminating the air of our towns and villages 
will be closed down over the next few years if they 
do not begin to use natural gas and that will doom 

our energy security. The political emotions should 
give way to real expert evaluations otherwise we 
risk the future of our children and grandchildren. 

Making Bulgaria an energy crossroads is a tempo-
rary solution of the problems with energy re-
sources. 

New results were obtained over the past 20 years 
in the sphere of unconventional resources of en-
ergy in the Black Sea and the sophisticated tech-
nologies that made possible the development of 
several pilot projects. 

The topmost is the project for research and produc-
tion of methane gas from the gas hydrate deposits 
on the bottom of the Black Sea. 

In 2006-2007 countries like Canada, Norway, the 
USA and Japan started the industrial production of 
a pioneering and unconventional source of meth-
ane gas considered to be inexhaustible in practice – 
methane hydrates or gas hydrates containing, ac-
cording to some estimates, 113.1017 m3 of methane 
and 53.55x1017 m3 methane gas below the gas cap. 
Gas hydrates occur on the bottom of Arctic regions 
and in marine sediments covering 93 – 95% of the 
bottom of the World Ocean (Glumov et al., 2005; 
Shnyukov and Ziborov, 2005). 

 
Fig. 3. Schematic geological cross section along the route of South Stream. 
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Gashydrates and the gashydrates below the gas cap 
in the Black Sea represent an important potential 
source of energy that could resolve many of the 
problems of the Bulgarian and the European en-
ergy industry (fig. 4) (Vassilev, 2006). 

The reserves of methane gas in the form of gashy-
drates is estimated at 25 – 50 trillion m3 by Bulgar-
ian and Russian experts, while the reserves of con-
ventional carbonhydrates are about 1450,8 tons of 
conditional fuel (Shnyukov and Ziborov, 2005; 
Vassilev, 2006). A number of international com-
panies are interested in the Black Sea deposits of 
gas hydrates. For example the American Venco In-
ternational LLC won a competition in 2007 an-
nounced by the Ukrainian government for research 
and development of gas hydrates in an area of 
13 000 km2 at depths from 300 to 2000 m 
(Shnyukov and Ziborov, 2005). The other condi-
tions, according to Ukrainian scientists are too un-
favorable and humiliating without taking into ac-
count their contribution to the studies of gas hy-
drates. What is even more insulting is the fact that 
in case of industrial production the Ukrainian con-
sumers will have to buy energy resources from 
their own deposits, though as privileged customers, 
at market prices. And it is very unlikely that 
Ukrainian scientists and geology researches will 
ever be permitted to work in the licensed company 

in question. It is quite possible that Bulgarian re-
searchers who have been working on Black Sea 
gas hydrates for more than 20 years will have the 
same fate as their Ukrainian colleagues. Black 
sediments containing gas hydrate crystals are 

found in front of the Bulgarian coast, in the area of 
the continental slope and the abyssal bottom at 
depths from 700 m to the maximum sea depths and 
at about 500 m under the sea floor. It is known at 1 
m3 of gas hydrate yields about 160 m3 of methane 
and the problem with the production of methane 
gas from the gashydrates is purely technological. 
Nearly half of the Bulgarian economic zone, with 
area of 33 800 km2, is a promising field with de-
posits of gashydrates and gashydrates below the 
gas cap (fig. 5). 

I hope that the Bulgarian government will allow 
the Bulgarian contribution to the study of gas hy-
drates to have the fate of Ukrainian scientists. 

Let’s consider another project developed by Bul-
garian scientists for more than 25 years. 

Deepsea organogenic mineral sediments (DOMS) 
on the sea floor are referred to the unconventional 
resources and their use is determined by the fol-
lowing factors: 

- The availability of industrial reserves 

 
Fig. 4. Thickness (in meters) in the gashydrates stability area in the Black Sea (the “optimistic” model) (Vassilev, 
2006) and the registered BSR (Bottom Simulating Reflector) (black lines and polygons). 
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- The availability of modern technical facilities 
for studies, extraction, transportation and floata-
tion 

- Economic efficiency 
- Positive geo-ecological efficiency 

The mining and geological conditions in the Black 
Sea that could be rated as extreme, are determined 
by: 

- The complex (risky) meteorological and hydro-
dynamic conditions, especially during the au-
tumn-winter period (periodic phenomena), pos-
sible earthquakes and resulting tsunami, effu-
sion of natural gas, activation of mud volca-
noes, etc. 

- The considerable depths of the underwater de-
posits, located at depths from 500 to 2245 m 
under the conditions of H2S contamination, 
complex relief, underwater landslides and tur-
bid streams. 

- Influence of the aggressive marine and hydro-
gen sulfide environment on the technological 
equipment and other unknown phenomena re-
lated to the specific gas and geochemical char-

acteristics of the basin. 

The utilization of the deep sea sediments on the 
oceanic floor has no analogue in the world practice 
and the initial stage of their production will con-
sume huge investments and considerable risk and 
is innovative in its nature. 

The studies of the origin, composition, properties 
and application of the deep sea organogenic min-
eral sediments (DOMS) helped to establish that 
this mineral – biolithic substance has very precious 
properties for the economy and the agriculture. 
The reserves of DSOMS in the Black Sea are esti-
mated at 3,2х1011 m3 (Shnyukov and Ziborov 
2005); the amount of DSOMS is about 8 billion m3 

in the Bulgarian economic zone according to the 
estimates where the average thickness of the work-
ing layer is > 1 m (Dimitrov, 2010). 

3. Results and Discussions  
The studies of DOMS as a complex resource have 
indicated broad perspectives for their application 
in the sphere of agrobiotechnologies, nanotech-
nologies, construction sector, medicine and other 

Fig. 5. Description of core (core: MD04-2782, depth 1009 m) on board of the French R/V Marion Dufresne. Set-
ting methane gas from gas hydrates on fire (Dimitrov, 2010). 
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spheres. Under the conditions of chronic energy 
crisis and shortage of quality food products we 
have to pay special attention to unconventional raw 
materials and resources of energy. An important 
factor for the organic farming in Bulgaria is the use 
of the practically inexhaustible reserves of natural 
ecological fertilizers found in the Bulgarian eco-
nomic zone in the Black Sea. 

Our achievements in the studies of DOMS and the 
developed know-how are threatened with becom-
ing property of the companies that search for oil 
and gas in the Black Sea area of Bulgaria. Our re-
search work dedicated to DSOMS is financed by 
the Scientific Research Fund (Project DO-02-35) 
which allows us to introduce the product quickly 
as a complex raw material in different economic 
spheres (Dimitrov et al., 2007). 

The Black Sea is a powerful natural geobiotech-
nological reactor, capable of producing various 
natural resources. The Black Sea is the biggest 
generator of H2S in the world and is a global 
source for the production of hydrogen and sulphur 
(fig. 6). 

According to the available data the overall amount 
of H2S in the basin is 40 – 50 billion tons and it 
grows annually by 107 - 108 tons. The composition 
of hydrogen sulfide changes from 0.3 mg/l to 10-
12 mg/l in the near-bottom water layer. Its content 
in bottom sediments varies from 100 to 240 mg/l. 
As an illustration we can compare hydrogen sul-
fide with a highly calorific source such as methane. 

The burning of 1 m3 of methane releases 8500 
Kcal of heat, while the burning of 1 m3 of hydro-
gen sulfide releases 5535 Kcal of heat (Dimitrov 
and Dimitrov, 1999).  

The analysis of the possibilities to use the hydro-
gen sulfide gas as a source of energy showed that 
the energy losses are immense and that the tech-
nology is not environmentally safe. 

The adoption of new, renewable sources of energy 
and the production of hydrogen and the accompa-
nying products from the hydrogen sulfide extracted 
from the marine water and the sediments provides 
the hydrogen energy sector with a new perspective. 

The non-governmental organization of Energetika 
was set up in 1989 in Sevastopol with the aim of 
utilization of the Black Sea hydrogen sulfide de-
posits. The first developments were dedicated to 
the plasma and electrolytic decomposition of H2S 
and to the use of ion exchange resins and polymers 
for the production of H2 and S. The plasma tech-
nology has a number of advantages because it 
yields H2 and S while the electrolysis yields S and 
H2O. Besides, the plasma technology is five times 
less energy than the electrolytic technology and is 
environmentally safe. Some time later the extrac-
tion of H2S was stopped. 

4. General conclusions 
Current studies indicate that the processing of ma-
rine water and sediments for the production of H2 
and S may be performed on the spot (in situ). The 

 
Fig. 6. The Black Sea is – A Natural Geobiotechnological Reactor. 
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facilities and unmanned devices equipped with a 
polymer strip, the so called polymer module, are 
submerged in the hydrogen sulfide area to the 
maximum depth of the Black Sea several times to 
perform selective absorption of the two forms of 
hydrogen sulfide. After completing its mission the 
underwater apparatus appears on the sea surface 
and is collected by the floating plant. The polymer 
module (sorbent) is dismantled and passed through 
a plasma regenerator where the sorbed forms of 
H2S are released into a solution and the recovered 
polymer module is submerged again. The dis-
solved H2S is flushed through a hermetically 
closed plasma chamber where the H2 and S are dis-
sociated. 
The suggested technology for production of hy-
drogen sulfide and regeneration of H2 и S includes 
a floating plant, unmanned devices each of which 
with a) a polymer module and b) an operation 
module. 
The unlimited reserves of H2S in the Black Sea are 
an important challenge to the modern technologies 
for production of a new type of energy resources as 
H2 and the accompanying products (S). The re-
serves of H2S are estimated between 2.88 and 4.18 
billion tons or 169 – 245 million tons of H2 and 2.7 
– 3.9 billion tons of S (Dimitrov et al., 1999). 
New/unconventional sources of natural gas are the 
natural gas torches. The preliminary estimates of 
gas release show that about 150 billion m3 of 
methane gas are released from the bottom on an 
annual basis. The natural gas released fro the bot-
tom passes through the water and ends up in the 
atmosphere contaminating it and destroying the 
ozone layer. Apart from being a sign for search of 
oil and gas, gas torches can also be considered an 
independent low-debit source of energy. 
The studies of the scale of gas release will lead to 
the development of new solutions and technical fa-
cilities for catching and transportation of the natu-
ral gas. 
Apart from production of gas, gas springs can also 
be used for the establishment of geodynamic poly-
gons for early notification of earthquakes in seis-
mic regions such as the seismic area of Kaliarka 
and Shabla where earthquake centers are located in 
the sea. 

Undoubtedly, the suggested energy corridors will 
contribute to the energy security of the Balkans. 
We should not forget however the immense poten-
tial of the unconventional resources of the Black 

Sea whose studies and utilization will secure the 
future of the energy sector of Europe. 
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Abstract: In situ U/Pb zircon geochronology was carried out on some minor granitoids intrusions from 
the western Getic domain (Buchin and Slatina-Timis intrusions) and on the swarm of trondhjemitic 
dikes, sills and small granodiorite bodies from the northern Getic domain - South Carpathians. Accord-
ing to previous petrological studies these intrusions are related to partial melting of a thickened conti-
nental crust (Dobrescu 2001, 2004; Dobrescu et al. 2008). Most of the dated zircon crystals are compos-
ite, with xenocrystic cores surrounded by multiple overgrowths. Age results on inherited cores of the 
Buchin and Slatina-Timis intrusions reveal ages from Neoarchean to Late Proterozoic-Cambrian that 
represent inheritance from old crust. As revealed by ages from zircon overgrowths characterised by os-
cillatory zoning, the intrusion occurred in the Upper Cambrian-early Silurian. The outer rims of the Bu-
chin zircons record the Variscan metamorphic peak conditions suffered by the Getic basement. The U-
Pb ages on inner cores from rocks of the northern Getic domain reveal Paleoproterozoic to Neoprotero-
zoic inheritance. Prevalent ages in zircon cores and rims are in the range 539-428 Ma and seem to date a 
major component forming the Caledonian crustal basement of the South Carpathians. Scarce but ubiqui-
tous ages of 320-214 Ma on rims overlap the 40Ar/39Ar ages (Dallmeyer et al. 1994) on mylonites from 
the shear-zone and indicate imprints of the late Variscan dynamic retromorphism. The magmatic intru-
sion occurred between 110 Ma and 105 Ma in agreement with previous Ar/Ar ages (109-108 Ma; Do-
brescu and Smith 2000).  

Keywords: South Carpathians, Getic crystalline basement, granitoids, U/Pb zircon age.   
  

1. Introduction  

Various types of granitoids of different outcrop-
ping dimensions randomly intrude the Romanian 
South Carpathians. Most of them are restricted to 
the basement of the southern Danubian domain 
that was mainly emplaced during the Pan-African 
post-collision period (Berza et al., 2000). Two 
Variscan calc-alkaline granitoid plutons (Sichevita 
and Poniasca) outcrop in the crystalline basement 
of the northern Getic domain. Several alkaline to 
calcalkaline large granitoid plutons known as “Ba-
natites” intruded the Getic domain during the mid-
Alpine (Laramian) orogeny. They belong to “the 
Banatite magmatic and Metalogenetic Belt” (Berza 
et al., 1998) that is a 1000 km long belt going from 
northern Apuseni Mountains through South Apuse-
ni- Banat-Timok-Srednegorie to the Black Sea. 

Some of the major granitoid intrusions have been 

already dated. SHRIMP age data indicate an intru-
sion age of 311+2 Ma for the Poniasca biotite dio-
rite (Duschesne et al., 2008). U/Pb zircon ages, 
Re/Os ages and molibdenite ages on the plutonic 
Banatites range between 75.5 and 79.6 Ma 
(Nicolescu et al., 1999; Ciobanu et al., 2002). Geo-
chronological data on the smaller intrusions that 
occasionally show a peculiar geochemical affinity 
(Savu, 1997; Dobrescu, 2001; 2004) are scarce. 
This hampers large-scale correlations and do not 
allow to have a time-dependent view of the mag-
matic evolution in the Getic domain. In this work, 
in situ U/Pb zircon geochronology was carried out 
on some minor intrusions: i) the intrusions of Bu-
chin (BG) and Slatina-Timis (STG) in the western 
Getic domain and ii) the swarm of trondhjemite 
dikes, sills and small granodiorite bodies (TGSCF) 
from the northern Getic domain.  
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2. Geology of BG-STG and TGSCF 
The BG and STG granitoid intrusions (the biggest 
- of 12/1.6 km2 and 2/0.6 km2 outcropping area) 
and other smaller ones are exposed in the western 
part of the Getic domain (NE Semenic Mountains) 
and intrude the medium-high grade Precambrian 
crystalline basement (Fig. 1). According to Do-
brescu (2004) BG and STG are trondhjemite-
tonalite-granodiorite rocks forming co-genetic in-
trusions with adakitic geochemical affinity, similar 
to that described as K-adakites by Xiao and Clem-
ens (2007). Dehydration partial melting of a het-
erogeneous material at the base of a thickened con-
tinental crust has been inferred as a possible ge-
netic process. No geochronological data are avail-
able for these intrusions but some authors pre-
sumed Precambrian or Lower Paleozoic (Savu and 
Micu, 1964) or Variscan ages (Barlea, 1975; Iancu, 
1996 in Savu, 1997) on structural data basis. 

Trondhjemites, tonalites and granodiorites charac-
terised by gneissic structure and a medium to fine 
granulation are the major lithologies of the BG and 
STG intrusions (described by Savu and Micu, 
1964; Savu, 1979). Trondhjemites consists of 
quartz, zoned plagioclase (An28-30), biotite and 
scarce microcline; the granodioritic parts have 
more microcline, K-feldspars usually interstitial 

and occasionally substituting plagioclase. Sphene, 
allanite, apatite, zircon and magnetite are acces-
sory phases. Tonalites consist of plagioclase     
(An25-28), deformed quartz, green hornblende, bio-
tite and accessory sphene, allanite, apatite, zircon 
and opaque. 

The TGSCF magmatic system (around 300 occur-
rences) outcrops on an area of about 1200 km2 
along the Rasinari shearing zone (RSZ) in the 
north Getic Domain (Sebes-Cibin-NW Fagaras 
mountains) (Fig. 1). The TGSCF rocks have been 
described as trondhjemites and granodiorites (Do-
brescu, 2001). Porphyritic trondhjemites occur as 
sills and dikes whereas granodiorites as small in-
trusive bodies. In the porphyritic trondhjemites 
phenocrysts of zoned plagioclase (An6.8-29), quartz, 
biotite and rare hornblende are dispersed in a 
microcrystalline groundmass. The accessories are 
zircon, apatite, ilmenite, epidote, sphene, rutile, 
pirite and magnetite. The granodiorites are medium 
to coarse-grained rocks consisting of plagioclase, 
quartz, K-feldspar, biotite with accessory zircon, 
apatite, and sphene. According to Dobrescu et al. 
(2008) TGSCF rocks have a high-SiO2 adakitic 
geochemical affinity and their petrogenesis is 
likely related to melting of an underplated enriched 
lower crust.  
 

 
Fig. 1. Geological skech-map of the South Carpathians (modified from Kraütner et al., 1988 in Liegeois et al. 1996) 
with the emplacement of the Buchin and Slatina-Timis granitoids (BG-STG – red spots) and the swarm of trondhje-
mite dikes, sills and granodiorite bodies from N Getic domain (Sebes-Cibin-NW Fagaras mountains) (TGSCF align-
ment - red line); blue dots proximate location of samples collection. 
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3. Geochronology  
Six samples of granitoids were considered in this 
study: a granodiorite from BG (sample BUCH), a 
trondhjemite from STG (sample Sl-T), two por-
phyritic trondhjemites (samples S79c and 6182) 
and two granodiorites (samples CUG88 and 
SIB74) from TGSCF (Tab. 1). Zircon crystals form 
each rock were sieved as fraction of less than 0.2 
mm and between 0.2-0.4 mm, then separated by 
panning, heavy liquids, and hand picking. Grains 
were mounted in epoxy resin and polished down to 
0.25 microns with diamond paste. Pb geochronol-
ogy was carried out at the CNR - Istituto di Geo-
scienze e Georisorse - U.O. Pavia (Italy) using an 
ArF excimer laser ablation microprobe operating at 
193 nm (Geolas200Q-Microlas) coupled with a 
HR-ICP-MS (Element-ThermoFinnigan). Prior to 
U-Pb dating, internal structure of zircon grains was 
characterised by cathode luminescence (CL) at the 
University of Milan (Italy). Instrumental and laser-
induced U/Pb fractionations were corrected using 
the 1065 Ma 91500 zircon (Widenbeck et al., 
1995) as an external standard. The same integra-
tion intervals and spot size were used on both the 
external standard and unknowns. During each ana-
lytical run, the reference zircon 02123 was ana-
lysed together with unknowns for quality control: 
the mean Concordia age resulted 297±10 Ma in 
agreement with the reference value of 295 Ma 
(Ketchum et al., 2001). The spot size was set to 20 
or 10 μm and laser fluency at 12J/cm2. Analytical 
details and method are fully described in Tiepolo 
(2003). Data reduction was carried out using the 
“Glitter” software package (van Achtenberg et al., 
2001). During each analytical run the reproducti-
bility on the standards was propagated to all de-
terminations according to the equation reported in 
Horstwood et al. (2003). After this operation, 
analyses are considered accurate within quoted er-
rors. Concordia ages were determined and plotted 
using the Isoplot/EX 3.0 software (Ludwig, 2000).  

3.1. Age results on BG and STG intrusions  
Thirteen zircon crystals were separated from the 
BG granodiorite. Only one zircon was found in the 

STG trondhjemite sample. The majority of zircon 
crystals are prismatic, but also stubby crystals are 
present and CL analyses (Fig. 2) reveal a compos-
ite structure with inherited xenocrystic cores sur-
rounded by multiple overgrowths. Xenocrystic 
cores are either homogeneous with high CL emis-
sion or characterised by oscillatory zoning. At least 
two events of overgrowth on the xenocrystic core 
can be distinguished: i) an inner overgrowth usu-
ally showing oscillatory zoning typical of growth 
under magmatic conditions; ii) an outer over-
growth characterised by a low CL emission and 
homogeneous structure. In the single zircon from 
the STG sample the homogeneous low CL over-
growth is missing.  
 

 
Fig. 2. CL images of the BG-STG zircon crystals and 
the analysed spots. 

Seventeen analyses were performed on the differ-
ent zircon domains from the BG sample and two 
analyses on the STG zircon (Tab. 2a). The follow-
ing discussion is based only on U-Pb concordant 
data; the few discordant results were neglected be-
cause apparent geological meaningless. The 
xenocrystic cores yielded ages from Neoarchean to 

Tab. 1. Location of the dated samples. 
Granitoid Sample Rock type Location GPS coordinates 
BG - pluton BUCH granodiorite Semenic Mts.-S Buchin body  N490 49' 18" E280 52' 30" 
STG - phacolith  Sl-T trondhjemite Semenic Mts.-Slatina-Timis  N490 42' 53" E280 57' 15" 
TGSCF- sill S79c porphyritic trondhjemite  Sebes-Cibin Mts.-Cetatelei Brook  N500 12' 34" E300 28' 2" 
TGSCF- dyke 6182 porphyritic trondhjemite Sebes-Cibin Mts.-Romosel valley  N500 8' 53" E300 10' 22" 
TGSCF- body CUG88 granodiorite Sebes-Cibin Mts.-Cugiru Mare valley N500 10' 51" E300 19' 42" 
TGSCF- body SIB74 granodiorite Sebes-Cibin Mts.- Sibisel valley N500 8' 14" E300 7' 21" 
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Cambrian. The Neoarchean age at 2514+48 Ma is 
in agreement with the ages obtained on or-
thogneisses and metagranites from the Sebes-Lotru 
terrane (2.4–2.6 Ga; Balica, 2007) and with the 

ages in the upper part of the low-grade Caras unit 
of the South Carpathians, interpreted as of Sahar-
ian provenance (2.5-2.7 Ga; Balintoni et al., 2009). 
The Early Paleoproterozoic (1878+57 and 

207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ 1σ 1σ 1σ 2σ
S79C z1-rim Se21a005 20 0,0479 0,003 0,0166 0,0003 0,1105 0,0066 91 5 106 2 106 6 106 4
S79C z2-iner core Se21a008 20 0,0694 0,008 0,0163 0,0005 0,1586 0,0189 910 111 104 3 150 18 --- ---
S79C z3-core Se21a010 20 0,0580 0,001 0,0852 0,0011 0,6820 0,0144 530 11 527 7 528 11 527 13
S79C z3-rim Se21a011 20 0,0481 0,002 0,0169 0,0002 0,1117 0,0041 104 4 108 1 108 4 108 3
S79C z4-outer rim Se21a012 20 0,0516 0,002 0,0424 0,0005 0,3033 0,0107 266 10 268 3 269 10 268 7
S79C z4-iner rim Se21a013 20 0,0600 0,001 0,0869 0,0011 0,7185 0,0143 602 12 537 7 550 11 539 12
S79C z5-outer rim Se21a014 20 0,0502 0,002 0,0165 0,0002 0,1139 0,0037 206 7 105 1 110 4 105 3
S79C z5-mid rim Se21a015 20 0,0587 0,001 0,0851 0,0010 0,6883 0,0120 555 10 527 6 532 9 528 12
S79C z5-core Se21a016 20 0,0569 0,001 0,0863 0,0009 0,6770 0,0105 486 9 534 6 525 8 531 11
S79C z6-outer rim Se21a017 20 0,0562 0,008 0,0160 0,0005 0,1145 0,0161 461 66 102 3 110 16 102 6
S79C z6-core Se21a018 20 0,0623 0,004 0,1068 0,0020 0,9166 0,0591 684 45 654 12 661 43 654 24
S79C z7-outer rim Se21a019 20 0,0468 0,003 0,0161 0,0003 0,1031 0,0056 39 2 103 2 100 5 103 4
S79C z7-mid rim Se21a020 20 0,0564 0,007 0,0687 0,0019 0,5267 0,0646 468 58 428 12 430 53 428 22
S79C z7-core Se21a021 20 0,0563 0,002 0,0760 0,0010 0,5894 0,0170 462 13 472 6 471 14 472 12
S79C z8-(outer)rim Se21a022 20 0,0579 0,002 0,0783 0,0012 0,6231 0,0258 526 22 486 7 492 20 486 14
S79C z8-core (mid) Se21a023 20 0,0575 0,002 0,0782 0,0010 0,6199 0,0194 510 16 485 6 490 15 485 12
S79C z9-iner rim Se21a025 20 0,0568 0,008 0,0860 0,0014 0,6706 0,0287 483 69 532 9 521 22 531 17

6182 z1-outer rim Se21a029 20 0,0482 0,003 0,0166 0,0003 0,1097 0,0076 108 8 106 2 106 7 106 4
6182 z1-core Se21a030 20 0,1425 0,003 0,4006 0,0047 7,7810 0,1318 2258 40 2172 26 2206 37 --- ---
6182 z2-rim Se21a031 20 0,0491 0,003 0,0163 0,0003 0,1104 0,0066 154 9 104 2 106 6 104 3
6182 z2-core Se21a032 20 0,0555 0,001 0,0707 0,0008 0,5396 0,0135 430 11 441 5 438 11 440 10
6182 z3-core Se21a033 20 0,0604 0,001 0,1047 0,0012 0,8707 0,0204 618 15 642 8 636 15 641 14
6182 z4-outer rim Se21a034 20 0,0484 0,003 0,0168 0,0003 0,1110 0,0061 117 7 107 2 107 6 107 4
6182 z4-iner rim Se21a035 20 0,0729 0,001 0,1656 0,0018 1,6616 0,0308 1011 20 988 11 994 18 990 19
6182 z5-outer rim Se21a036 20 0,0466 0,002 0,0167 0,0002 0,1071 0,0037 26 1 107 1 103 4 107 3
6182 z5-core Se21a037 20 0,0553 0,003 0,0744 0,0012 0,5659 0,0294 424 22 462 8 455 24 462 15
6182 z6-rim Se21a038 20 0,0563 0,002 0,0724 0,0010 0,5606 0,0212 465 18 450 6 452 17 450 12
6182 z7-mid rim Se21a039 20 0,0555 0,001 0,0619 0,0007 0,4741 0,0087 432 8 387 4 394 7 388 8
6182 z7-core Se21a040 20 0,0548 0,001 0,0597 0,0007 0,4510 0,0098 403 9 374 4 378 8 374 8
6182 z8-rim Se21a041 20 0,0488 0,003 0,0162 0,0003 0,1087 0,0065 138 9 104 2 105 6 104 3
6182 z8-rim Se21a042 20 0,0467 0,004 0,0165 0,0003 0,1063 0,0093 31 3 106 2 103 9 106 4
6182 z9-rim Se21a043 20 0,0452 0,006 0,0163 0,0004 0,1025 0,0134 0 0 104 3 99 13 104 5
6182 z9-rim Se21a044 20 0,0486 0,003 0,0157 0,0003 0,1055 0,0061 130 8 101 2 102 6 101 3
6182 z10-outer rim Se21a045 20 0,0510 0,002 0,0416 0,0006 0,2917 0,0097 239 8 263 4 260 9 263 7
6182 z10-core Se21a046 20 0,0565 0,001 0,0766 0,0010 0,5959 0,0151 472 12 476 6 475 12 476 12

Sample Zircon Run#
Spot size 

(μm)
Isotopic ratios

Tab. 2b. LA-ICP-MS age results for S79c and 6182 porphyritic trondhjemites samples from TGSCF.
Apparent ages

Concordia Age207Pb/206Pb 206Pb/238U 207Pb/235U

207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ 1σ 1σ 1σ 2σ
BG 2-core Se21b043 20 0,121 0,003 0,332 0,007 5,458 0,187 1971 45,4 1846 39 1894 65 1878 57
BG 2-mid rim Se21b044 20 0,115 0,003 0,334 0,007 5,221 0,180 1880 43,9 1858 40 1856 64 1857 56
BG 4-core Se21b045 20 0,059 0,002 0,096 0,002 0,779 0,028 558 14,4 590 12 585 21 589 23
BG 4-rim Se21b046 20 0,054 0,002 0,053 0,001 0,395 0,018 373 13,9 331 7 338 15 331 15
BG 5-rim Se24a005 20 0,053 0,002 0,049 0,001 0,355 0,010 331 11,4 309 6 309 9 309 12
BG 5-core Se24a006 20 0,112 0,004 0,251 0,005 3,824 0,114 1838 65,9 1444 29 1598 48 --- ---
BG 8-mid rim(core?) Se24a007 20 0,165 0,005 0,081 0,002 1,846 0,049 2505 81,5 503 10 1062 28 --- ---
BG 9-outer rim Se24a008 20 0,065 0,002 0,048 0,001 0,415 0,013 761 27,8 301 6 353 11 --- ---
BG 9-inner rim(core?) Se24a009 20 0,058 0,003 0,070 0,002 0,541 0,027 523 27,7 434 10 439 22 434 19
BG 10-outer rim Se24a010 20 0,531 0,017 0,043 0,001 3,150 0,084 4329 140 273 6 1445 39 --- ---
BG 10-core Se24a012 20 0,068 0,003 0,143 0,003 1,309 0,047 862 35,5 861 18 850 31 858 32
BG 11-outer rim Se24a013 20 0,162 0,005 0,055 0,001 1,232 0,033 2480 81 345 7 815 22 --- ---
BG 11-core Se24a014 20 0,075 0,003 0,178 0,004 1,826 0,059 1060 39 1055 23 1055 34 1055 39
BG 11-outer rim Se24a015 20 0,055 0,002 0,052 0,001 0,391 0,010 410 13,4 328 7 335 9 329 13
BG 12-core Se24a016 20 0,059 0,002 0,098 0,002 0,792 0,023 573 20 603 12 592 17 600 22
BG 12-rim Se24a017 20 0,210 0,007 0,067 0,001 1,942 0,055 2904 96 418 9 1096 31 --- ---
BG 13-outer rim Se24a018 20 0,522 0,017 0,041 0,001 2,892 0,076 4305 140 257 5 1380 36 --- ---
BG 13-core Se24a019 20 0,169 0,005 0,471 0,009 10,85 0,283 2543 82,9 2486 47 2510 65 2514 48
BG 15-inner rim Se24a020 20 0,059 0,002 0,095 0,002 0,768 0,024 563 20,5 584 12 579 18 583 22
BG 15-outer rim Se24a021 20 0,053 0,002 0,054 0,001 0,385 0,013 332 12,2 339 8 331 11 338 15
BG 16-mid rim Se24a022 20 0,049 0,002 0,057 0,001 0,411 0,016 156 6,65 358 8 350 14 357 15
BG 16-core Se24a023 20 0,344 0,014 0,033 0,001 1,645 0,059 3681 146 207 5 988 35 --- ---
BG 17-outer rim Se24a024 20 0,053 0,002 0,051 0,001 0,353 0,015 332 15 320 7 307 13 319 14
BG 17-core Se24a025 20 0,062 0,003 0,111 0,003 0,951 0,048 678 36,7 677 15 679 34 677 29
BG 18-outer rim Se24a026 20 0,105 0,004 0,055 0,001 0,792 0,025 1717 62,2 343 7 592 19 --- ---
BG 18-inner rim Se24a027 20 0,055 0,002 0,074 0,002 0,568 0,020 425 17,3 463 9 457 16 462 18
STG 2-rim Se24a028 20 0,056 0,002 0,080 0,002 0,616 0,021 458 17,7 494 10 487 16 493 19
STG 2-core Se24a029 20 0,056 0,002 0,075 0,001 0,582 0,016 470 15,9 464 9 466 13 465 17

Sample Zircon Run#
Spot size 

(μm)

Tab. 2a. LA-ICP-MS age results for BG and STG samples.

Isotopic ratios
Apparent ages

Concordia Age207Pb/206Pb 206Pb/238U 207Pb/235U
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1857+56 Ma), Mesoproterozoic (1055+39 Ma) and 
Neoproterozoic (858+32 Ma) ages represent possi-
ble inheritance from the Eburnean, Kibaran and 
Arabian-Nubian orogens (correlation according to 
Balintoni et al., 2009). The Neoproterozoic-
Cambrian ages of 677+29, 600+22, 589+23 and 
583+22 Ma were obtained on the xenocrystic cores 
with oscillatory zoning. Although they could rep-
resent inheritance from the country rocks, an origin 
from the crustal material source of the parental liq-
uids cannot be excluded.   
The inner overgrowth with oscillatory zoning is 
most likely related to the igneous event at the ori-
gin of the two intrusions. Ages range from upper 
Cambrian-Ordovician to early Silurian (493+19 
Ma and 465+17 Ma for STG; 462+18 Ma and 
434+19 Ma for BG) and confirm the supposed 
Lower Paleozoic ages inferred from structural in-
formation (Savu and Micu, 1964). Data are rela-
tively scattered and do not allow to unequivocally 
define an intrusion age. After emplacement, the 
studied rocks underwent a complex metamorphic 
history (e.g. outer overgrowth; see below) and a 
partial perturbation of the U-Pb system in the inner 
sector of the zircon is likely. The magmatic event 
is thus best represented by the older ages (493-462 
Ma; Fig. 3b belonging to the concordia diagram - 
Fig. 3a).  

The outer structureless low CL rims of the BG zir-

con crystals yield ages at 357+15, 338+15, 
331+15, 329+13, 319+15 and 309+12 Ma and are 
most likely related to the Variscan metamorphic 
peak suffered by the Getic basement. Data are in 
agreement with those reported in the literature 
(e.g., Dallmeyer et al., 1998; Dragusanu and Ta-
naka, 1999; Ducea et al., 2001; Medaris et al., 
2003).  
 

 
Fig. 3. U-Pb concordia diagram for the BG-STG ana-
lysed zircons (a); detail between 490– 470 Ma (b).  
 
3.2. Age results on TGSCF rocks  
A total of 85 age data (Tab. 2b, c, d) were obtained 

207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ 1σ 1σ 1σ 2σ
SIB74 zr2 core Se21b006 20 0,0656 0,0017 0,1244 0,0026 1,1226 0,0399 793 20 756 16 764 27 757 29
SIB74 z1-rim Se21b007 20 0,0710 0,0020 0,1414 0,0028 1,3829 0,0519 956 28 853 17 882 33 857 31
SIB74 1-core Se21b008 20 0,0738 0,0021 0,1719 0,0036 1,7426 0,0663 1036 30 1023 21 1024 39 1023 38
SIB74 3-rim Se21b009 20 0,0488 0,0025 0,0164 0,0004 0,1098 0,0061 137 7 105 2 106 6 105 5
SIB74 3-mid rim Se21b010 20 0,0513 0,0022 0,0163 0,0003 0,1155 0,0056 253 11 104 2 111 5 104 4
SIB74 4-core Se21b011 20 0,0607 0,0015 0,1012 0,0022 0,8465 0,0303 629 16 622 13 623 22 622 25
SIB74 5-rim Se21b012 20 0,0581 0,0038 0,0163 0,0004 0,1290 0,0088 533 35 104 3 123 8 --- ---
SIB74 5-core Se21b013 20 0,1780 0,0040 0,3778 0,0075 9,2699 0,3093 2634 59 2066 41 2365 79 --- ---
SIB74 6-outer rimSe21b014 20 0,0470 0,0030 0,0170 0,0004 0,1099 0,0073 48 3 108 3 106 7 108 5
SIB74 6-mid rim Se21b015 20 0,0467 0,0017 0,0171 0,0004 0,1096 0,0048 31 1 109 2 106 5 109 5
SIB74 6-core Se21b016 20 0,0586 0,0024 0,0811 0,0017 0,6541 0,0311 553 23 503 11 511 24 503 20
SIB74 8-outer rimSe21b018 20 0,0476 0,0037 0,0162 0,0004 0,1041 0,0084 76 6 103 3 101 8 103 6
SIB74 8-mid rim Se21b019 20 0,0566 0,0020 0,0782 0,0017 0,6077 0,0267 476 17 486 11 482 21 485 21
SIB74 8-core Se21b020 20 0,0561 0,0025 0,0815 0,0019 0,6302 0,0320 455 20 505 12 496 25 504 22
SIB74 9- int.rim Se21b021 20 0,0537 0,0013 0,0509 0,0011 0,3768 0,0133 360 9 320 7 325 11 320 13
SIB74 9-ext core Se21b022 20 0,0565 0,0013 0,0746 0,0015 0,5805 0,0198 470 11 464 10 465 16 464 18
SIB74 10-rim Se21b023 20 0,0499 0,0027 0,0161 0,0004 0,1106 0,0066 190 10 103 2 107 6 103 5
SIB74 10-core Se21b024 20 0,1282 0,0034 0,3562 0,0073 6,3194 0,2277 2073 55 1964 40 2021 73 1997 59
SIB74 11-outer rimSe21b025 20 0,0502 0,0021 0,0339 0,0008 0,2328 0,0112 202 8 215 5 213 10 215 10
SIB74 11-mid rimSe21b026 20 0,0629 0,0017 0,1103 0,0024 0,9574 0,0357 704 19 675 15 682 25 676 27
SIB74 11-core Se21b027 20 0,0697 0,0022 0,1075 0,0023 1,0307 0,0416 918 29 658 14 719 29 --- ---
SIB74 12-outer rimSe21b031 20 0,0482 0,0015 0,0158 0,0003 0,1048 0,0041 111 3 101 2 101 4 101 4
SIB74 12-core Se21b032 20 0,0595 0,0017 0,0933 0,0019 0,7648 0,0289 587 17 575 12 577 22 575 23
SIB74 12-iner rimSe21b033 20 0,0527 0,0013 0,0474 0,0010 0,3444 0,0122 316 8 299 6 301 11 299 12
SIB74 13-core Se21b034 20 0,0598 0,0022 0,0881 0,0019 0,7274 0,0322 596 22 545 12 555 25 545 23
SIB74 15-core Se21b037 20 0,0583 0,0023 0,0898 0,0020 0,7254 0,0334 541 21 554 12 554 26 554 23
SIB74 16-rim Se21b038 20 0,0487 0,0021 0,0159 0,0003 0,1071 0,0052 135 6 102 2 103 5 102 4
SIB74 16-core daSe21b039 20 0,0483 0,0024 0,0166 0,0004 0,1110 0,0062 112 6 106 3 107 6 106 5
SIB74 16-core lig Se21b040 20 0,0559 0,0014 0,0713 0,0015 0,5497 0,0195 447 11 444 9 445 16 444 18
SIB74 17-rim Se21b041 20 0,0490 0,0022 0,0169 0,0004 0,1143 0,0059 149 7 108 2 110 6 108 5

Sample Zircon Run# Spot size 
(μm)

Isotopic ratios

Tab. 2c. LA-ICP-MS age results for SIB74 granodiorite sample from TGSCF.
Apparent ages

207Pb/206Pb 206Pb/238U 207Pb/235U Concordia Age
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 on 49 analyzed zircon crystals: 16 data on 9 zir-
cons from the trondhjemite dyke (S79C), 17 data 
on 10 zircons from the trondhjemite sill (6182), 25 
data on 16 zircons (CUG88) and 27 data on 14 zir-
cons (SIB74) from granodiorites. Zircons from the 
dikes and sills (Fig. 4) are either stubby or pris-
matic with CL images revealing the presence of 
xenocrystic cores. Zircons from the granodiorite 
have more complex textures. The xenocrystic cores 
show multiple overgrowths with igneous and 
“ghost” textures, such as bulbous replacement fad-
ing the original growth, convoluted, blurred, thick-
ened or transgressive patches probably related to 
metamorphic events. Some xenocrystic cores show 

Paleoproterozoic (1.99; 1.97; 1.93 Ga) and Meso-
proterozoic (1.02 Ga) ages, most likely related to 
the Getic basement, with possible link to the west-
African craton (Balintoni et al., 2008). Five Neo-
proterozoic ages (from 990 to 738 Ma) on zircon 
cores overlap the Sm-Nd TDM ages of 980-730 
Ma on bulk rock (Dobrescu, 2001; Dobrescu and 
Liegeois, 2001). Seven data on zircon cores gave 
Cadomian ages (757- 575 Ma) and 27 core ages 
between 539 and 428 Ma. The latter time span 
overlaps the Caledonian crustal building in the 
South Carpathians (Dallmeyer et al., 1994).  

Ages between 388 and 214 Ma were obtained on 
the metamorphic overgrowths and partly overlap 

207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ 1σ 1σ 1σ 2σ
CUG88 z1-outer rim Se24b005 20 0,0442 0,0013 0,0172 0,0003 0,1047 0,0030 --- --- 110 2 101 3 --- ---
CUG88 1-core Se24b006 20 0,0594 0,0011 0,0955 0,0016 0,7861 0,0138 580 10 588 10 589 10 590 14
CUG88 1-mid rim Se24b007 20 0,0580 0,0013 0,0952 0,0016 0,7614 0,0169 531 12 586 10 575 13 582 18
CUG88 2-outer rim Se24b009 20 0,0514 0,0017 0,0161 0,0003 0,1140 0,0037 259 9 103 2 110 4 --- ---
CUG88 3-outer rim Se24b010 20 0,04704 0,001 0,0168 0,000291 0,10884 0,003341 51 1,6069 107,4 1,8573 104,9 3,2202 107,3 3,7
CUG88 3-core Se24b011 20 0,05657 0,001 0,07615 0,001299 0,59643 0,009799 474,2 7,886 473,1 8,0689 475 7,8039 475 12
CUG88 4-core Se24b012 20 0,05856 0,001 0,07956 0,001385 0,64552 0,013824 550,8 11,905 493,5 8,5894 505,7 10,83 --- ---
CUG88 6-rim Se24b013 20 0,04978 0,004 0,01714 0,000437 0,10858 0,009196 184,7 16,004 109,6 2,7918 104,7 8,8675 109,5 5,5
CUG88 6-core Se24b014 20 0,05647 0,001 0,07883 0,001259 0,61456 0,008197 470,2 6,7487 489,1 7,8141 486,4 6,4872 484,8 9,3
CUG88 7-core Se24b015 20 0,05179 0,001 0,03916 0,000708 0,27914 0,004567 276 4,3107 247,6 4,4771 250 4,0905 250,6 7,2
CUG88 13-outer rim Se24b017 20 0,04876 0,002963 0,02063 0,000443 0,13869 0,008276 136,3 8,2823 131,6 2,8282 131,9 7,8704 131,6 5,6
CUG88 13-mid rim Se24b018 20 0,04856 0,001325 0,01738 0,000303 0,11638 0,003115 126,7 3,4563 111,1 1,935 111,8 2,9921 111,1 3,8
CUG88 12-core Se24b019 20 0,11615 0,001624 0,3491 0,006662 5,72758 0,091151 1897,8 26,536 1930,3 36,834 1935,5 30,802 1939 5,6
CUG88 11-mid rim Se24b020 20 0,04661 0,00298 0,01715 0,000345 0,10977 0,006869 29 1,854 109,6 2,2062 105,8 6,621 109,6 4,4
CUG88 10-core Se24b021 20 0,04933 0,001346 0,01568 0,000295 0,10655 0,002892 163,7 4,4662 100,3 1,8877 102,8 2,7906 100,3 3,7
CUG88 9-core Se24b022 20 0,05737 0,000945 0,08264 0,00142 0,65413 0,01077 505,2 8,3191 511,9 8,7939 511 8,4138 511 13
CUG88 9-rim Se24b023 20 0,04706 0,001114 0,01752 0,000304 0,1137 0,002632 52,1 1,2335 111,9 1,9414 109,3 2,5299 111,7 3,8
CUG88 8-core Se24b024 20 0,05713 0,001081 0,08296 0,001429 0,6538 0,012207 495,8 9,3817 513,8 8,853 510,8 9,5368 510 15
CUG88 20-rim Se24b028 20 0,04982 0,001106 0,03628 0,000669 0,24778 0,00554 186,7 4,1434 229,7 4,2339 224,8 5,0266 228,3 8,2
CUG88 20-core Se24b029 20 0,05617 0,000889 0,07601 0,001304 0,5893 0,009287 458,6 7,2575 472,3 8,1043 470,4 7,4135 470 12
CUG88 15-rim Se24b030 20 0,05643 0,002846 0,01565 0,000342 0,1112 0,005513 468,7 23,638 100,1 2,1872 107,1 5,3101 100,1 4,3
CUG88 15-core Se24b031 20 0,06317 0,000911 0,10918 0,001782 0,95117 0,013007 714 10,294 668 10,902 678,7 9,2813 --- ---
CUG88 16-core Se24b032 20 0,0518 0,001005 0,04548 0,000799 0,32481 0,006272 276,6 5,3688 286,7 5,0394 285,6 5,5146 286 9,5
CUG88 16-rim Se24b033 20 0,05602 0,001121 0,0716 0,001209 0,55311 0,010742 452,9 9,0601 445,8 7,5302 447 8,6813 447 14
CUG88 17-core Se24b034 20 0,05808 0,001523 0,0861 0,001578 0,68892 0,01793 532,5 13,965 532,4 9,7553 532,2 13,851 532 18
CUG88 23-outer rim Se24b035 20 0,04802 0,002429 0,02454 0,000481 0,16631 0,007988 99,1 5,0128 156,3 3,0655 156,2 7,5023 156,3 6,1
CUG88 23-core Se24b036 20 0,12007 0,002033 0,35835 0,00641 5,97824 0,100473 1957,3 33,144 1974,4 35,318 1972,7 33,154 1972 24
CUG88 22-core-rim? Se24b037 20 0,06254 0,002954 0,12141 0,002554 1,05342 0,048379 692,6 32,719 738,7 15,538 730,6 33,553 738 29

Se24b038 20 0,04649 0,001112 0,01735 0,000296 0,11148 0,002598 23,2 0,5551 110,9 1,8893 107,3 2,5006 --- ---
CUG88 21-rim Se24b039 20 0,05768 0,001864 0,07708 0,001335 0,6127 0,019052 517,3 16,719 478,6 8,2868 485,3 15,09 479 16

Tab. 2d. LA-ICP-MS age results for CUG88 granodiorite sample from TGSCF.
Apparent ages

Sample Zircon Run# Spot size 
(μm)

207Pb/206Pb 206Pb/238U 207Pb/235U Concordia AgeIsotopic ratios

Fig. 4. CL images of the TGSCF zircon crystals and the location of the analysed spots. 
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the Variscan HP event (358–316 Ma) in the Sebes-
Lotru series (Dragusanu and Tanaka, 1999; Meda-
ris et al., 2003; Balintoni, 2009). The younger ages 
coincide with the 40Ar/39Ar ages at 299-286 Ma on 
mylonites in shear zones (Dallmeyer et al., 1994, 
1998) reactivated at the end of the Variscan 
orogeny (Pfalzic phase). The Mid-Cretaceous ages 
on 30 zircon rims yielding concordia ages at be-
tween 110 and 105 Ma (Fig. 5b, d, f) confirm the 
40Ar/39Ar cooling ages of 109-108 Ma of Dobrescu 
and Smith (2000) and most likely define the intru-
sion ages. Despite the fact that the RSZ have been 
considered for long time the overthrust line be-
tween Getic and Supra getic Domains (Balintoni et 
al., 1989; Iancu and Maruntiu, 1994), the mid-
Cretaceous ages of the TGSCF intrusion preclude 
the idea of superposition of the two domains, at 
least in the outcropping area of the igneous system.  

4. Concluding remarks  
In situ U/Pb geochronology of zircons in some mi-
nor intrusions from western and northern Getic 
domain allowed us to define several common fea-
tures of the two magmatic systems:  
- The presence of xenocrystic cores of Proterozoic 
and even older ages (up to Neoarchean), is consis-
tent with the occurrence in western and northern 
Getic domain of a basement with Pre-Gondwanan 
inheritance (in agreement with age results from 
Balintoni et al., 2009). Noticeably, both Grenvil-
lian and Cadomian ages are present, disturbing for 
good the so-called “Grenvillian silence” (e.g. 
Balintoni, 2005, Săbău and Massonne, 2008). The 
newly obtained Neoproterozoic ages illustrate the 
magmatic episode (evidenced also by Balintoni et 
al., 2009) which supplied the lower part of the 
Getic basement;  

- The Variscan HP metamorphic event affecting 
the Getic basement imprinted Mid-Upper Paleo-
zoic ages on both granitoid systems.  

The U/Pb data for STG and BG approximate an in-
trusion age within late Cambrian–early Silurian 
time span. The age data for TGSCF indicate an in-
trusion time between 110 and 105 Ma. 
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Fig. 5. U-Pb concordia diagram for the TGSCF ana-
lysed zircons of CUG granodiorite (a) and detail at 
109.8+0.92 Ma concordia age (b); concordia diagram 
for the analysed zircons of 79c_6182 trondhjemite sill 
and dike samples (c) and detail at 105.08+0.49 Ma con-
cordia age (d); concordia diagram for the analysed zir-
cons of SIB74 granodiorite (e) and detail at 104.8+0.75 
Ma concordia age (f).  
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Abstract: The Kushla caldera is located in the East Rhodope massif, in the border area of Bulgaria and 
Greece. The volcanic activity is realized during the Early Oligocene in subaerial environment. Several 
volcanic stages are distinguished: pre-caldera – dacite-trachydacite, latite and trachyte; syncaldera – acid 
pyroclastic rocks (mostly ignimbrites), and post caldera – elongated subvolcanic bodies and dykes of 
basaltic andesite and shoshonite. Different tendencies of magmatic evolution are found which is proba-
bly related to magma differentiation in comparatively isolated core chambers that are settled at different 
level. Despite the fractional crystallization as the main process of magmatic differentiation for the sepa-
rate tendencies, the processes of contamination and mixing are also important. Тhe mixing is probably 
the triggering mechanism for the acid ignimbrite caldera-forming eruption. The magmatic evolution of 
the volcanic rocks of the Kushla and Ostren Volcanic Subcomplexes is due to fractionation of plagio-
clase, sanidine and in less extent of hornblende, biotite and pyroxene as well as the fluid factor that con-
trols the P2O5, К2О and Na2O. The magmatic differentiation of the Gorski izvor and Uchkaya shoshonite 
is related to the fractionation of pyroxene, plagioclase, olivine, magnetite and apatite. The lower pres-
sure of the hornblende from the acid pyroclastics of the Ostren Volcanic Subcomplex (1.4-1.9 kbar) 
supports the idea for the presence of shallow magmatic chamber after which empting the main caldera-
forming eruption is realized. The pressure of the Chatalalmdere Volcanic Subcomplex is comparatively 
higher (2.2–2.6 kbar) which is in accordance with the later eruption of deeper levels of the same cham-
ber. 

Key words: Petrology, East Rhodopes, Kushla caldera 
 
1. Introduction 
Wide spread collision to post-collision magmatism 
that is connected to the collision of Apulia, a 
promontory of Africa, and the Pelagonium mi-
croplate of Eurasia has accomplished during the 
Paleogene in the FYROM-Rhodope-North Aegean 
Magmatic Belt. The volcanic activity is realized in 
subaqueous to subaerial environment and is ac-
companied by shallow marine and continental 
sedimentation. The petrological and petrochemical 
characteristics of the Kushla caldera, that is located 
in the East-Rhodope Volcanic Area – a part of this 
Tertiary magmatic belt, is the object of the present 
study. 

2. Previous studies 
The first geological and field mapping work in the 
area is made by Katskov, Shilyafov (1968). A de-
tailed subdivision of the volcano-sedimentary suc-

cession is made by Yordanov, Kalinova (Sarov et 
al., 1997f). Most of the studies of rocks in the area 
are related mainly to separate petrological prob-
lems (Innocenti et al., 1984; Yanev, еt. al., 1989; 
Elefteriadis, 1995; Lilov et. al., 2000). Elefteriadis 
(1995) in a general publication about the Oligo-
cene volcanic rocks in Central Rhodope (North 
Greece) describes the Kotani-Kalotico volcanic 
area that is a continuation of the area studied in 
Greece. Petrological and geochemical study of the 
rocks of the Kushla caldera is made by Georgiev, 
Nedyalkov (Sarov et al., 2008). 

3. Geological background and volcanologi-
cal interpretation 

The Kushla caldera (Fig. 1) is recently defined 
volcanic structure (Yordanov in: Sarov et al., 
2008), that is located to the south of Zlatograd in 
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the border area of Bulgaria and Greece. The vol-
canic activity is realized during the Early Oligo-
cene in subaerial environment. Pre-caldera, caldera 
and postcaldera volcanic stages are distinguished. 
The volcanic and volcano-sedimentary succession 
is subdivided using mixed volcanological-
lithostratigraphical principles (Yordanov et al. in: 
Sarov et al., 2008). The rocks of the pre-caldera, 
syn-caldera and post-caldera volcanic stages are 
assembled in the Sushitsa Volcanic Complex, 
which is subdivided in Volcanic Subcomplexes, 
formations and packages. 
 

 
Fig. 1 Simplified geological map of the Kushla caldera. 
Compiled from the Geological map of Bulgaria in scale 
1:50 000 (Sarov et al., 2008) and the geological scheme 
of Elefteriadis (1995) with additions. The contour of the 
FYROM – Rhodope – North Aegean magmatic belt 
(MRNAMB) is after Marchev et al. (2002). 
 

Before the beginning of the volcanic activity the 
Gorski izvor depression is formed. It is filled with 
sandstone and conglomerate without volcanic clas-
tics. The pre-caldera volcanic activity is related 
from latite to dacite-trachydacite and trachyte 
rocks of the Kushla Volcanic Subcomplex. It is 
overlied by a thick succession of moderately to 
densely welded pyroclastic rocks that are a product 
of powerful eruption of pumiceous pyroclastic 
flows (ignimbrites) of the Ostren Volcanic Sub-
complex. During this eruption the main caldera 
collapse is established. Large boulders (up to 100 
m3) of sandstone and breccia-conglomerate (with-
out volcanic clastics) as well as smaller fragments 
of intermediate volcanic rocks and metamorphic 
rocks are included in the ignimbrites during the 
eruption. The presence of carbonified wood re-
mains in the pyroclstics defines that the volcanic 

activity is in subaerial environment. At the end of 
the pyroclastic activity, the comparatively poorer 
of fluids magma is intruded as rhyolitic lava brec-
cia or lag breccia and the Uchkaya volcanic centre 
is formed. After that, along the caldera faults, ba-
saltic andesite and shoshonite bodies and dykes 
(Gorski izvor shoshonite) are intruded. The erupted 
acid magma chamber free space (the lithostatic 
pressure is low) for the resurgent intrusion of the 
deeper situated more basic magma. After that fol-
lows a succession of acid pyroclastic rocks in al-
ternation with tuffite and sandstone (Chatalalmdere 
Volcanic Subcomplex). The acid volcanic activity 
continues but with changed characteristics and it is 
pursued with large rock collapses (caldera breccia 
is formed). Pumice accessory lithic tuffs that are a 
product of pumiceous mud flows are observed near 
to Goliya Tulpan summit. The presence of various 
by kind and size rock fragments of intermediate 
volcanic rocks, metamorphites, quartz, etc., as well 
as their concentration can be connected to a col-
lapse of phreatomagmatic eruption column. Cored 
accretionary lapilli are observed in the pyroclastic 
layers, evidence for water saturated eruption and 
deposition in subareial environment. A bed of fine 
ash-fall tuff that contains perfectly preserved plant 
remains (leaves and branches) is found. That de-
fines its accumulation in subaerial or shallow 
lacustrine enviroment. The final resurgent stage is 
connected to the intrusion of basaltic andesite and 
shoshonite dykes and elongated bodies (Uchkaya 
shoshonite) along the caldera faults. 

An interesting problem is the localization of the 
eruptive vents of the ignimbrites that have pro-
voked the caldera subsidence. In the volcanology 
literature there are proposed different models for 
the eruptive vents of the caldera-forming ignim-
brites but their localization is difficult to define 
and often under discussion. The characteristic for 
the ignimbrite of the Ostren Volcanic Subcomplex 
is that there is not prior Plinian phase that is related 
to the formation of ash-fall and base-surge pyro-
clastics. The ignimbrites are found only in the cal-
dera. These, as well as the presence of the included 
disintegrated large boulders of breccia-conglome-
rate (up to 100 m3) can lead to the conclusion that 
the caldera subsidence is accomplished during the 
ignimbrite eruption. The lack of prior Plinian ash-
flow and base-surge phase defines that the vents 
are widened almost instantaneously. The convec-
tive column quickly collapsed and only pyroclastic 
flows formed. The high rate of the eruption caused 
the caldera roof subsidence around ring faults as is 
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described for the Gran Canaria caldera (Soriano et 
al., 2006). 

At the final stages of the formation of the rocks of 
the Ostren Volcanic Subcompex, the Uchkaya vol-
canic centre is formed. It is possible to be one of 
the eruptive vents that later is filled with rhyolitic 
lava breccia or lag breccia. 

The vent of the pumiceous accessory lithic mud 
flow near to Peshterite place is located near to 
Golia Tulpan summit. The thickest deposits of the 
tuffs and also cavities primary filled with ankerite 
(now wholly altered in limonite) are observed there. 
This suggests intense hydrothermal (fumarolic) ac-
tivity near the eruptive vent. 

The Kushla caldera is imposed over metamorphic 
rocks and the sediments of the Kayaloba graben-
brachy-syncline. The formation of the Gorski izvor 
monocline is a downsag that is connected with the 
caldera subsidence. The Kushla caldera is ellipti-
cally elongated in northwest-southeast direction, 
with long diameter of 12 km. According to the ter-
minology of Lipman (1997) it is a combination be-
tween piece-meal, multicyclic and trap-door type.  

There are few data for the absolute age of the vol-
canic rocks studied. According to K-Ar analyses of 
Innocenti et al. (1984) H-K andesite (Xerokori vil-
lage) from the lowest parts of the section is 34 Ma 
and H-K basaltic andesite (Tsalapetinos village) – 
25 Ma. The K-Ar ages of the shoshonite to the 
south-east of Gorski izvor village (Lilov et al., 
2000) are in the range of 31,21–32,11 Ма (± 1,26 
Ma). 

4. Methods 
Geological field study is made on Bulgarian terri-
tory during which the different rock varieties are 
sampled. The rock samples are analysed for the 
major oxides using ICP in the Central Sciencein-
vestigation laboratory “Geochemistry” of the Min-
ing and Geology University “St. Ivan Rilski”. The 
trace and rare-earth elements are analyzed with 
ICP in the “Geolab” laboratory of BAS. 102 mi-
croprobe analyses of the main porphyries of the 
volcanic rocks are made with Jeol JSM 35CF at 
gathering the spectra for 100 sec at 20 KW. For 
more complete characterization of the rocks, 
analyses from previous studies are also used. 

5. Results and Discussion 
5.1. Petrographical characteristics 
The volcanic rocks that build up the Sushitsa Vol-

canic Complex have a variety petrographical char-
acteristics. Basic to intermediate and acid rocks 
that build lava and subvolcanic bodies as well as 
pyroclastic and epiclastic rocks are found. 

The rocks of the Kushla Volcanic Subcomplex are 
presented by intermediate pyroclastics (agglomer-
ate tuff and coarse ash tuff), epiclasics and lava 
rocks. The lava rocks are brown-violet, massive, 
medium to coarse plagioclase and sanidine-phyric 
latite, trachyte and dacite-trachydacite (Fig. 2a). 
The structure is porphyric, glomeroporphyric and 
trachytic. The primary minerals constitute 10–
30 % of the rock volume. They are presented by 
plagioclase, sanidine, biotite, clinopyroxene, horn-
blende and quartz. The plagioclases (oligoclase) 
are weakly zonal with inclusions of apatite and re-
crystallized volcanic glass. Some of the larger por-
phyritic crystals have a periphery of sanidine (Fig. 
2b). Carlsbad and albite twinings are observed. 
The sanidine is in comparatively subordinate or an 
equal quantity with the plagioclase. It is often 
clayey and sericitized. The quartz is rare with 
characteristic bay-like shapes that define processes 
of magmatic corrosion (Fig. 2c). The accessory 
minerals are zircon and apatite. The matrix is hya-
lopilitic, with subparallel microlites of plagioclase, 
sanidine and apatite, crystallites and ore minerals. 

The Ostren Volcanic Subcomplex consists mainly 
of rhyolitic to trachyrhyolitic pyroclastic rocks (ig-
nimbrite) formed by successive pyroclastic flows 
(Fig 2d). The rocks are white-grey, pinkish or 
greenish coloured. They consist of crystaloclasts, 
pumice (fiamme), lithoclasts and matrix. The crys-
taloclasts build 3–50 % from the rock volume. In 
most cases they are unsorted, various by size and 
often cataclastically deformed. The salic minerals 
prevail over the mafic. They are presented by 
quartz, plagioclase (oligoclase, andesine, labrador), 
sanidine (in comparatively equal quantity with the 
plagioclase), biotite and rarely hornblende and py-
roxene. The welding rank of the pyroclastics, ac-
cording to the classification of Quane and Russell 
(2004) is IV-VI rank or according to the classifica-
tion of Steck and Grunder (1995) from partially 
welded with fiamme to densely welded. This 
means that the deformation of the pumice is from 
moderate to presence of eutaxitic texture and col-
lapse to fiamme and even to forming of vitrophyre. 
The fiammes (Fig 2e) are differently coloured, 
hardly elongated and flattened (1–10 cm), some-
times with irregular contours or porous. In some 
cases they are bent and deformed that shows proc-
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esses of post depositional rheomorphic flowage. 
Because of the denser welding, sometimes the 
fiammes are coalescence with the matrix. In most 
cases they are devitrified at different extent to fi-
brous and micrograined aggregate and spherulites 
(Fig. 2f) probably of K-feldspar and quartz. 

Vitrophyre of molten pyroclastics, which partly in-
tersect the ignimbrite is observed near to Ostra 

chuka summit. The rocks are massive with fluidal, 
vitrophyre and crystallite texture. It consists of ma-
trix of brownish perlite and many elongated lense-
like fragments of black coloured perlite (0.5–5 cm) 
identical with fiamme (Fig. 2g). These perlite va-
rieties are also microscopically distinguishable. 

The matrix of the brownish perlite (Fig. 2h) is de-
vitrified to clayey minerals, smectites and zeolites. 

 
Fig. 2 Petrographic features of the volcanic rocks of the Kushla caldera: Kushla Volcaic Subcomplex a) coarse plagio-
clase- and sanidine-phyric trachydacite, the plagioclase is with sanidine periphery; b) microscopic view of the same as 
(a) – the plagioclase is with reverse zoning; c) magmatically corroded quartz; Ostren Volcanic Subcomplex d) densely 
welded tuff with fiamme; e) fiamme texture; f) devitrified fiamme to spherulites of Kfeldspar and quartz; g) vitro-
phyre; h) groundmass of brownish perlite; i) fiamme-like lenses of crystallites – longulites; Uchkaya shoshonite j) bi-
tovnite with skeleton periphery; k) clynopyroxene; l) wholly altered olivine. 
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It has porphyries of plagioclase (andesine), 
sanidine, biotite, quartz, clinopyroxene and acces-
sory minerals of apatite, titanite and ore minerals. 
The macroscopically black perlite (the fiamme-
like) is grey coloured microscopically, non-altered, 
with fluidal texture and crystallites of the type of 
longulites (Fig. 2i). The porphyries in it are very 
rare and are represented by plagioclase and biotite.  

The Chatalalmdere Volcanic Subcomplex con-
sists of chaotic coarse terrigenous, tuffaceous 
sediments and acid pyroclastic rocks. Massive po-
rous acid accessory lithic pyroclastic rocks expose 
near to the Peshterite place and Goliya Tulpan 
summit. A specific feature is the numerous cavities 
(1–50 cm) that in most cases are horizontally flat-
tened parallel to the deposition surfaces. The cavi-
ties are formed due to gas vesicles or eroded pum-
ices. The accessory and incidental lithic fragments 
are presented by variegated rock fragments of vol-
canic and metamorphic rocks, from mm to over 1m 
in size. The pumice is colourless, intensely to 
wholly altered with erased morphology. It is devit-
rified to cryptocrystalline aggregate of quartz and 
K-feldspar. The crystaloclasts are plagioclase (oli-
goclase – andesine), sanidine, biotite and quartz. 

The Gorski izvor and Uchkaya basaltic andesite 
and shoshonite have comparatively similar petro-
graphical and petrochemical characteristics. They 
are massive, dark green to black coloured. The 
primary minerals are plagioclase (andesine, labro-
dor to bitovnite), clinopyroxene, orthopyroxene 
and sometimes olivine. They consist 5–15% of the 
whole rock volume. The plagioclases (50–65% 
from the porphyries) often have skeleton periphery 
and are partly altered into carbonate and sericite 
(Fig. 2j). Oscillatory zonation is observed. The ac-
cessory minerals are apatite and magnetite. The 
clinopyroxene (Fig. 2k) is augite and the orthopy-
roxene is enstatite. The olivine (Fig. 2l) in most 
cases is altered in smectite, chlorite, serpentine and 
numerous ore minerals. The matrix is with micro-
lite, interstitial, sometimes with wholly crystalline 
fine-grained microdolerite texture. It consists of 
numerous parallel oriented to intersertal plagio-
clase microlites and ore grains. The space between 
them is filled with brown, partly smectitized vol-
canic glass. 

5.2. Comparative analysis of the rock-for-
ming minerals 

For better understanding the characteristics of the 
porphyries (and crystaloclasts) in the volcanic rocks, 

microprobe analyses are made (Table 1, 2, 3, 4). 

The plagioclases composition (Fig 3a) of the rocks 
of the Kushla Volcanic Subcomplex varies from 
acid oligoclase to oligoclase-andesine. Reverse 
zoning is observed in some of the larger cryststals. 
The plagioclases from the acid pyroclastic rocks of 
the Ostren Volcanic Subcomplex are more basic 
than those in the Kusla Volcanic Subcomplex. 
Their composition varies in wide range – from oli-
goclase, andesine (predominantly) to even labrador. 
Zonation in the separate crystals is not observed. 
The difference in the composition of the separate 
plagioclase porphyries is a sign for mixing proc-
esses. The more acid composition of the plagio-
clases in the trachydacite of the Kushla Volcanic 
Subcomplex in relation to that in the more acid py-
roclastic rocks of the Ostren Volcanic Subcomplex 
is probably due to inclusion of the Ca in the earlier 
crystallized mafic minerals while in the Ostren that 
is weakly pronounced. 

The plagioclases in the Gorski izvor shoshonites 
are labrador, while in the Uchkaya instead of lab-
rador, bitnovnite is also observed.  

The composition of the sanidine of the trachydacite 
of the Kushla Volcanic Subcomplex varies in wide 
range – from comparatively rich in orthoclase 
component to almost pure anorthoclase. The 
sanidines of the acid pyroclastics of the Ostren 
Volcanic Subcomplex have comparatively rich or-
thoclase component. 

All of the analyses of clynopyroxenes (Fig 3b) fall 
in the field of the augite. The orthopyroxenes of 
the Uchkaya shoshonite are enstatite. 

Most of the hornblende crystaloclasts of the Ostren 
Volcanic Subcomplex are magnesiohornblende 
(Fig 3c). In some of them the core is edenite and 
the periphery is magnesio-hornblende. All of the 
hornblendes in the pyroclastics of the Chatalalm-
dere Volcanic Subcomplex are ednite (Fig 3d).  

Analyses of unaltered biotites (Fig 3e) are made 
only from the vitrophyre of the Ostren Volcanic 
Subcomplex and they are of siderophylite-eastonite 
order. On the discrimination diagram for biotites 
(Abdel-Rahman, 1994) the analyses fall in the field 
of the calcium-alkaline orogenic suits (Fig 3f). 

5.3. Petrochemical characteristics 
The Sushitsa Volcanic Complex consists of vol-
canic rocks with intermediate to acid composition 
(Table 5, 6). The analyses of the rocks of the Ku-
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shla Volcanic Subcomplex fall in the fields of 
latite, dacite to trachydacite and trachyte (Fig 4). 
The trachyte is determined on the basis of the low 
composition of normative quartz (13.53 %) after 
CIPW calculation. The pyroclastic rocks of the 
Ostren Volcanic Subcomplex have composition of 
rhyolite and trachyrhyolite. Upper in the succes-
sion of the pyroclastics a weakly pronounced ten-
dency of SiO2 decreasing is observed which shows 
the eruption of weakly zoned magma chamber. 
The Gorski izvor and Uchakaya shoshonites have 
comparatively simiral petrochemical characteris-
tics. The analyses fall in the fields of basaltic ande-
site and shoshonite, some of them at the border 
with andesite. Nevertheless their whole rock 
chemical composition some of the rocks have 
petrographical features of basalt. 

In most of the volcanic rocks of the Sushitsa Vol-
canic Complex the content of K2O is higher than 
that of Na2O, and even in the cases when the N2O 
is prevailing the rocks are still in the potassium se-
ries. Most of the rocks are high potassium but 
some of them are at the border with the medium 
potassium (Fig. 5). 

According to the normative mineral composition, 
calculated using CIPW, most of the volcanic rocks 
are Si oversaturated but some of the analyses of the 

Uchkaya shoshonite (samples Y, 7470a, 7484) 
have normative olivine. 

The dependence between the major oxides and 
SiO2 is presented on Harker diagrams (Fig. 6). Dif-
ferent tendencies of magmatic evolution are clearly 
distinguishable. One of the tendencies is connected 
to the Uchkaya and Goski izvor shoshonites and 
the other to the volcanic rocks of Kushla and 
Ostren Volcanic Subcomplex. According to Al2O3, 
TiO2, CaO, Fe2O3tot, MgO and P2O5 for the both 
groups decreasing of the contents with increasing 
of SiO2 is observed. The two trends are situated 
with retreat one to another or show different slopes, 
that correspond to different dynamics in their pet-
rochemical evolution. According to К2О the analy-
ses of Gorski izvor and Uchakaya shoshonite fall 

in one field at similar SiO2 contents, while for the 
Kushla and Ostren Volcanic Subcomplexes a de-
creasing with increasing of SiO2 content is ob-
served. In most cases the analyses from the Kushla 
and Ostren Volcanic Subcomplexes form separate 
trends that are subparallel oriented or an eshelon 
one to another. These features are clear for the К2О, 
Na2O and СаО and weakly pronounced for the 
Al2O3. For the P2O5 and MgO the trends have same 
tendencies but different slopes. For the TiO2 and 
Fe2O3tot the trend is general. 

Ku Ku Ku Ku Ku Os Os Os Os Os G Os Ch Ch Ch U U
san san san Pl Pl san san Pl Pl Pl Pl Pl san san Pl Pl Pl

N 3373 3373 3373 3373 3373 3240 3238 3240 3240 3238 2182A 3238 3244 3244 3244 3402A 3389A
core rime rime core micr core

SiO2 63,56 65,12 71,70 63,88 59,97 65,62 65,03 60,73 59,71 60,92 54,12 61,18 63,57 63,79 59,34 52,04 48,01
TiO2 0,14 0,10 0,09 0,00 0,00 0,27 0,13 0,08 0,00 0,00 0,10 0,05 0,53 0,00 0,00 0,00 0,00
Al2O3 19,61 20,37 15,32 22,13 24,76 18,98 18,77 25,03 26,26 25,29 28,08 24,23 20,78 20,27 25,67 30,55 33,28
FeO 0,44 0,88 1,72 0,08 0,51 0,00 0,14 0,16 0,36 0,16 0,60 0,21 0,15 0,21 0,33 1,23 0,39
MnO 0,00 0,00 0,00 0,00 0,10 0,27 0,00 0,00 0,00 0,00 0,00 0,00 0,16 0,00 0,00 0,00 0,00
MgO 0,62 0,54 0,35 0,00 0,25 0,00 0,29 0,84 0,52 0,00 0,78 0,30 0,68 1,07 0,78 0,47 0,46
CaO 0,00 0,92 0,26 2,45 5,93 0,26 0,00 6,74 7,81 6,07 10,65 5,61 0,44 0,11 6,07 12,60 15,57
Na2O 2,60 6,23 3,25 10,17 7,74 1,66 3,22 5,09 4,78 6,21 4,70 7,27 2,04 3,07 6,87 3,19 1,78
K2O 12,39 5,98 7,16 0,41 0,84 13,11 12,43 0,55 0,92 1,08 0,53 1,00 11,75 11,50 0,94 0,50 0,00
Tot 99,40 100,10 99,90 99,65 100,14 100,21 100,02 99,26 100,39 99,77 99,60 99,88 100,13 100,60 100,02 100,61 99,51
Si 11,786 11,719 12,753 11,38 10,75 11,996 11,932 10,90 10,63 10,84 9,91 10,93 11,695 11,730 10,66 9,46 8,85
Al 4,285 4,320 3,211 4,64 5,23 4,089 4,059 5,29 5,51 5,30 6,06 5,10 4,505 4,393 5,44 6,55 7,23
Fe(ii) 0,068 0,132 0,256 0,01 0,08 0,000 0,021 0,02 0,05 0,02 0,09 0,03 0,023 0,032 0,05 0,19 0,06
Ca 0,000 0,177 0,050 0,47 1,14 0,051 0,000 1,30 1,49 1,16 2,09 1,07 0,087 0,022 1,17 2,45 3,08
Na 0,935 2,173 1,121 3,51 2,69 0,588 1,145 1,77 1,65 2,14 1,67 2,52 0,728 1,094 2,39 1,12 0,64
K 2,931 1,373 1,624 0,09 0,19 3,057 2,909 0,13 0,21 0,25 0,12 0,23 2,757 2,698 0,22 0,12 0,00
Tot 20,004 19,895 19,014 20,10 20,08 19,782 20,066 19,41 19,54 19,71 19,95 19,89 19,795 19,969 19,92 19,89 19,85
An 0,00 4,76 1,77 11,48 28,32 1,38 0,00 40,59 65,65 32,65 53,83 28,11 2,43 0,57 30,94 66,43 82,86
Ab 24,18 58,37 40,10 86,23 66,90 15,92 28,25 55,47 34,02 60,44 42,99 65,92 20,37 28,70 63,36 30,43 17,14
Or 75,82 36,87 58,13 2,29 4,78 82,71 71,75 3,94 0,33 6,92 3,19 5,97 77,20 70,73 5,70 3,14 0,00

Table. 1 Representative microprobe analyses of feldspar from the rocks of the Sushitsa Volcanic Complex: Ku - Kushla Volcanic
Subcomplex, Os - Ostren Volcanic Subcomplex, G-Gorski izvor shoshonite, Ch-Chatalalmdere Volcanic Subcomplex, U-Uchkaya
shoshonite.



239 
 

Table. 2 Representative microprobe analyses of clinopy-
roxene from the rocks of the Sushitsa Volcanic Com-
plex (abbreviations as Table 1). 

Os G G Ch U U U U 
N 3240 2182A 2182A 3244 3402A 3402A 3402A 3389A 
loc rime core micr core rime core 
SiO2 52,39 49,27 52,32 51,92 52,12 50,76 50,86 51,80 
TiO2 0,00 0,44 0,49 0,05 0,67 0,68 0,62 0,30 
Al2O3 2,21 4,86 4,20 2,12 4,27 4,67 4,64 4,79 
Cr2O3 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
FeO 8,97 8,84 7,60 8,03 11,63 10,95 8,73 6,96 
MnO 1,13 0,51 0,19 0,68 0,30 0,23 0,31 0,30 
MgO 14,54 15,09 15,07 14,69 12,26 14,27 14,82 15,94 
CaO 20,65 20,10 20,44 20,02 16,54 16,66 19,86 19,68 
Na2O 0,00 0,61 0,00 1,85 0,95 1,07 0,00 0,00 
K2O 0,00 0,00 0,00 0,00 0,94 0,54 0,00 0,06 
Tot 99,91 99,73 100,33 99,40 99,72 99,86 99,87 99,87 
Si 1,95 1,84 1,92 1,95 1,95 1,90 1,89 1,90 
Al 0,05 0,16 0,08 0,05 0,05 0,10 0,11 0,10 
Т 2,00 2,00 2,00 2,00 2,00 2,00 2,00 2,00 
Al 0,05 0,06 0,10 0,04 0,14 0,10 0,09 0,11 
Fe3+ 0,00 0,17 0,00 0,22 0,00 0,10 0,00 0,00 
Mg 0,81 0,76 0,82 0,74 0,48 0,78 0,82 0,87 
Fe2+ 0,14 0,00 0,06 0,00 0,36 0,00 0,07 0,01 
Ti 0,00 0,01 0,01 0,00 0,02 0,02 0,02 0,01 
M1 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 
Fe2+ 0,14 0,10 0,17 0,03 0,21 0,24 0,20 0,20 
Mn 0,04 0,02 0,01 0,02 0,01 0,01 0,01 0,01 
Mg 0,00 0,09 0,00 0,08 0,00 0,02 0,00 
Ca 0,82 0,81 0,80 0,80 0,66 0,67 0,79 0,77 
Na 0,00 0,04 0,00 0,13 0,07 0,08 0,00 0,00 
K 0,00 0,00 0,00 0,00 0,04 0,03 0,00 0,00 
Wo 42,33 40,68 43,01 39,64 37,04 35,36 41,77 41,39 
En 41,48 42,50 44,13 40,48 38,21 42,15 43,37 46,65 
Fs 16,19 14,58 12,87 13,25 20,90 18,37 14,86 11,96 

The chondrite-normalized spidergrams of Gorski 
izvor and Uchkaya shoshonite (Fig 7a) have simi-
lar pattern and characteristics of calcium alkaline 
basalts of destructive plate boundaries. Compara-
tively high contents (sometimes over 10 times 
more) of the heavy REE in comparison to that in 
the chondrite and weak Eu anomalies are observed 
(Fig 7b). On the Ti/Zr diagram the analyses fall in 
the field of the calcium alkaline basalts (Fig 7c). 
The ORG-normalized spidergrams (Fig 8a) of the 
pyroclastic rocks of the Ostren and the trachydacite 
of the Kushla Volcanic Subcomplex show high 
concentration of LILE (K, Rb, Ba, Th) and de-
creasing of HFSE (Nb, Hf, Zr, Sm, Y, Yb). This 
configuration is typical for the syn- to postcollision 
granites of Pearce et al. (1984). Characteristic are 
the high positive Rb anomalies of the pyroclastic 
rocks of the Ostren Volcanic Subcomplex but posi-
tive Th and negative Ba anomalies are not ob-
served. On its left part the pattern of the trachy-
dacite of Kushla Volcanic Subcompex resemble 

the intraplate granite from Oman. Weak Eu 
anomalies are observed (Fig 8b). On the (Y+Nb) – 
Rb diagram (Fig. 8c) the analyses of the acid pyro-
clastics of the Ostren Volcanic Subcomplex fall in 
the field of the syncollision granite and that of the 
trachydacite of Kushla Volcanic Subcomplex – in 
the field of the volcanic arc granite. 
 
Table 3. Representa-
tive microprobe ana-
lyses of orthopyrox-
ene from the rocks 
of the Sushitsa Vol-
canic Complex (ab-
breviat. as Table 1). 

 Table 4. Representative micro-
probe analyses of hornblende 
from the rocks of the Sushitsa 
Volcanic Complex (abbreviat. 
as Table 1). 
 

U  Os  Os  Os Ch Ch 
N 3389A 3389A N 3240 3238 3238 3244 3244 
loc core rime loc core rime 
SiO2 50,97 51,18 SiO2 49,25 49,51 48,06 46,24 47,37 
TiO2 0,07 0,23 TiO2 0,97 0,74 0,81 0,80 0,75 
Al2O3 1,65 1,78 Al2O3 7,27 6,26 7,20 8,43 7,91 
FeO 20,96 19,46 FeO 14,37 12,69 13,32 12,92 12,02 
MnO 0,81 0,93 MnO 0,85 0,88 0,89 0,57 0,44 
MgO 23,47 24,03 MgO 15,41 15,63 15,31 14,50 15,05 
CaO 1,39 1,82 CaO 11,04 10,96 10,92 10,68 10,36 
Na2O 0 0 Na2O 0,00 0,86 1,40 3,13 3,71 
K2O 0,19 0,22 K2O 0,82 0,64 0,80 0,77 0,62 
Tot 99,54 99,68 Tot 100,0 98,2 98,7 98,1 98,3 
Si 1,914 1,909 Si 6,96 7,15 6,96 6,80 6,90 
Al 0,073 0,078 Al(iv) 1,04 0,85 1,04 1,20 1,10 
Fe(iii) 0,013 0,012 T 8,00 8,00 8,00 8,00 8,00 
Tot 2,000 2,000 Al(vi) 0,18 0,22 0,19 0,26 0,26 
Al 0,000 0,000 Ti 0,10 0,08 0,09 0,09 0,08 
Fe(iii) 0,141 0,137 Cr 0,00 0,00 0,00 0,00 0,00 
Ti 0,002 0,006 Fe(iii) 0,51 0,11 0,13 0,00 0,00 
Mg 1,314 1,337 Fe(ii) 1,19 1,42 1,48 1,59 1,46 
Mn 0,026 0,451 Mn 0,10 0,11 0,11 0,07 0,05 
Fe(ii) 0,496 0,029 Mg 2,92 3,06 3,00 2,99 3,14 
T 1,978 1,960 C 5,00 5,00 5,00 5,00 5,00 
Ca 0,056 0,073 Mg 0,33 0,30 0,31 0,18 0,14 
Na 0,000 0,000 Ca 1,67 1,70 1,69 1,68 1,62 
K 0,009 0,010 Na 0,00 0,00 0,00 0,14 0,25 
Wo 2,73 3,57  B 2,00 2,00 2,00 2,00 2,00 
En 64,24 65,57 Na  0,00 0,24 0,39 0,76 0,80 
Fs 33,03 30,86 K 0,15 0,12 0,15 0,14 0,12 

A 0,15 0,36 0,54 1,04 1,16 

The fractionation of REE (the attitude Lan/Ybn) is 
most significant for the rocks of Kushla Volcanic 
Subcomplex and for the acid pyroclastic rocks 
(Ostren Volcanic Subcomplex) from the higher 
part of the succession. The fractionation of heavy 
REE is weakest for the Ostren Volcanic Subcom-
plex, where the attitude Eun/Ybn is close to one and 
this probably is due to that the participation of 
femic minerals (pyroxene and hornblende) during 
the process of fractionation is weak. 
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Table. 6 Trace and rare-earth element data from the 
rocks of Sushitsa Volcanic Complex 

Ku Os G U 
№ 1119Б 3372Г 3237Б 3400Б 3198 3210 2182Б 3379Б 3389Б 3207 
Sc 4,99 5,81 3,96 4,24 2,25 11,94 16,3 18,2 21,2 14,1 
Cr 89 88,2 30 31,1 33,1 50,1 17 
Co 5,02 15,1 17,04 15,3 20,1 19,2 17,3 
Ni 7,11 6,03 6,2 6,04 10,1 11,1 4,02 
Zr 77,3 66 34,1 41,4 27,8 140,1 119 112 126 11,3 
Hf 2,02 1,73 0,89 0,9 1,03 2,85 2,63 2,39 2,56 2,44 
Nb 9,27 12,8 12,6 12,6 14,1 10,4 9,27 6,18 6,18 10,4 
Y 9,95 10,3 8,04 9,16 10,2 11,22 15,4 15,7 17,5 12,3 
Th 15,4 12,8 14,4 17,3 15,2 4,21 5,33 3,79 6,06 
Rb 87,6 72 288 203 207 65,06 31,8 65,1 96,7 39,7 
Sr 399 264 154 194 173 323,5 417 473 397 482 
Ba 1408 925 1967 1684 1365 923 1694 1543 1069 2347 
La 65,6 58,3 46 58,7 40,4 47,63 56,8 51,8 55,2 42,2 
Ce 59,1 53,1 33,8 42 34,3 41,89 46,7 46,5 46,2 37,8 
Sm 3,98 3,51 2,91 3,22 2,94 4,38 5,15 5,6 5,48 4,67 
Eu 0,75 0,62 0,42 0,45 0,37 0,74 0,98 1,01 0,98 0,82 
Yb 1,19 1,21 0,71 0,78 1,24 1,26 1,63 1,62 1,76 1,37 
Ku - Kushla Volcanic Subcomplex; Os - Ostren Volcanic Subcomp-
lex; G - Gorski izvor shoshonite; U - Uchkaya shoshonite. 

5.4. Evaluation of the crystallization conditions 
An attempt for evaluation of the thermo-
barometric parameters of the crystallization proc-
ess on the basis of the rock-forming mineral com-
position is made. For the acid pyroclastics of the 
Ostren Volcanic Subcomplex, using the horn-
blende geobarometre of Johnson and Rutherford 
(1989), pressure in the range of 1.4–1.9 kbar is 
calculated. This corresponds to depth of crystalli-
zation of 4–6 km. The temperature of crystalliza-
tion for the same rocks, using the hornblende-
plagioclase equilibrium of Blundy and Holland 
(1990), is in the range of 725–760°C. The same 
thermo-barometric methods are used for the acid 
pyroclastic rocks of the Chatalalmdere Volcanic 

Subcomplex. The evaluation results are as follow: 
pressure 2.2–2.6 kbar (6.5–8 km) and temperature 
of 720–740 °C.  
 

 
Fig. 3 Diagrams of the rock-forming minerals: a) Trian-
gle diagram (Ab-An-Or); b)Triangle Diagram (Wo-En-
Fs); c) Hornblende diagram (Bernard, 1997) - magne-
sio-hornblende; d) Hornblende diagram (Bernard, 1997) 
– edenite; e) Biotite diagram (Deer et al., 1966); f) Tec-
tonic discrimination diagram FeO–Al2O3–MgO (wt%) 
(Abdel-Rahman, 1994) of biotite composition, C – cal-
cium alkaline orogenic suite.  
 
The higher magnesium content of the hornblendes 
of the acid pyroclastics of the Chatalalmdere Vol-
canic Subcomplex (0.772–0.768) in comparison to 

Table. 5 Major element data from the rocks of Sushitsa Volcanic Complex 
Kushla Volcanic Subcomplex Ostren Volcanic Subcomplex G Ch Uchkaya shoshonite 

№ 1107 1119Б 3372Г 3196 3375Б 3237Б 3241Б 3198 3400Б 7506 3210 7476 2182Б 3209 3384Б Y 3379Б 3402Б 3549Г 3197 3389Б 

2 2 1 

SiO2 59,6 64,5 64,7 66,9 68,6 70,12 72,1 72,4 72,6 74,5 52,4 52,9 55,6 71 73 51,2 52,4 52,4 54 55,7 56,9 
TiO2 0,74 0,45 0,46 0,61 0,43 0,43 0,21 0,33 0,32 0,28 1,08 1,01 1,03 0,28 0,09 0,51 1,04 1,13 1 1,19 0,92 
Al2O3 14,6 16,4 15,8 16,8 15,1 15,06 13,5 13,8 13,4 12,6 18 17,9 16,8 13,2 13,7 17,9 17,4 17,5 17,2 17,1 16,1 
Fe2O3tot 5,64 4,08 4,19 4,31 3,84 3,53 1,43 2,05 2,72 2,08 8,54 8,87 7,96 1,87 0,69 7,27 9,28 9,98 8,79 8,22 8,14 
MnO 0,07 0,08 0,09 0,08 0,06 0,07 0,05 0,11 0,06 0,04 0,13 0,1 0,24 0,12 0,05 0,15 0,19 0,17 0,17 0,13 0,12 
MgO  3,9 1,45 1,16 0,49 0,54 0,49 0,31 0,47 0,78 0,31 3,01 3,64 2,69 0,59 0,22 3,69 3,32 3,09 3,67 3,21 4,26 
CaO 4,9 2,19 2,94 1,36 1,91 1,53 1,18 1,91 1,54 0,28 6,43 7,13 7,84 2,8 2,66 9,4 8,13 8,44 8,04 7,49 6,38 
Na2O 2,94 3,44 3,14 3,45 4,19 2,72 3 2,69 2,32 3,69 2,81 2,81 2,39 3,28 0,99 3,02 2,68 2,39 2,97 2,85 2,47 
K2O 5,72 5,95 4,32 3,6 4,08 4,96 4,57 3,38 4,16 3,61 2,45 3,13 1,99 2,85 4,16 2,38 3,2 1,83 2,54 2,25 2,81 
P2O5 0,19 0,2 0,17 0,19 0,14 0,08 0,17 0,5 0,28 0,03 0 0,37 0,34 0,37 0,37 0,38 0,28 
LOI 1,1 1,11 2,66 1,62 0,79 0,91 2,92 2,02 1,24 1,2 4,23 1,2 3,12 3,41 4,19 1,59 2,25 0,81 0,92 0,92 
H2O 0,72 1,06 2,07 0,93 0,67 1,16 1,84 0,41 1,15 0,31 0,56 1,15 1,24 1,11 2,32 1,11 1,38 1,66 0,75 1,83 
Total 99,9 101 102 100 100 101,1 101 99,7 100 99 100 99,9 101 101 102 95,8 101 101 101 100 101 

G - Gorski izvor shoshonite; Ch - Chatalalmdere Volcanic Subcomplex, 1. Yanev et al., 1989; 2. Sarov et al., 1997f. 
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the hornblendes of the acid pyroclastics of Ostren 
Volcanic Subcomplex (0,.9–1), can be connected 
to higher lithostatic pressure but lower H2O– pres-
sure and comparatively lower crystallization tem-
perature. 

 
Fig. 4. TAS classification diagram (Le Bas et al., 1986) 
for the rocks of the Sushitsa Volcanic Complex: Ku – 
Kushla Volcanic Subcomplex; Os – Ostren Volcanic 
Subcomplex; G – Gorski izvor shoshonite. Ch – Chata-
lalmdere Volcanic Subcomplex; U – Uchkaya sho-
shonite. 

 
Fig. 5 SiO2 versus K2O diagram for the rocks of 
Sushitsa Volcanic Complex (Le Maitre et al., 1989) – 
signs as Fig. 4. 

The crystallization temperature of the Uchkaya 
shoshonite, using the two-pyroxene geothermome-
tre of Lindsley (1983), is in the range of 800-860оС. 

6. Conclusions 
The Kushla caldera is located in East Rhodope 
massif, in the border area of Bulgaria and Greece. 
The volcanic activity is realized during the Early 
Oligocene in subaerial environment. Several gen-
eral comparatively independent stages of the 
magmatic activity are distinguished. These are re-
spectively the volcanic rocks of the precaldera 
(Kushla Volcanic Complex), syncaldera (Ostren 

and Chatalalmdere Volcanic Stbcomplexes) and 
the postcaldera resurgent stages (Gorski izvor and 
Uchakaya shoshonite). The volcanic and volcano-
sedimentary rocks are combined in the Sushitsa 
Volcanic Complex (Yordanov et al., 2008). Basic 
to intermediate and acid volcanic rocks that build 
lava and subvolcanic bodies as well as pyroclastic 
(ignimbrite and ash-fall tuff) and epiclastic rocks 
are found. The volcanic rocks of the Kushla and 

Fig. 6. Harker diagrams for the rocks of Sushitsa Vol-
canic Complex (Le Maitre et al., 1989) – signs as Fig. 4. 

 
Fig. 7. a) Chondrite normalized spydergram of Gorski 
izvor and Uchkaya shoshonite, normalizing values after 
Thompson et al. (1984); b) Chondrite normalized REE 
pattern, normalizing values after Nakamura (1974): 7c) 
Discrimination diagram Ti/Zr (Pearce and Cann, 1973), 
C –calcium alkaline basalt. 
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the Ostren Volcanic Subcomplexes, from the one 
hand and the Gorski izvor and Uchkaya shoshonite, 
from the other, have different way of magmatic 
evolution. This is probably related to magma dif-
ferentiation in comparatively isolated core cham-
bers that are settled at different level. The subpar-
allel, an echelon situated one to another trends of 
the Kushla and Ostren Volcanic Subcomplexes is 
probably due to the formation of the rocks during 
two successive eruptive stages of shallow interme-
diate to acid magma chamber. The Gorski izvor 
and the Uchkaya shoshonite have the petrochemi-
cal features of comparatively independent mag-
matic evolution in one probably deeper setteled 
magmatic chamber. Despite the fractional crystal-
lization as the main process of magmatic differen-
tiation for the separate tendencies, the processes of 
contamination and mixing are also important. The 
mixing in the acid pyroclastic rocks of the Ostren 
Volcanic Subcomplex is defined by the various 
composition of the plagioclases (from andesine to 
labrador). This is the triggering mechanism for the 
ignimbrite caldera-forming eruption. 

The magmatic evolution of the volcanic rocks of 
the Kushla and Ostren Volcanic Subcomplexes is 
due to fractionation of plagioclase, sanidine and at 
less extent of hornblende, biotite and pyroxene as 
well as the fluid factor that controls the P2O5, К2О 
and Na2O. The magmatic differentiation of the 
Gorski izvor and Uchkaya shoshonite is most 
likely to be connected to fractionation of pyroxene, 
plagioclase, olivine, magnetite and apatite. The 
lower pressure of the hornblende of the acid pyro-
clastics of the Ostren Volcanic Subcomplex (1.4-
1.9 kbar) supports the idea for the presence of shal-
low magmatic chamber after which empting the 

main caldera-forming eruption is realized. The 
pressure of the Chatalalmdere Volcanic Subcom-
plex is comparatively higher (2.2–2.6 kbar) which 
is in accordance with the later eruption of deeper 
levels of the same chamber. 
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Abstract: In Latvia local dolomite has been used for architectural buildings that nowadays are a signifi-
cant part of Cultural Heritage. However there is a lack of scientifically founded and approbate method-
ology on recognition of dolomite lithological types in Architectural Heritage. The current work is aimed 
to evaluate application in situ of methodology on recognition and identification of the Upper Devonian 
dolomite lithological types and to study decay forms of individual lithological type in order to evaluate 
decay processes of dolomite in Architectural Heritage. Methodology is based on structurally genetic 
classification system according to in situ simply readable complex of rock’s macroscopic features: tex-
ture, fabric, colour and related physical/mechanical and durability properties. Expression of results is 
based on cartographical method used in conservation practice. Methodology on recognition and identifi-
cation of lithological types of the Upper Devonian dolomite has been approbate and could be recom-
mended as the non-destructive preliminary rock’s investigation method in Architectural Heritage 
Monuments. Study of decay forms of individual lithological dolomite type concludes that correlation 
between rock’s intrinsic properties could be establish, however up to date obtained results are insuffi-
cient to recommend this methodology for evaluation of weatherability of lithological dolomite types. 

Keywords: structurally genetic classification, identification, cartographical method  
 

1. Introduction 
In Latvia starting from the 13th century local dolo-
mite has been used as the building material for 
construction of the first stone churches and castles. 
Historically local dolomite was used as the build-
ing stone, for architectonic details and as raw ma-
terial for production of dolomitic lime. Among the 
main buildings located in Riga and its surrounding, 
12th century castles Ikskile and Salaspils, 13th cen-
tury Vecdole castle, Riga Dome, and Riga castle 
(14th century), could be mentioned. According to 
previous investigations (Hodireva 2003), histori-
cally local dolomite mainly from the Upper Devo-
nian Pļaviņu and Daugavas formation was used. 
Devonian dolomite is one of the most widespread 
sedimentary rocks and important raw material in 
Latvia.  In the depth suitable for production dolo-
mite dominates in the three Upper Devonian for-
mations (Fig. 1): Pļaviņas, Daugava and Stipinai 
(Hodireva 2001). Nowadays dolomite from the lo-
cal deposits is extracted mostly for crushed stone 
production for industrial needs because only 20-

30% of the reserves in a layer can be expected to 
contain blocks of the necessary size for dimen-
sional stone (Kondratjeva and Hodireva 2000). 

 

Fig. 1. Spread of the Upper Devonian dolomite in Lat-
via (Kondratjeva and Hodireva, 2000). The Upper De-
vonian Formations: 1-Pļaviņas; 2-Daugava, 3-Stipinai. 

Recognition and identification of dolomite 
lithological types used in Architectural Heritage 
Monuments in correlation with other scientific 
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branches as architecture, building construction, art 
history and history, is significant source of infor-
mation on historically used raw materials, crafts 
traditions of extraction and processing of rock, and 
stone workmanship. Detailed investigation of 
dolomite layers in outcrops and correlation of vari-
ous types of dolomite in carbonate rocks sections, 
characterise the properties of the given lithological 
dolomite type. This information could be used in 
conservation practise for identification the most 
appropriate dolomite type in nowadays quarries. 

2. The problem situation and aim of work 
The performance of dolomite in Monuments is di-
rectly determined by rock’s properties formed by 
its geological origin and is essential point in quali-
tative approaches for the most appropriate conser-
vation treatment for safeguard Architectural Heri-
tage. There are comprehensive geological investi-
gations of dolomite deposits and outcrops in Latvia 
with detailed characterisation of dolomite quality 
(Hodireva, 1997; Kursh and Stinkule, 1997). How-
ever there is a lack of scientifically founded and 
approbate methodology on recognition and identi-
fication of dolomite lithological types in Architec-
tural Heritage, where dolomite has been subjected 
to decay resulting in changes in rock’s texture and 
fabric. Thereby recognition of dolomite types turns 
into complex problem that could be solved by link-
ing up investigation methods used in geological 
science and conservation practice of Architectural 
Heritage. Detailed differentiation of various dolo-
mite types by the mean of systematic and scientifi-
cally based characterisation could be established.  
The study is based on previously summarized sci-
entific investigations aimed to elaborated method-
ology for recognition of the Upper Devonian 
dolomite lithological types used in Architectural 
Heritage (Hodireva et.al., in press). The current 
work is aimed to evaluate application in situ of this 
methodology by the mean of cartography of dolo-
mite types and to establish possible interconnec-
tion between the dolomite type and decay proc-
esses. The practical significance of the assessment 
of weatherability of dolomite types in Architec-
tural Heritage was evaluated.  

3. Methodology 
Methodology on recognition and identification of 
the Upper Devonian dolomite lithological morpho-
logical types is based on structurally genetic classi-
fication system according to in situ simply read-
able complex of rock’s macroscopic features: tex-

ture, fabric and colour (Sorokin 1978) and related 
physical/mechanical and durability properties 
(Hodireva, 1997) (Tab. 1). Internationally assumed 
R. J. Dunham and M. Tucker classification system 
(Tucker 2001) in the current research was inappli-
cable, because Latvian local Upper Devonian 
dolomite is classified as one type: dolosparite.  

Macroscopical identification in situ of lithological 
dolomite types according to rock’s macroscopic 
features allows to conclude on rock genesis, proc-
esses of secondary changes, geological build of re-
gion, occurrence of layers and their stratigraphical 
sequence, use and extraction of various dolomite 
types. Dolomite physical/mechanical properties 
characterise possible extraction and production 
types, recommended branches of use of the given 
dolomite type and provide data for indirect conclu-
sions on rock’s durability. Advantages of the 
methodology are non-destructive character, possi-
bility to avoid bulk sampling, cost-effectiveness 
and achievement of objective appraisal due to in-
vestigation of the given Monument as a whole. 
However methodology has limited application in 
the cases, where detailed rock’s petrographical and 
mineralogical investigation is necessary. 

Expression of results of recognition and identifica-
tion of dolomite types is based on cartographical 
method used in conservation practice (Fitzner and 
Heinrichs, 2002; NORMAL, 1988). Main advan-
tage of this method is non-destructive character 
used to obtain necessary information and objec-
tiveness, usability and traceability in a long-term 
scale. Method used for current study is based on 
cartography system used in Latvia in conservation 
practice (Sidraba et al., 2008).  

4. Recognition and identification of dolo-
mite lithological types  

In the frame of conservation works carried out in 
the Riga Dome in 2008/2009, approbation of 
methodology on recognition and identification of 
lithological dolomite types was done. Location of 
the studied objects is represented in Riga Dome 
plan (Fig. 2). The construction of Riga Dome was 
started in 1211 followed by the several reconstruc-
tions during the centuries. For Northern entrance 
portal (Fig.3) and Pilaster P6 (Fig.4) remained 
from the first building period detailed study of 
dolomite lithological types was carried out. Results 
on identification of dolomite lithological types are 
presented in cartograms (Fig. 3, 5). In the Northern 
entrance portal mechanically resistant marble-like 
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dolomite (M-M) of local origin and in minor 
amounts low resistant earthy-like dolomite (M-E) 
of imported origin were detected. In the 19th cen-
tury the restoration of portal was done (Bergholde 
et al. 2008, Sidraba 2008) and detected earthy-like 
dolomite, most probably, from Silurian dolomite 
deposits in Saaremaa Island, Estonia, could be re-
lated to this restoration. Although for the construc-
tion of portal only marble-like dolomite was used. 
According to cartograms it could be concluded that 
the use of different sub-types was not unintention-
ally. Sub-types were chosen according to the spe-
cific demands of portal elements - for colons ex-
clusively M-M2 sub-type was used, for bases - 
dominantly M-M3 sub type was used. Specific use 
of M-M2 sub-type leads to conclude that in a layer 

this lithological dolomite type can be expected to 
contain material of the necessary size for carving 
colons more than one metre in length along the 
bedding planes. In visual observation of the South-
ern entrance portal (remained from the first build-
ing period) similarly to the Northern portal, mar-
ble-like dolomite (M-M) of local origin and in mi-
nor amounts low resistant earthy-like dolomite (M-
E) of imported origin was detected. It leads to con-
clude that for the both portals the same dolomite 
types in construction and in the 19th century resto-
ration were used. 

In Pilaster P6 (Fig. 5) the same marble sub-types 
as in the Northern and the Southern portals were 
detected. In Pilaster minor use of local quartzite-
like dolomite and gypsum was detected. Quartzite-

Table 1. Structural-genetic classification system of the Upper Devonian dolomites. 
Types and sub-types Lithologic classification Lithologic-industrial classification 

Macroscopic properties Physical/mechanical properties 

Texture Fabric Colour Compressive 
strength, MPa 

Porosity 
% 

Frost resis-
tance, cycles 

METASOMATIC (M) 
M-K Quartzite-like Various crystal size Vuggy Dark grey, 

brownish, 
violet grey 

100-140 < 5 50-150 

M-K1 Very fine crystalline 
(10-30 m) 

Ingomogeneous 
vuggy 

Dark yello-
wish grey 

M-M Marble-like Fine crystalline Vuggy or massive Grey, yello-
wish-grey, 
pinkish-grey 

100 5-10 25-50 

M-M1 Fine crystalline (20-
70 m) 

Vuggy or massive 

Greyish 

M-M2 Fine crystalline (20-
60 m) Ligth yello-

wish M-M3 Fine crystalline (40-
60 m) 

M-M4 Medium crystalline, 
(100-200 m) 

Vuggy Pinkish-gray 

M-S Sandstone-
like 

Various crystal size Uneven, spotted or 
stripped 

Yellowish 
grey 

40-60 < 20 25 

M-S1 Inhomogeneous  
medium crystalline 
(100 mm) 

Laminated Yellowish 
grey 

PENECONTEMPORANEOUS (A) 
A-Z Earthy-like Very fine crystalline Fine laminated Light grey 20-40 7-20 15-20 

A-Z1 Very fine crystalline 
(30 m) Laminated 

Yellowish 
grey 

A-Z2 Very fine crystalline, 
(<20 m) Light greyish A-Z3 Very fine crystalline 
(10 m) 

Fine laminated 

A-K Chalk-like Very fine crystalline Fine laminated Light-
yellowish 

A-K1 Micro to fine crystal-
line (7-8 m) 

Laminated Light-
yellowish 



248 
 

like dolomite is of highest mechanical resistance 
and due to its physical/mechanical properties is 
hardly worked. Therefore it could be supposed that 
this lithological type was used only for quadrangu-
lar stones. Occurrence of gypsum slabs could be 
explained by the presence of gypsum layers in 
Latvian dolomite deposits. This indicates that there 
was no selection of building stone material for the 
construction of pilaster. In the lower part of pilas-
ter (levels F1-F2 in fig. 5) greater variability of 
lithological dolomite types was detected, while in 
the upper part of pilaster dominantly marble sub-
type dolomite M-M2 was recognised. This infor-
mation should be evaluated in the correlation with 
building history of Riga Dome and particularly the 
given pilaster, as the explanation could be either 
changes in extraction and/or supply of stone mate-
rial in the frame of construction works or even dif-
ferences in building periods. Analyses of individ-
ual samples from Riga Dome fundaments of pilas-
ter S4 (remained from the first building period), 
showed the presence of the marble-like dolomite of 
local origin, and previously in Riga Dome uniden-
tified sandstone-like and earthy-like dolomites of 
local origin.  

Results on investigation in Riga Dome were corre-
lated with the data from previous geological inves-
tigations of individual samples from Monuments in 
Riga and its surrounding and distribution of 
lithological dolomite types expressed in percents 
from investigated objects was done (Fig. 6). In 
Riga castle (St. Spirit Tower’s fundaments from 
13th century; walls from 16th century) and Riga’s 
fortification wall in Triangular bastion (17th cen-
tury) marble-like dolomite was identified. It could 
be concluded that the marble-like dolomite and 
particularly, two its sub-types M-M1 and M-M2, 
are the most widely used dolomite types in ana-
lysed Architectural Monuments. In Katlakalns 
Evangelic Lutheran church (18th century, Kekava 
parish) dolomite slabs were used to build plinth all 
around the church fundaments. For church plinth 
all slabs were positively identified as one lithologi-
cal type: chalk-like dolomite. This lithological type 
is of very low mechanical and frost resistance and 
stone material in object is preserved in critical 
technical condition. Up to now the use of chalk-
like dolomite in historical buildings in exterior was 
not stated and should be classified as individual 
case study. It is possible that the use of this dolo-
mite type was reasoned primary by the geographi-
cal vicinity of outcrops and no choose according to 
stone properties was done. Although this is the ex-

ample of poor craftsmanship, it is also the evidence 
on location of historical local dolomite deposits. 
 

                  
Fig. 2. Localization of investigated objects in Riga 
Dome. 1 – Northern entrance portal; 2 – Pilaster P6; 3 - 
fundaments of pilaster S4; 4 – Southern entrance portal. 
Drawing Material provided from “Riga Dome board” 
Ltd. 

5. Decay of lithological dolomite types 
Decay forms of individual lithological dolomite 
types were evaluated for Riga Dome Northern en-
trance portal. In the frame of conservation works 
carried out in the Riga Dome detailed mapping of 
decay forms of portal was done (Sidraba, 2009). 
The cartograms were used in order to study decay 
processes of individual dolomite types. In the cur-
rent study only those rock’s ageing processes that 
could be correlated with the rock’s properties were 
evaluated: 1) decay that is any chemical or physi-
cal modification in the intrinsic stone properties, 
and 2) weathering that is any chemical or me-
chanical process by which stones exposed to the 
weather undergo changes in character and deterio-
rate (ICOMOS-ISCS glossary). Alteration, degra-
dation and deterioration forms of anthropogenic 
origin or any exceptional ageing occurrence was 
excluded. Theoretically there are decay forms in 
dependent of the stone structure (like mechanical 
damages caused by man action), and those related 
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Fig. 3. Front view of Riga Dome Northern entrance por-
tal. Photo M. Kalinka.    

to the stone intrinsic properties (like differential 
erosion). However in situ this is not always so un-
equivocal due to numerous factors that could im-
pact rock’s performance. In the Northern portal 
decay forms detected and related to the dolomite 
intrinsic properties were as follows (according to 
ICOMOS-ISCS glossary): 

1. Differential erosion - loss of original surface, 
leading to smoothed shapes, it occurs when ero-
sion does not proceed at the same rate from one 
area of the stone to the other, this feature is 
found on heterogeneous stones containing 
harder and/or less porous zones. Differential 
erosion may result in loss of components or loss 
of matrix of the stone; 

2. Alveolization – kind of differential erosion, 
formation on the stone surface of cavities which 
may be interconnected and may have variable 
shapes and sizes, alveolization is possibly due 
to inhomogeneities in physical or chemical 
properties of the stone; 

3. Detachment in the form of powdering - detach-
ment of single grains or aggregates of grains. 

 Fig. 4. Cartogram of lithological dolomite types of right and left pilasters of Northern entrance portal in Riga Dome.    



250
 

In order to compare results for each individual 
lithological dolomite sub-type distribution of the 
individual decay form in percents of the total area 
of sub-type was calculated (Fig. 7).  

For earthy-like dolomite differential erosion and 
detachment in the form of powdering is character-
istic. Detected decay forms confirms well with the 
fine laminated fabric and very fine crystalline tex-
ture (crystal size 20-30 m) of this dolomite type.  
It could be concluded that both earthy-like dolo-
mite sub-types are close by their intrinsic proper-
ties and decay similarly that agrees with the struc-
turally genetic classification system showing simi-
lar rock’s properties.   

For marble-like dolomites significant differences 
in decay forms for sub-type M-M2 compare to 
sub-types M-M1 and M-M3 could be detected. 
According to structurally genetic classification sys-
tem rock’s properties for all three sub-types are 
similar. However detected differences in decay 
forms leads to conclude on differences in chemical 
composition and, probably, in rock’s fabric. For 
sub-types M-M1 and M-M3 differential erosion is 

not characteristic, that means that these lithological 
types has comparatively homogeneous texture, 
fabric and composition. Powdering as a form of 
detaching of material confirms well with the fine 
crystalline texture of this lithological type. In con-
trary, for sub-type M-M2 alveolization, that is a 
type of differential erosion, is the dominant form 
of the loss of material. Presence of alveolization 
leads to conclude on more marked vuggy fabric 
compare to other marble-like sub-types and possi-
ble inhomogenities in chemical composition, like 
presence of clayey compounds. Differences in de-
cay forms point out necessity for further compara-
tive petrographical and composition study of mar-
ble-like dolomites in order to improve structural-
genetic classification system and explain causes 
for the differential erosion for M-M2 sub-type.  
It should be mentioned that delamination - decay 
form that is detachment process affecting lami-
nated stones and corresponds to a physical separa-
tion into one or several layers (in cm scale) follow-
ing the stone laminas (ICOMOS-ISCS glossary) 
was not detected. This means that either marble-
like and earthy-like dolomites do not have strongly 

 Fig. 5. Cartogram of lithological dolomite types of pilaster P6 in Riga Dome. Cartogram was elabo-
rated on drawing provided from “Riga Dome board” Ltd.  
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marked laminated fabric, and detected decay forms 
primary leads to conclude on inhomogenities in 
composition (presence of clayey compounds) than 
in fabric. 

According to structurally genetic classification sys-
tem there are considerable differences among the 
marble-like and earthy-like lithological dolomite 
types compare their physical/mechanical properties 
(Tab. 1) and it could be presupposed that earthy-
like dolomites have lower resistance to rock’s age-
ing processes. However the study showed no con-
siderable interconnection between extends of the 
decay forms on marble and earthy-like dolomites. 
Marble-like dolomite, preserved from the 13th/14th 
century has the same decay extend as earthy-like 
dolomite build in 19th century, e.g., 600 years later. 
So only with the help of historical information it 
could be concluded that earthy-like dolomite is 
more susceptive to decay processes compare to 
marble-like dolomite. This means that up to now 
we do not have appropriate data base and in situ 
approbation for evaluation of weatherability of in-
dividual lithological dolomite types according to 
mapping of the decay forms. 

6. Conclusions 
Methodology on recognition and identification of 
lithological types of the Upper Devonian dolomite 

has been approbate and could be recommended as 
non-destructive preliminary rock’s investigation 
method in Architectural Heritage Monuments. Car-
tography method could be used for documentation 
and assessment of lithological dolomite types in 
Architectural Heritage Monuments and could be 
used as data base and presentation’s form of the 
rock’s investigation results.  

Adequate, well-founded recognition and identifica-
tion of lithological dolomite types could be done 
only by the specialist in geology, petrology and 
mineralogy and by the aid of the standard collec-
tion of the rock’s reference samples.  For the fur-
ther studied it should be stated that in the case of 
Architectural Heritage Monuments rock’s samples 
collected from the Monuments should be corre-
lated and fixed to the scientific (academic) collec-
tion of Latvian bedrocks and to the collection of 
the core drill samples from the Latvian Devonian 
dolomite deposits. This will give scientific back-
ground for the correlation of historically used 
lithological types in Monuments and lithological 
types found in Latvian Devonian dolomite deposits 
and defined layers. 

Historically for construction of stone buildings in 
Latvia predominantly qualitative, mechanically re-
sistant marble-like dolomite was selected and used 
according to the construction needs both for build-

 
Fig. 6. Distribution of lithological dolomite types expressed in percents from investigated Archi-
tectural heritage objects.   
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ing stone, carvings and architectonic details. It 
could be assumed that marble-like of dolomite was 
either easiest to extract and produced or the quali-
tative physical/mechanical properties of this 
lithological dolomite type was appreciated histori-
cally by the craftsmen.  
Study of decay forms of individual lithological 
dolomite type concludes that correlation between 
rock’s intrinsic properties (texture, fabric, physi-
cal/mechanical properties) could be establish, 
however up to date obtained results are insufficient 
to recommend this methodology for assessment, 
evaluation and prediction of weatherability and du-
rability of lithological dolomite types. 

Local dolomite used in Latvia’s Architectural 
Heritage is valuable as authentic material, source 
of information on historical outcrops and craft tra-
ditions, and conservation approaches should be 
aimed to maximal safeguard of dolomite building 
stone in its historical location in particular Monu-
ment. 
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Abstract: The aim of the present study is to test Greek amorphous silica-rich rocks used as partial re-
placements of cement [25 and 50%] in cement mortars. The raw materials studied were diatomite rocks 
occurred in Zakynthos, Milos and Samos islands, and tuffite located in Milos Island. Cement substitutes 
participated in screed materials in percentages of 5% and 10% of the total dry mass. The raw materials 
were characterised chemically, mineralogically and technically. Microstructural analysis of raw materi-
als and screed pastes was performed in order to specify reactions of silica phases in hydrated systems.
The relationship between reactive silica of raw materials and compressive and flexural strength of the 
final products was also investigated. Properties of final products were examined and compared with 
commercial one. The water demand of pastes was increased by the addition of the siliceous raw mate-
rials, whereas their compressive and flexural strength was decreased. Conclusively, the siliceous rocks 
studied can be used as partial substitutes of cement in mortars only in ratios raw materials/cement lower 
than 1/2.

Keywords: Pozzolanic materials; Diatomite; Diatom frustules; Cement; Amorphous silica

1. Introduction
Screeding is a method of constructing a well pro-
filed bedding layer onto which stones, bricks, ce-
ramic tiles or any other paving can be directly laid 
onto with no further levelling. A screeded layer is 
approximately 5-10mm deep and usually applied 
in order to carry the final flooring or to obtain a de-
fined level. Types of floor screeds are ready-mixed 
sand and cement, fibre and self-levelling screeds. 
Most common binder for screed mortars is cement. 

In order to improve some basic screed properties 
as thermal and chemical resistance and to decrease 
density of the hardened mortar without negative 
results in strength values, chemical inert and light-
weight aggregates are commonly used. In the pre-
sent study diatomite rocks and tuffite rich in amor-
phous phases were used as substitutes of cement.   

Diatomite is a sedimentary rock mainly composed 
of opal-A (biogenic amorphous silica) with the 
form of diatom frustules, sponge spicules, sili-
coflagellate skeletons and/or radiolarian cells. Be-
sides opal-A, diatomite may also contain clay min-
erals, carbonates, quartz and/or feldspars.

The most common use of the high quality (opal-A-

rich) diatomite is as filtrating material of liquids, 
due to its elevated porosity and good adsorption 
qualities (Dolley, 1991). Diatomite has also been 
used as a constituent for improvement in cement 
industry, because of its chemical stability and low 
weight. Being a heat resistant and chemically inert 
material, its use in fireproof cement is also known. 
Interest has also been given in using diatomite in 
Portland cement and mortars. Recent research has 
proved that using up to 20% of calcareous diato-
mite as an additive generally increases cement’s 
strength (Yilmaz and Ediz, 2008; Degirmenci and 
Yilmaz, 2009), although significant drawbacks 
such as increased water demand should be ex-
pected (Stamatakis et al., 2003).   

Volcanic tuffs and tuffites have been used since 
the antiquity as construction materials. Romans 
were of the first that produced mortars based on 
tuffs and their pozzolanic properties (Heiken, 
2006). Modern researches have proved that the use 
of tuffs as cementitious material improves plastic-
ity and durability against destructive factors with-
out decreasing strength properties (Doodaran & 
Khiavi, 2009). 
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Both, diatomaceous and tuffaceous rocks occur in 
several places in Greece, sometimes in the same 
stratigraphic succession, having a genetic relation-
ship. For the present study, diatomaceous raw ma-
terials originated from the islands of Zakynthos 
(Vougiato outcrop), Milos (Xylokeratia outcrop) 
and Samos (Chora outcrop), and tuffite from Milos 
Island (Xylokeratia outcrop) were examined. Sev-
eral diatomaceous and tuffaceous rocks have been 
successfully tested as pozzolanic additives in ce-
ment, partially due to their reactive silica content 
(Fragoulis et al., 2002; Stamatakis et al., 2003).

The aim of the present study is to investigate the 
efficiency of the raw materials above, in applica-
tion as partial substitutes of cement in screeds 
products. Screed mortars were prepared based on a 
commercial mixture provided from the company 
DUROSTICK S.A. Evaluation of laboratory 
screeds products with partial replacement of ce-
ment took place by comparing their basic proper-
ties with those of the relevant commercial product,
hereinafter referred as the reference sample. 

2. Materials and Methods
2.1. Raw materials
The raw materials used were Portland cement 
CEM I 52.5, obtained from TITAN Cement Com-
pany S.A and bulk diatomaceous and tuffaceous 
rocks.

All raw materials were crushed, homogenized and 
analyzed by X-ray fluorescence (PHILIPS 
PW1010 XRF spectrometer, TITAN S.A), X-ray 
diffraction (Siemens Model 5005 X-ray diffracto-
meter, Cu-Ka rad., 40 kV, 40mA, NKUA) and eva-
luated by use of the EVA 10.0 program. Textural 
analysis of the raw materials and the final products 
was carried out by a Scanning Electron Microsco-
py (JEOL JSM-5600, NKUA). Granulometry of 
raw materials was kept under 106�m by grinding 
them in the standard period of 60sec. Granulome-
try was estimated by laser grain size analysis. The
reactive silica content was determined after HCl 
and NaOH treatment, according to European regu-
lation EN 197-2 (TITAN S.A.). The manufacturing 
and the measurement of the technical characteris-
tics of the final products were carried out in DU-
ROSTICK N. Choulis S.A. laboratories. 

2.2. Methods
2.2.1. Preparation of screed mortars

The cement mortars–screeds were prepared ac-

cording to European standard EN 13813. Refer-
ence sample was consisted of:
i) carbonate aggregates and mortar additives 

(75%) and 
ii) cement (25%) per mass weight respectively. 

Laboratory screeds were prepared by partial substi-
tution of cement in percentage of 25 (trial A) and 
50% (trial B) by weight. Water content remained 
stable at 20 % of total dry mass in all trials (Tab. 
1).

Table 1: Composition % of laboratory and reference 
samples in total wet mass.
Samples Composition % w/w total 

wet mass 
Trial A Carbonate aggregates and 

mortar additives
62.5

CEM I 52.5 15.63
Amorphous silica-rich mate-
rials

5.21

Water 16.66
Trial B Carbonate aggregates and 

mortar additives
62.5

CEM I 52.5 10.42
Amorphous silica-rich mate-
rials

10.42

Water 16.66
Reference Carbonate aggregates and 

mortar additives
62.5

CEM I 52.5 20.83
Water 16.66

2.2.2. Testing methods

In order to examine properties of final products 
tests were performed for the evaluation of flowa-
bility and effectively water demand, compressive 
and flexural strength. The flowability was meas-
ured by a flow table test. For the compressive and
flexural test, specimens were manufactured by 
blending all solid matters and water in the appro-
priate mixer, molding in steel moulds of 160 mm x 
40 mm x 40 mm with vibration, curing in the 
moulds into a storage chamber at the temperature 
of 20 ± 2oC and humidity of 95 ± 5 % for two days 
and out of the mould in the same conditions for 
five more days and then storing in room conditions 
until testing. Strength tests were conformed to Eu-
ropean standard EN 13892. Finally, mineralogical 
examination and microstructural analysis took 
place in different days of curing period. 

3. Results and discussion
3.1. Raw materials characterization
Mineralogically, the material from Zakynthos is 
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mainly composed of calcite, subordinate opal-A
and traces of quartz and smectite, whereas Samos 
diatomite consists mainly of calcite with lower 
amounts of opal-A and feldspar, and trace amounts 
of quartz and aragonite (Tab. 2). Milos diatomite 
contains mainly opal-A and secondarily feldspar, 
and traces of detrital minerals. Milos volcanic tuff 
can be characterized as tuffite, due to its dolomite 
content. It consists mainly of volcanic glass and 
feldspar, with minor opal-CT, dolomite, quartz and 
smectite. Opal-A was detected in x-ray diffraction 
diagrams as a broad hump between 2� 18� and 20o,
whereas volcanic glass and the biogenic nature of 
the opal-A was confirmed by SEM analysis. 

Table 2: Mineralogical evaluation of pozzolanic mate-
rials
Mineral Zakynthos 

diatomite
Samos  

diatomite
Milos   

diatomite
Milos
tuffite

Quartz TR TR TR
Calcite MJ MJ
Aragonite TR
Opal - A MD MD MJ
Dolomite TR
Feldspar MJ MJ
Opal - CT MD
Illite TR
Smectite TR MD
Volcanic glass MJ
MJ = major component, MD = medium component, TR = 
minor or trace component.

Following the mineralogy, the chemistry of the di-
atomaceous rocks of Samos and Zakynthos is 
mainly influenced by CaO and SiO2, whereas that 
of Samos diatomite and Milos tuffite by SiO2 and 
Al2O3 (Tab. 3). All samples except the Samos di-
atomite satisfy requirements of European standard 
EN 197-1 (reactive silica > 25% by mass) and are 
characterized as natural pozzolanas.  

Grain size distribution is presented in Diagram 1.
Grindability of Milos tuffite and diatomite and Za-
kynthos diatomite is lower than that of Samos di-
atomite, the latter being closer to cement grain size 
distribution. 

Microstructural analysis of raw materials showed 
that diatom frustules in Zakynthos diatomite, are 
large, broken and diagenetically altered (Stamata-
kis et al., 1989a) (Fig. 1). Their shape is mainly 
plate-like, with the characteristic sieve-like texture.
Samos diatomite consists of reworked, mostly bro-
ken disk shaped and boat-like frustules (Fig. 2).
Their degree of preservation is low due to the alka-
line environment that they were exposed to, result-

ing to their partial dissolution (Stamatakis et al., 
1989b). Milos island diatomite presents thread-like 
and disk shaped frustules (Fig. 3). In all three sam-
ples, rarely occurs other than diatom frustules 
amorphous silica phases. The ubiquitous presence 
of the microporous amorphous silica in the diato-
maceous rocks studied is determinant for the prop-
erties of the final products. Milos tuffite is mainly 
consisted of volcanic glass. A typical structure of 
volcanic glass is shown in Figure 4.

Diagram 1. Grain size distribution of raw materials.

3.2. Properties of products
3.2.1. Flowability

Rheological behavior of mixtures depends on wa-
ter demand. Mortars of both trials in which cement 

Table 3: Chemical analysis of the raw materials studied 
and cement.

Zakynthos 
Diatomite

Samos 
Diatomite

Milos 
Diatomite

Milos 
tuffite

Cement 

SiO2 34.7 22.9 62.63 54.96 20.47
Al2O3 1.98 2.24 11.83 12.06 4.7
Fe2O3 0.29 0.38 5.37 4.18 3.92
CaO 31.8 39.9 2.81 6.4 61.72
MgO 0.4 0.59 1.29 2.83 4.18
K2O 0.05 0.14 0.79 1.57 0.59
Na2O 0.07 0.12 2.39 2.19 0.18
SO3 0 0.27 0.68 0.02 2.88
TiO2 0.05 0.06 0.47 0.36 n.a.
P2O5 0.11 0.06 0.29 0.08 n.a.
Cl 0.01 0.05 0.49 0.1 n.a.
Free 
CaO - - - - 0.7

L.O.I. 31.44 10.32 10.12 15.16 2.08
Total 100.90 99.36 99.16 99.90 100.72
RS 28.28 19.17 45.53 42.59 -
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was partially replaced by diatomite, needed more 
water in order to present the same rheological be-
havior. On the contrary, water demand of screed 
made with tuff ranges in the same level as refer-
ence sample. It is also observed that greater partic-
ipation of diatomite is in screeds resulted to the in-
crease of the water demand. Flowability of screeds 
is presented in Diagram 2.

Fig. 1. Zakynthos diatomite composed of fragments of 
large diagenetically altered frustules.

Fig. 2. Samos diatomite with intensely broken boat-like 
and partially preserved disk shaped frustules.

3.2.3. Compressive strength

Compressive strength values of screed products 
with partial replacement of cement are decreased 
in any case comparing with the reference sample. 
It is observed that partial replacement of cement at 
a ratio of 1/1 decreases strength values even more 
than 50%. This result is in good agreement with li-
terature findings (Kastis et al., 2006; Degirmenci
and Yilmaz, 2009).

3.2.4. Flexural strength

Flexural strength follows the trade of compressive 

strength, with value reduction as substitution of 
pozzolanic material increases.

Fig. 3. Milos diatomite containing thread-like diatom 
frustules.

Fig. 4. Milos tuffite containing glass shards and pumice 
fragments with typical spongy texture.

Diagram 2. Flowability of laboratory screeds (trial A 
and trial B) in regard to reference sample. 

3.2.5. Relationship between reactive silica and 
strength values

It is noted that the screeds produced with Milos 
tuffite exhibit lower strength values than those 
produced by the diatomaceous samples in 14 and 
28 days, despite the high content of reactive silica.
It is probably due to the easier and faster dissolv-
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ing of the opal-A than the volcanic glass and its 
reaction with the lime (Diag. 7 and Diag. 8).

Diagram 3. Compressive strength of laboratory and ref-
erence screeds with partial replacement in ce-
ment/pozzolana ratio 3/1 (trial A)

Diagram 4. Compressive strength of laboratory and ref-
erence screeds with partial replacement in ce-
ment/pozzolana ratio 1/1 (trial B)

Diagram 5. Flexural strength of laboratory and reference 
screeds with partial replacement in cement/pozzolana 
ratio 3/1 (trial A)

Diagram 6. Flexural strength of laboratory and reference 
screeds with partial replacement in cement/pozzolana 
ratio 1/1 (trial B)

3.2.6. Microstructural and mineralogical analysis 

Micro-structure screed pastes were investigated 
through SEM analysis after 6 and 14 days of hy-

dration. Figure 5 and Figure 6 present the early re-
action of the diatom frustules surface for the for-
mation of needle-like crystals of Ca(OH)2 and et-
tringite Ca6Al2(SO4)3(OH)12•26(H2O)  hexagonal 
crystals. At the 14th day of hydration of the pastes 
dominates the formation of calcium silicate hy-
drate (CSH) (Fig. 7 and Fig. 8). Shapes of diatoms 
are poorly preserved and hardly distinguished. 

Diagram 7. Relationship between strength values and 
reactive silica content (trial A)

Diagram 8. Relationship between strength values and 
reactive silica content (trial B)

Differences on the amount of portlandite 
(Ca(OH)2) after the 28th day of hydration process 
were observed. In mortar made of Milos tuffite and 
cement the participation of portlandite is clearly 
higher than in mortar made of Milos diatomite and 
cement. In X-ray diagram (Fig. 9) it is obviously
illustrated that peak of portlandite is much lower in 
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mortar of Milos diatomite than in mortar of Milos 
tuffite. 

Fig. 5. Reaction of diatoms and formation of Ca(OH)2 at 
the 6th day of hydration.

Fig. 6. Growing of ettringite on the surface of the di-
atom frustules at the 6th day of hydration.

Fig. 7. Destruction of diatoms and formation of CSH, 
14th day of hydration.

4. Conclusions
The following conclusions may be drawn from the 
conducted research:

Fig. 8. Neoformed rod-like minerals (CSH) developed 
on poorly preserved diatom relics after hydration of 14 
days.

�Water demand of pastes was increased by the ad-
dition of pozzolanic substitutes, whereas both 
compressive and flexural strength were de-
creased. 

�Between the four cement substitutes, Zakynthos,
Milos and Samos diatomite and Milos tuffite,
screeds prepared with 25% replacement of ce-
ment with diatomite from Milos presented better 
results regarding strength properties, while those
prepared with 50% substitution presented lower
flow properties.

�No linear relationship between strength proper-
ties and reactive silica content was observed. Al-
though, it is observed that the opal – A of diato-
mites is faster reactive than the volcanic glass and 
the opal –CT of the tuffite.

� In the previous also attributes the fact that the 
amount of portlandite in mortar made of tuffite 
after the 28th day of hydration was higher than 
this of Milos diatomite mortar. It seems that Por-
tlandite reacts slower with volcanic glass and 
opal-CT in order to develop calcium-silicate 
phases, leading to lower strength values.     

�Additionally, it seemed that grain size distribu-
tion is one of parameters that influence strength 
properties, as screeds prepared with diatomite 
from Zakynthos presented lower values than 
those with diatomite from Samos, despite the 
greater content of reactive silica. 

�As a general conclusion, raw materials that con-
tain significant amounts of either biogenic 
amorphous silica or volcanic glass can be used as 
partial substitutes of cement in mortars only in ra-
tios raw materials/cement lower than 1/2. It is al-
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so expected that partial substitution of other types 
of cement with lower strength properties as the 
types CEM I 35.2 and CEM I 42.5 would favor 
the use of the raw materials studied.
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Abstract: Volcanic rocks from ophiolitic formations in northeast Othris region are categorized based on 
their geochemical characteristics in two distinct groups. The first includes volcanic rocks from the ophi-
olitic formations of Eretria and Velestino, which, as their immobile element chemistry and geochemical 
plots indicate, seem to have formed in an N-MORB environment with 5-15% partial melting of a fertile 
or moderately depleted mantle source and extensive fractional crystallization processes. The second 
group is exclusively from the ophiolitic formation of Aerino having rocks with generally higher MgO 
contents, subduction related features (e.g. low Ti/V<10) and having been derived from a highly depleted 
mantle source but with similar partial melting degrees (10-20%). These differences may reflect an evo-
lution from an earlier MORB to a latter IAT volcanism within the same oceanic basin or correspond to 
two separate oceanic environments.  

Keywords: Othris, Ophiolites, Volcanism, N-MORB, IAT. 
 

1. Introduction  
The formation and emplacement of ophiolites in 
Central Greece has been an area of extensive re-
search and discussion for many years. The Othris 
region is of great importance in understanding the 
evolution of the Greek ophiolites but also the geo-
tectonic environment in the key area of Central 
Greece during Mesozoic times. The main ophiolit-
ic complex of Othris, which has been comprehen-
sively studied (e.g. Ferrière, 1982; Jones & Ro-
bertson, 1991; Spray et al., 1984; Smith & Rassios, 
2003; Tsikouras et al., 2009), lies in the western 
part of the region and has been dated as Jurassic. In 
the northeastern part of Othris and specifically in 
the areas of Eretria, Velestino and Aerino ophiolit-
ic rocks occur (Fig. 1), consisting mainly of ser-
pentinized ultrabasic rocks, few gabbroic and rare 
doleritic dykes and basaltic pillow lavas, usually 
metamorphosed and/or metasomatized and schis-
tosed. It is unclear if these ophiolitic rocks are 
dismembered parts of the Othris ophiolite or they 
have been generated in the Vardar Ocean and later 
on overthrusted in their present site. In this paper 
we focus on the geochemistry and petrology of the 
Eretria, Velestino and Aerino volcanics (s.l.), 

which may provide evidence for the petrogenesis 
and geotectonic origin of the related ophiolites. 

2. Geological setting  
The Eretria ophiolitic formation has been studied 
by Ferrière (1982), Economou & Naldrett (1984) 
and Migiros et al. (1997). The later authors, who 
do not to preclude a Cretaceous age for this forma-
tion, divided the Alpine rocks of the Eretria region 
in three stratigraphic units: The lowest unit is a tec-
tonic mélange which includes sedimentary rocks, 
cipolin marbles and mostly highly altered metabas-
ic rocks (Asprougia unit). The intermediate unit 
consists of metaclastic and metabasic rocks (Pa-
liambela unit), while the upper unit represents ser-
pentinized ultrabasic rocks (Eretria unit). The 
ophiolites are locally covered by sedimentary 
rocks of the Eastern Greece unit (Papanikolaou, 
2009). These rocks were formed during the period 
between Upper Cretaceous and Eocene mostly 
consisting of crystalline limestones locally dolo-
mitic, medium to thickly layered and at the upper 
parts flysch which consists of red shales and phyl-
lites alternating with thin bedded limestones, sand-
stones and conglomerates (Smith et al., 1975; Mi-
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giros, 1990; Katsikatsos, 1992; Papanikolaou, 
2009). It is not clear from the existing literature 
whether the Eretria ophiolite and associated 
mélange rocks belong to the uppermost unit of Ma-
liac Zone or they belong to the pre-Cretaceous 
ophiolitic nappe of the Pelagonian Zone supposed 
to be originated from overthrusted Maliac Zone 
rocks onto the Pelagonian continental margin. The 
ophiolitic formations of Aerino and Velestino are 
interpreted as being parts of the post-flyschic tec-
tonic nappe which is overthrusted above the carbo-
nates and flysch of the Eastern-Greece unit and 
rooted in the Mesozoic Vardar Ocean (Katsikatsos, 
1992; Pe-Piper & Piper, 2002). The later nappe 
composes medium-layered crystalline limestone 
and an ophiolitic complex consisting mainly of 
serpentinites and a remarkable network of dykes, 
which are pyroxenites, gabbros and dolerites fre-
quently rondigitized. Greenschists and thin layers 
of cipolin marbles and radiolarites occur in the 
deeper parts of Aerino and Velestino ophiolitic 
rocks. 

3. Analytical techniques 
Whole rock chemistry analyses were performed at 

ACME Analytical Laboratories LTD, Vancouver, 
Canada. Major elements were determined by ICP-
ES method, trace elements and REE obtained by 
ICP-MS method and through XRF analyses. Total 
carbon and sulfur concentrations were simultane-
ous determined using a LECO® induction furnace.  

4. Petrography and bulk-rock chemistry  

All studied rocks have undergone post-magmatic 
alteration processes, so sampling was carefully car-
ried out as to collect the least altered samples. The 
collected samples were petrographically studied, 
while six representative samples were chemically 
analyzed for major and trace elements (Tab. 1). 
Five are from doleritic dykes in Aerino and Veles-
tino and one is from a small occurrence of pillow 
lava in Eretria possibly belonging to the Paliambe-
la unit. 

From a geochemical point of view two groups of 
samples were distinguished: “Group I” includes 
samples with very high ΣREE contents, which are 
the ones from Eretria and Velestino, while “Group 
II” includes the samples from Aerino which have 
much lower ΣREE contents (Tab. 1). Based on To-
tal  Alkali  -  Silica  (TAS)  classification  scheme  

 
Fig. 1. Geological map of the south region of Othris. 
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Table 1. Whole-rock major element (wt %) and trace element (ppm) compositions of samples studied, measured by XRF 
and ICP-MS, with classification and location information. Major elements, Ni, Cr, V, Cu and Zn were by measured by 
XRF. Others were measured by ICP-MS. Total iron given as FeO*. LOI: Loss On Egnition. b.d.l.: below detection limit.  

Sample: EX11/AER 263/AER 272/AER 266/AER 251/VEL 281/ERE 
Rock type Dolerite Dolerite Dolerite Dolerite Dolerite Pillow lava 

TAS classification High-Mg 
Boninite 

Boninite Boninite Basaltic 
andesite 

Basaltic 
andesite 

Basaltic 
andesite 

Location Aerino Aerino Aerino Aerino Velestino Eretria 
latitude (ON) 39°19'49'' 39°19'94'' 39°19'39'' 39°19'98'' 39°22'40'' N39°18'12'' 

longitude (OE) 22°47'68'' 22°48'00'' 22°47'61'' 22°47'788'' E22°43'25'' E22°37'92'' 
SiO2 49,13 53,88 52,06 53,02 53,15 55,45 
TiO2 0,29 0,26 0,35 0,31 1,15 2,36 
Al2O3 11,70 15,42 12,76 15,74 14,78 11,56 
FeO* 9,39 8,31 8,18 6,87 9,24 10,16 
MnO 0,18 0,16 0,18 0,10 0,13 0,18 
MgO 13,06 8,14 10,78 6,87 6,55 6,54 
CaO 8,56 5,74 9,35 9,74 7,67 7,63 
Na2O 1,79 5,24 3,34 4,66 4,07 4,84 
K2O 0,04 0,05 b.d.l. b.d.l. 0,92 0,11 
P2O5 b.d.l. 0,02 0,03 0,02 0,14 0,23 
LOI 5,60 2,80 3,00 2,70 2,90 1,50 
Total 99,75 100,03 100,04 100,03 100,72 100,56 

Sc 51 42 44 41 40 36 
V 271 259 255 274 218 357 
Cr  858 84 550 106 148 42 
Co 56 37 42 39 38 44 
Ni 93 47 109 48 69 30 
Cu 2 13 2 5 3 11 
Zn 28 22 20 7 21 11 
Rb 0,6 b.d.l. b.d.l. b.d.l. 16,6 0,6 
Sr 13,3 157,2 12,2 60,4 110,4 81,6 
Y 6,6 5,8 8,9 7,9 34,9 50,3 
Zr 21 6,9 10,4 8,9 98,2 148,7 
Nb 1 b.d.l. b.d.l. b.d.l. 2,3 3,8 
Cs b.d.l. b.d.l. b.d.l. b.d.l. 0,3 b.d.l. 
Ba 3 4,5 0,9 13,9 36,3 25,3 
Hf 0,7 b.d.l. b.d.l. b.d.l. b.d.l. 4,4 
Ta 0,1 0,1 0,1 0,2 0,2 0,4 
Pb 0,1 0,2 0,2 0,3 0,1 0,4 
Th b.d.l. 0,3 0,1 0,1 0,2 0,4 
U 0,1 0,2 0,1 0,1 0,1 0,1 
La 0,80 0,70 0,90 0,60 4,30 6,30 
Ce 1,70 1,80 2,30 1,80 12,80 19,10 
Pr 0,25 0,20 0,32 0,24 2,06 2,89 
Nd 1,00 1,10 1,70 1,10 10,50 15,10 
Sm 0,4 0,2 0,8 0,6 3,6 5,2 
Eu 0,22 0,15 0,24 0,19 1,40 1,67 
Gd 0,64 0,60 1,12 0,84 5,05 6,74 
Tb 0,15 0,12 0,22 0,19 0,93 1,36 
Dy 0,97 0,92 1,40 1,36 5,91 8,47 
Ho 0,24 0,19 0,32 0,29 1,24 1,81 
Er 0,75 0,64 0,98 0,88 3,68 5,71 
Tm 0,12 0,09 0,16 0,14 0,61 0,85 
Yb 0,80 0,77 0,99 0,92 3,58 5,49 
Lu 0,13 0,13 0,16 0,15 0,57 0,82 

TOT/C b.d.l. 0,01 0,01 0,01 0,11 0,02 
TOT/S b.d.l. b.d.l. 0,01 b.d.l. 0,01 0,01 
ΣREE 8,17 7,61 11,61 9,30 56,23 81,51 
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“Group II” rocks are basaltic andesites (Fig. 2). 
Their mineral constituents vary from fine to me-
dium grained and consist mainly of plagioclases, 
clinopyroxenes, secondary amphiboles and minor 
devitrified glass. Clinopyroxenes are subhedral and 
marginally altered. Plagioclases are also subhedral 
and form with the clinopyroxenes mainly subophit-
ic textures. Accessory minerals include spinel, 
magnetite and ilmenite. Secondary minerals in-
clude epidote, pumpellyite, chlorite, quartz, calcite 
and titanite. The subophitic textures appear be-
tween clinopyroxenes and plagioclases, while hya-
lophitic between plagioclases and glass (devitri-
fied). Small amygdales of calcite and chlorite ap-
pear in spherical form and in some cases are 
zoned. 

“Group II” rocks are dolerites of boninitic and ba-
saltic andesitic composition (Tab. 1, Fig. 2). The 
boninitic rock with the highest MgO content 
(13.06 wt%) (named thereafter high-Mg boninite) 
consists mainly of clinopyroxenes, secondary am-
phiboles, plagioclases and chlorite after devitrified 
glass. Accessory minerals include spinel and mag-
netite. Serpentine appears in the form of small 
scattered crystals, possibly replacing olivine or or-
thopyroxenes. The rock is mostly microcrystalline 
with orientation, except for some medium grained 
clinopyroxenes which are altered at their rims. The 
boninitic dolerites (called thereafter boninites) 
consist of secondary amphiboles, clinopyroxenes, 
plagioclases, and devitrified glass mostly of chlo-
rite. The presence of minerals such as pumpellyite, 
epidote, chlorite and prehnite verify that the rocks 
underwent low grade oceanic metamorphism. Cal-
cite and chlorite also appear in the form of amyg-
dales. Accessory minerals include spinel, magne-
tite, titanite and quartz. The matrix presents mainly 
subophitic textures, while between plagioclases 
and amphiboles textures are poikilitic. The basaltic 
andesitic dolerite has the same primary and sec-

ondary mineral phases as boninites, with abundant 
plagioclases and with absence of orientation. Tex-
tures are similar and the accessory minerals in-
clude titanite, ilmenite, spinel, magnetite, calcite, 
zircon and apatite.   

High-Mg rocks appear only in Aerino. All rocks 
are subalkaline due to their relatively low Νa2O + 
K2O contents (1.9-5.4 wt%), and are tholeiitic as 
seen in the binary diagram of figure 3. None of the 
studied rocks can be characterized as Fe-Ti-rich 
since the ratio FeOt/MgO presents values lower 
than 1.75 (Melson et al. 1976; Sinton et al. 1983).  

“Group I” rocks have subparallel REE patterns 
(Fig. 4). The LREE values are high ranging be-
tween 18.1-33.0 X CN, with small increase in their 
MREE values (24.0-35.1 X CN) and similar HREE 
values (22.2-35.7 X CN). The (La/Sm)CN and 
(La/Yb)CN values range between 0.75-0.76 and 
0.78-0.82 respectively. “Group II” rocks present 

Fig. 2. Classification binary diagram of Na2O+K2O
against SiO2 with the fields drawn according to Le Bas 
et al. (2000). 

 
Fig. 3. Binary diagram of Y against Zr (Barrett & Mac-
lean, 1999). 

 
Fig. 4. Chondrite-normalized REE patterns [normaliza-
tion factors from McDonough & Sun (1995)] of the vol-
canic rocks from the ophiolitic occurrences in northeast 
Othris. Grey field shows the REE patterns of mafic vol-
canic rocks from west Othris (Bortolotti et al., 2008). 
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subparallel REE patterns (Fig. 4) with the LREE 
values ranging between 2.2-3.8 X CN, broader 
ranging MREE values (1.4-5.7 X CN) and higher 
HREE values (2.2-6.5 X CN). The (La/Sm)CN and 
(La/Yb)CN values range between 0.62-2.19 and 
0.44-0.68 respectively. In the primitive mantle 
normalized multi-element diagram (Fig. 5) it has 
been noticed that K, Sr, U and Pb vary a lot and 
will be considered with due cause as the original 
magmatic values, since alteration affected the stu-
died rocks and these elements are highly mobile. 
‘Group I’ rocks present similar patterns with high 
HFSE normalized values (YbPN=8.1-12.4 X PM), 
noticeable negative Pb anomalies and small or no 
negative Ti anomalies. “Group II” rocks have low-
er HFSE normalized values (YbPN=1.81-2.24 X 
PM.). The high-Mg boninite presents a significant 
positive Zr anomaly, while the boninites and the 
basaltic andesitic dolerite present small or no nega-
tive Zr anomalies. All these samples have signifi-
cant positive Pb anomalies and noticeable higher U 
primitive mantle normalized values compared to 
Nb and Ta.   

5. Discussion 
Each one of the two groups of rocks seems to have 
been created in a different geotectonic environ-
ment. The discrimination diagram of figure 6, as 
well as other discrimination diagrams (not shown), 
indicate that “Group I” rocks were formed in 
MORB or BAB environment, while ‘Group II’ in 
an IAT environment. The multi-element patterns of 
“Group I” rocks are subparallel to both low-Mg N-

MORB volcanic rocks present in the Jurassic ophi-
olitic sequence (Fourka Unit) of west Othris (Bor-
tolotti et al., 2008) and to the ideal N-MORB pat-
tern (Sun & McDonough, 1989), especially con-
cerning the HFSE (Fig. 5). The significant positive 
Pb anomalies may be partly due to subduction re-
lated processes but alteration should have changed 
the original magmatic values. U primitive mantle 
normalized values are higher compared to the 
normalized Nb and Ta values which may be attri-
buted to subduction processes (Pearce & Peate, 
1995). The pillow lava sample 281/ERE has a neg-
ative anomaly (EuCN/Eu*= 0.86) which may be at-
tributed to plagioclase fractionation or change in 
the fO2 conditions (Drake & Weill, 1975). Eu ano-
malies are positive for the high-Mg boninite (sam-
ple EX11/AER) and the boninite sample 263/AER, 
and negative for samples 272/AER and 266/AER. 
This can be seen in the range of the ratio EuCN/Eu* 
(0.77-1.32) which may probably be attributed to 
changes in fO2 conditions rather than plagioclase 
fractionation processes. This is interpreted by the 
complete absence of any correlation between the 
EuCN/Eu* ratio and either SiO2, Cr or Ni. However 
metasomatic process may have also affected Eu 
values. 

Positive and negative Zr and Sm anomalies in the 
‘Group II’ rocks (Fig. 5) may indicate that there 
was a change in the mantle source mineralogy or 
that the melting degrees changed. Whatever is the 
case, these rocks did not form simply from fractio-
nation processes of a primary melt as indicated by 
the fact that ΣREE values do not always increase 
with increase of MgO. Zr/Sm ratio values are con-
sidered by researchers (e.g. Wolde et al., 1996) as 
an indicator for clinopyroxene proportion in the 

 
Fig. 5. Primitive mantle-normalized multi-element pat-
terns [normalization factors from McDonough & Sun 
(1995)] of the volcanic rocks from the ophiolitic occur-
rences in northeast Othris. Grey field shows the REE 
patterns of mafic volcanic rocks from west Othris (Bor-
tolotti et al. 2008). Thick dark line represents the ideal N-
MORB element composition from Sun & McDonough 
(1989). 

 
Fig. 6. Discrimination diagram of V vs. Ti/1000 (Sher-
vais, 1982). MORB=mid-ocean ridge basalts, IAT=Isla-
nd arc tholeiites, Bon=boninites.  
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mantle source. Samples EX11/AER and 263/AER 
have high Zr/Sm (39-56) and low Sm/Yb values 
(0.26-0.5), while samples 272/AER and 266/AER 
have low Zr/Sm (13-28.6) and high Sm/Yb values 
(0.65-1). This shows that the first set of rocks are 
closer related to a highly depleted mantle source 
while the second with a moderately depleted man-
tle source. In order to better estimate the composi-
tion of the mantle source and the degrees of partial 
melting, the studied rocks were examined accord-
ing to their concentrations of highly incompatible 
to compatible elements. These are Nb and Zr (very 
highly incompatible, VHI), Ti, Y and Yb (highly 
incompatible, HI), Ca, Al, V and Sc (moderately 
incompatible, MI), Mn and Fe (slightly compati-
ble), Co and Mg (moderately compatible, MC), 
and Cr and Ni (highly compatible, HC). Compari-
sons are made in the normalized multi-element di-
agram of figure 7 against a FMM (Fertile MORB 
Mantle), according to Pearce & Parkinson (1993). 
“Group I” rocks show VHI>HI>MI patterns, which 
correspond to relatively low or medium partial 
melting degrees of a fertile mantle source. Exclud-
ing the high-Mg boninite “Group II” rocks show 
VHI<HI<MI patterns, which are accounted for 
rocks that formed from relatively high degrees of a 
depleted mantle source. The high-Mg boninite has 
VHI≥HI<MI pattern which shows that it formed 
similarly with the rest of the rocks of “Group II” 
but with re-enrichment of the VHI elements.  

The above observations seem to fit well when pro-
jecting the studied rocks in the petrogenetic dia-
gram of figure 8. Primary magma for the rocks 
from “Group I” seems to have been formed either 
with 10-15% partial melting of a fertile mantle 

source (FMM or PM) (Bédard 1999; McDonough 
& Sun 1995) or with 5-10% partial melting of a 
moderately depleted mantle source (DMM) 
(Workman & Hart 2005). Fractional crystallization 
seems to have played a significant role as indicated 
by their low Cr contents. Additionally N-MORB 
metabasalts and metadolerites from Eretria (Migi-
ros et al. 1997) are also plotted in Figure 8 show-
ing similar petrogenetic evolution processes. The 
primary magma for the rocks from “Group II” ap-
pears to have formed with 10-15% partial melting 
of a highly depleted mantle source (M3) (Murton 
1989), rather than very high degrees of the DMM 
mantle source (over 40%) which seems unrealistic. 
Fractional crystallization processes probably 
played an important role for samples 263/AER and 
266/AER (low Cr contents). In the petrogenetic bi-
nary diagram of figure 9 all samples plot within the 
field defined by the melting curves from plagioc-
lase or spinel peridotite mantle sources, whether 
enriched or depleted. This shows melting occurred 
in an upper mantle source where garnet was not 
present. Taking under consideration the referred 
fractional crystallization processes “Group I” rocks 
could have been produced from either the FMM or 

 
Fig. 7. FMM (fertile MORB mantle)-normalized pat-
terns for the volcanic rocks from the ophiolitic occur-
rences in northeast Othris. Normalizing values are from 
Pearce & Parkinson (1993), are: Nb (0.2), Zr (9.2), 
TiO2 (0.175), Y (3.9), CaO (3.25), Al2O3 (3.75), V 
(78), Sc (15.5), MnO 0.13), FeOt (8.8), Co (106), MgO 
(38.4), Cr (2500), Ni (2020). Oxides in wt.%, elements 
in ppm. 

Fig. 8. Petrogenetic binary diagram of Cr vs. Y for the 
volcanic rocks from the ophiolitic occurrences in north-
east Othris.  DMM (or Μ2) and Μ3 mantle source com-
positions are from Pearce (1982), Murton (1989) and 
Workman & Hart (2005), while FMM (Fertile MORB 
Mantle) and PM mantle source compositions are from 
Bédard (1999) and McDonough & Sun (1995). The 
melting curves are designed for mantle source with 
mineral proportion ol0.6opx0.2cpx0.1pl0.1, and melt 
mode proportion 3:1:4:4, while fractional crystallization 
lines were drawn for ol90Cr-sp10 (Pearce, 1982). The 
designed fields of MORB, IAT, WPB and Bon (boni-
nites) are from Pearce (2003) and Dilek et al. (2007). 
Legend as seen in fig. 7. Gray field correspond to meta-
basaltic and metadoleritic rocks from Eretria (Migiros et 
al., 1997). 
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DMM mantle sources with the referred partial 
melting degrees. The relatively undifferentiated 
samples EX11/AER and 272/AER from “Group 
II” seem also to agree with the referred partial 
melting degrees (10-15%). 

Taking under consideration the above described 
differences on geochemical data and petrogenetical 
history for the two Groups, and the fact that 
“Group I” presents similarities with west Othris Ju-
rassic ophiolite, lead us to the assumption that the 
volcanic rocks of the ophiolitic occurrences in 
northeast Othris may belong either to two different 
Mesozoic ophiolitic sequences e.g. Vardar and 

Othris ophiolitic complexes, with the later complex 
generated in the Pindos Ocean, or belong to a sin-
gle basin, which in this case the basin is where Ju-
rassic Othris ophiolite generated. For establishing 
the two basins model much more data from nearby 
regions is needed. If we assume the singe basin 
model, the “Group I” rocks may resemble volcanic 
activity in a mid ocean ridge setting, while “Group 
II” rocks are the products of a later stage volcan-
ism, with the mantle source depleted due to MORB 

extraction and affected by a subduction episode. 
On the other hand, the present geochemical data 
and petrologic analysis reveal that the hypothesis 
Aerino and Velestino volcanic rocks would have 
parallel origin and emplacement history, as being 
parts to the same post-flyschic tectonic nappe and 
they are not very far from each other, seem not to 
be realistic at least regarding to their petrogenetical 
evolution. In contrast, Velestino and Eretria extru-
sive ophiolitic rocks are compositionally similar to 
volcanics from the Othris ophiolitic complex main-
ly developed few tens km south-westward of them. 

6. Conclusions 
The studied volcanic/subvolcanic rocks of the 
ophiolitic complexes in northeast Othris were 
found as dykes in Aerino and Velestino areas and 
as pillow lavas in Eretria. They can be classified in 
two groups: the high ΣREE basaltic andesites from 
Velestino and Eretria belong to the “Group I” 
rocks, whereas the low ΣREE dolerites from Aeri-
no, which compositionally are boninites and basal-
tic andesites consist the “Group II”. “Group I” 
rocks resemble N-MOR basalts and seem to have 
been formed with 5-15% partial melting of a fertile 
or moderately depleted mantle source, followed by 
extensive fractional crystallization processes. They 
are very similar to the volcanic rocks present in the 
ophiolitic sequence of west Othris (Bortolotti et al. 
2008). “Group II” rocks seem to have been gener-
ated by 10-20% partial melting of a highly dep-
leted mantle source in a subduction environment, 
with some samples having been affected by frac-
tional crystallization processes. From a geotectonic 
point of view the geochemical and petrogenetic di-
versities between the two Groups may either re-
flect a change from an earlier MORB to a latter 
IAT setting within the same oceanic basin during 
M. Jurassic – L. Cretaceous or correspond to vol-
canism taken place in two separate oceanic envi-
ronments within the same time span. 
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Abstract: In both the terrigenous Papilė Formation (Lower Callovian) and shallow- to deeper-marine 
facies of the Papartinė and Skinija formations (Middle and Upper Callovian, respectively), terrestrial or-
ganic matter predominates. This is emphasized by the carbon preference values higher than 1 for all 
samples and in some cases higher than 2, as well as the occurrence of characteristic higher plants bio-
markers like cadalene, dehydroabietane, simonellite and retene. Fragments of charcoal found in the 
samples of the Papilė Formation indicate wildfires that took place in the early Callovian of Lithuania. 
Unlike the Callovian of western Europe, in the Middle Callovian of Lithuania there is no evidence of 
anoxic conditions occurring in the water column. Measured values of huminite reflectance (Rr) for se-
lected samples are in the range of 0.21% to 0.31%, what is characteristic for immature OM. This indi-
cates that investigated deposits during their whole diagenetic history laid nearly on the surface and the 
thickness of younger cover does not exceed 500 m. This is supported by biomarkers analysis. In the all 
Callovian samples less thermally stable ββ-hopanes significantly dominated what suggest immature cha-
racter of the samples. 

Keywords: organic matter, biomarkers, depositional environment, charcoal, maturity 
 
1. Introduction 
Recent organic matter (OM) studies of the Call-
ovian deposits of western Europe showed interest-
ing implications, like the presence of anoxia in the 
water column during sedimentation of the Middle 
Callovian deposits in the Anglo-Paris Basin (Kenig 
et al., 2004; Hautevelle et al., 2007). On the other 
side, investigation of the organic matter enclosed 
in the Callovian carbonate nodules (Marynowski et 
al. 2008a), as well as associated fossil wood frag-
ments (Marynowski et al. 2008b) from the classic 
locality of Łuków in eastern Poland, provided new 
data about diagenesis, molecular composition and 
sedimentary conditions of the fossil wood and 
sedimentary organic matter. The Callovian depos-
its of Łuków were transported from the north by 
Pleistocene glaciers. It is assumed that originally 
the deposits were placed at the bottom of the Baltic 
Sea (Olempska and Błaszyk, 2001), most proba-
bly in the environments of Lithuania. Thus, it was 
tempting to undertake the detailed investigations of 
the organic matter coming from the Callovian de-
posits of Lithuania, using the material coming both 
from outcrops and drill-holes. It is worth noting 
that this is the first such complex research of the 
Callovian sedimentary succession of Eastern 

Europe based on the organic geochemical and 
petrographic analyses. 

2. Geological background 
The Callovian deposits in Lithuania are chrono-
stratigraphically subdivided into three parts: Low-
er, Middle and Upper Callovian, that are 
represented by the Papilė, Papartinė and Skinija 
formations, respectively. 

The Lower Callovian Papilė Formation, the strato-
type of which is located at the town of Papilė si-
tuated in the N part of Lithuania (Fig. 1), consist of 
yellow, fine-grained sand with grey clay intercala-
tions. In Papilė the formation attains 1.5 m of 
thickness. The sandy and black clay deposits, con-
taining pyrite concretions and charred and non-
charred wood fragments, are best seen in the quar-
ry at Karpėnai. The presence of intercalations with 
foraminifers and thin-shelled molluscs may point 
to brackish, deltaic to fluvial environment with 
some intermittent marine incursions.  

The Middle Callovian is represented by the 
Papartinė Formation, the stratotype of which also 
occurs in the main Papilė section. In the main 
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Papilė section, the formation comprises 3.4 m of 
deposits consisting of conglomerate with ammo-
nites in the lower part and fine-grained grey sands 
with rich benthic fauna in the upper part of the 
formation. The deposits overly unconformably the 
Papilė Formation. The deposits of the formation 
indicate the major marine transgression during 
which the shallow sea covered the vast area of the 
Baltic region, the maximum of which occurred 
during the Late Callovian when muddy deposits of 
the Skinija Formation have been deposited.  

The Upper Callovian Skinija Formation attains 5.5 
m of thickness in the main Papilė section. There, 
the formation consist of sandstones, limestones and 
black clays in its uppermost part, showing progres-
sive deepening of the marine basin. The Skinija 
Formation conformably overlies the Papartinė 
Formation and unconformably the Papilė Forma-

tion, as well as older strata (see Paškevičius, 1997; 
Šimkevičius, 1998; Satkūnas and Nicius, 2007; 
Šimkevičius et al., 2003).  

3. Material and Methods 
3.1. Samples  
The samples come from five outcrops at Papilė 
(the main Papilė section and the Papilė Jurakalnis 
outcrop), Šaltiškiai, Menčiai and Karpėnai, and 
five boreholes: Purmaliai-5, Žvelsėnai-8, Jurjonai-
10, Šaukliai-12 and Sakūčiai-16 (Fig. 1; Tab. 1).  
The formations and lithology of the samples are 
presented in Table 1. 
3.2. TOC 
 The total organic carbon (TOC) and total sulphur 
(TS) content was determined using Eltra Elemental 
Analyser model CS530. 

 
Fig. 1. Study area on the background of palaeogeography during Callovian times (modified after 
Šimkevičius et al., 2003). 
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3.3. Extraction and separation  
Cleaned and powdered samples were Soxhlet-
extracted with dichloromethane for 48 hours in 
pre-extracted thimbles. Extracts were further sepa-
rated using pre-washed TLC plates coated with sil-
ica gel (Merck, 20 × 20 × 0.25 cm). Prior to sepa-
ration, the TLC plates were activated at 120 C for 
1h.  

3.4. GC-MS  
The GC-MS analyses were performed with an 
Agilent 6890 Series Gas Chromatograph interfaced 
to an Agilent 5973Network Mass Selective Detec-
tor and Agilent 7683 Series Injector (Agilent 
Technologies, Palo Alto, CA). Helium was used as 

the carrier gas at a constant flow rate of 2.6 
ml/min. The GC separation was on J&W HP5-MS 
(60 m × 0.32 mm i.d., 0.25 μm film thickness) 
coated with a chemically bonded phase (95% 
polydimethylsiloxane, 5% diphenylsiloxane). The 
GC oven temperature was programmed from 40 °C 
(isothermal for 1 min) to 120 °C at a rate of 20 
°C/min, then to 300 °C at a rate of 3 °C/min. The 
final temperature was held for 35 min. The GC-MS 
interface was kept at 280 °C, while the ion source 
and the quadrupole analyzer were at 230 and 150 
°C, respectively. For more details see Marynowski 
et al (2007a). 

 

 
 
 

Karpenai/ KARIS2 - Papilė/clay 0 1.49 0.15 28 9 63 2.27 2.16 1.02 0.64 0.74 0.19

Karpenai/ KARICZ - Papilė/black 
clay

0 20.6 0.06 10 2 88 1.72 1.75 0.93 0.93 0.66 0.42

Karpenai/ KARIHU - Papilė/brown 
clay

0 19.5 0.44 1 4 95 1.52 1.66 0.59 0.80 0.76 0.55

Karpenai/ KARSYD - Papilė/       
syderite

59.9 2.28 0.33 9 6 85 1.61 1.98 1.00 0.55 0.55 0.63

Karpenai/ KARPPCC - Papilė/sand 0 9.77 0.23 8 4 89 1.83 1.88 0.63 0.80 1.00 0.40

Karpenai/ KARPPC - Papilė/sand 0.01 2.26 0.18 10 7 83 1.75 1.85 0.66 0.85 0.93 0.46

Papile profil/ PAP1 - Skinija/clay 2.88 1.19 0.11 31 8 62 1.23 1.30 0.95 0.89 0.86 2.01

Papile profil/ PAP2 - Skinija/clay 2.68 1.63 0.18 26 18 56 1.19 1.22 0.98 0.98 1.19 0.68

Papile profil/ PAP3 - Skinija/clay 4.85 1.66 0.06 28 20 52 1.43 1.63 0.88 0.89 0.84 0.79

Saltiskiai/ SALTIS - Papartine/    
sandy clay

17.45 1.10 1.24 - - - 1.40 1.73 0.76 0.74 0.81 2.15

Saltiskiai/  SALTIS2 - Papartine/    
sandy clay

12.31 0.81 1.35 - - - - - - - - -

Saltiskiai/ SALPAR - Papartine/    
sandy clay

1.17 5.05 3.43 15 5 80 1.55 1.89 0.66 0.84 0.93 2.41

Menciai - Skinija/clay 0.22 2.59 1.21 - - - 2.28 2.17 0.80 0.75 0.96 0.90

Jurjonai - 10/ Jur 904 90.4 Skinija/clay 1.88 3.91 1.54 9 6 85 1.99 1.87 1.06 0.72 0.72 6.96

Jurjonai - 10/ Jur 958 95.8 Skinija/clay 2.88 4.10 2.61 37 19 44 2.03 1.35 1.50 0.64 0.64 12.48

Purmaliai - 5/ PU 813 81.3 Skinija/clay 0.10 2.70 0.94 32 13 55 2.29 2.41 0.95 0.64 0.69 3.74

Purmaliai - 5/ PU 853 85.3 Skinija/clay 2.51 2.42 0.75 32 13 55 - - - - - -

Purmaliai - 5/ PU 915 91.5 Skinija/clay 4.75 1.25 0.72 29 7 64 2.38 2.27 1.05 0.60 0.69 7.93

Purmaliai - 5/ PU 1018 101.8 Papartine/    
carbonate 

35.58 0.92 1.81 - - - - - - - - -

Žvels?nai - 8/ Zv 100 100.8 Skinija/clay 0.30 6.84 1.75 46 7 47 2.42 1.54 1.57 0.65 0.78 13.83

Žvels?nai - 8/ Zv 105 105 Skinija/clay 0.63 3.70 2.07 31 17 52 2.84 2.39 1.19 0.64 0.76 6.84

Ph/n -C18
(nC17+nC18+nC19)/
(nC27+nC28+nC29)CPITotal CPI(25-31) Pr/Ph Pr/n -C17Samples

Formation/   
Lithology TOC [% ] TS [% ]

Fractions
Al  

[% ]
Pol  
[% ]

Depth 
[m]

CaCO3 

[%]
Ar 

[% ]

Table 1. Depth and lithology of the samples, bulk geochemical data and percentage yields of fractions and basic 
molecular  parameters  based  on  n-alkanes  and isoprenoids distribution. TOC = total organic carbon; TS = total 
sulphur; Al = aliphatic; Ar = aromatic; Pol = polar. For a  formula  explanation  see  Marynowski et al. (2007a). 
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3.5. Quantification and identification of or-
ganic compounds  

The method was described in details in 
Marynowski et al (2007a). 

3.6. Charcoal observations  
Macroscopically visible charcoal fragments were 
examined using Philips XL 30 Environmental 
Scanning Electron Microscope (ESEM) in a back-
scattered electron (BSE) mode. Clay samples were 
also treated with a cold HCl (30%) and cold HF 
(38%) in order to remove the carbonate and silicate 
minerals.  

3.7. Vitrinite reflectance measurements 
 Freshly polished rock fragments were used in the 
reflectance analysis. The analyses were carried out 
using an AXIOPLAN II microscope adapted for 
reflected white light in oil immersion and a total 
magnification of 500X. The standards used were 
0.42 % and 0.898 % relative reflectance (Rr). 

4. Results and discussion 
We provide bulk and molecular analysis of the 
samples from the Lower (Papilė Formation), Mid-
dle (Papartinė Formation) and Upper (Skinija 
Formation) Callovian sediments of Lithuania in 
order to show the similarities and differences be-
tween organic matter of these three sedimentary 
environments. 

Papilė Formation. Samples from the Papilė For-
mation do not contain carbonate content. The only 
one exception is the siderite concretion sample 
(Tab. 1). The values of the total organic carbon 
content (TOC) are generally high (>2% wt. of the 
bulk rock) and very high (>9%) in sands, as well as 
moderate (>1%) to very high (>19%) in clays. The 
analysed sample of siderite concretion is characte-
rised by up to 2% of TOC (Tab. 1). All the Papilė 
Formation samples contain small (0.05 – 0.2%) to 
moderate (0.2 – 0.5%) amounts of total sulphur 
(Tab. 1) which is generally characteristic for terre-
strial deposits. All samples are characterized by 
significant prevalence of the polar fraction (>60%, 
Tab. 1) and approximately similar amounts of ali-
phatic and aromatic fraction. 

N-alkanes are present in all extracts and their dis-
tribution ranges from C13 to C36 carbon atoms in 
the molecule. In their distribution long-chain n-
alkanes predominates what is reflected by 
(nC17+nC18+nC19)/(nC27+nC28+nC29) ratio values 

below 1 (Tab. 1). The carbon preference index 
(CPITotal and CPI(25-31)) values are significantly 
higher than 1 for all samples and in the case of one 
sand sample, even higher than 2 (Tab. 1). The dis-
tribution of high molecular weight n-alkanes with 
an odd carbon number predominance (especially  
n-C25, n-C27, n-C29, n-C31) clearly indicates an input 
of terrestrial organic matter. The distribution of 
two common isoprenoids: pristane (Pr) and phy-
tane (Ph) in relation to n-alkanes is characterized 
by relatively low values of Pr/n-C17 and Ph/n-C18 
(Tab. 1), in most cases not exceeding 1. Generally, 
the values of the Pr/Ph ratio are diverse (Tab. 1). 
This is rather untypical for terrestrial OM, where 
pristane usually strongly dominates over n-C17 
(Tissot and Welte 1984) and typical values of 
Pr/Ph ratio are significantly higher than 1 (Powell 
1988; ten Haven et al., 1987). However, this large 
differences between Pr/Ph ratio values are charac-
teristic for immature sediments with significant 
admixture of terrestrial OM (Marynowski et al., 
2007a,b; 2008a), even between samples from 
equivalent facies. 

The second important group of compounds from 
the aliphatic fraction of the Papilė Formation sam-
ples are hopanes. The distribution of hopanes in all 
samples is generally similar. The most abundant 
are C29, C30 or C31, 17β,21β-hopane, depending on 
the samples (Fig. 2). Extended C31 to C35 hopanes 
characterized by a strong predominance of the 
C31(22S+22R) homologues and significant excess 
of the less stable R epimer (Fig. 2). Hopanes with 
34 and 35 carbon atoms in the molecule are not de-
tected in any sample and hopanes with 33 carbon 
atoms are only present in trace amounts. The 
C30ββ/C30αβ and S/(S+R) hopane ratios (Peters et 
al. 2005), shown in Tab. 2, are high and very low 
respectively, which is characteristic of the low ma-
turity range. Some differences noted in the case of 
KARPPCC sample may depend on secondary OM 
oxidation (e.g. Marynowski et al. 2007a; Mary-
nowski and Wyszomirski 2008).  

Interestingly, in comparison to the Upper Bajocian 
and Bathonian Ore-Bearing Częstochowa Clay 
Formation samples (Marynowski et al., 2007a), 
neohop-13(18)-enes are in relatively low concen-
trations in all Callovian Formations (Fig. 2). As it 
is known from previous work (Paull et al. 1998),  
these compounds are products from an acid-
catalysed rearrangement conversion of fernenes. 
The lack of fernenes in the Callovian sediments 
investigated here and the simultaneously low 
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concentrations of  neohop-13(18)-enes (Fig. 2) 
confirm co-occurrence of these two group of com-
pounds in the Middle Jurassic sediments (see Ma-
rynowski et al. 2007a). Sterenes, steranes and dias-
teranes are absent or present in the samples as trac-
es only. 

Extracts from Papilė Formation samples contain 
higher plant biomarkers including cadalene, dehy-
droabietane, simonellite and retene (Fig. 3). What 
is also interesting, clay samples contain low rela-
tive concentrations of sugiol, a natural product ter-
penoid produced by distinct conifer families (Cu-
pressaceae s. l., Podocarpaceae and Araucaria-
ceae). Such old biomolecules were recently de-
scribed from the fossil woods coming both from 
the Bathonian Częstochowa Ore-Bearing Clay 
Formation and Callovian clay-pit at Łapiguz near 
Łuków, Poland (Marynowski et al. 2007b; 2008b).  

Small, but macroscopically visible charcoal frag-
ments were found in the Karpėnai outcrop, solely 

in the sand units. These fragments are rounded, 
and range from ~1 mm to ~3 cm in size. Black clay 
from Karpėnai (sample KARICZ) also contain 
charcoal, but its fragments are very small (< 0.5 
mm) and visible only using ESEM, after removing 
of the mineral phases.  

The charcoal fragments from sands (Fig. 4a) are 
very well-preserved, with exceptional three-
dimensional cellular preservation in many frag-
ments (Fig. 4b). On the contrary, charcoals from 
black clay samples are small-sized, crushed, with 
angular and sometimes ragged margins. It may be 
connected with compaction which in clays much 
stronger influenced on charcoals. 

Huminite reflectance values are homogenous for 
all samples from the Karpėnai quarry ranging from  
0.21% to 0.35%. This variation is interpreted as 
caused by differences in lithology and TOC con-
tent. The lowest values were measured for organic-
rich fossil wood (only analysed microscopically) 

 
Fig. 2. Partial m/z 191 mass chromatogram showing distribution of hopanes and hopenes from the Papile (a) and 
Skinija Fm. (b) 
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and black shale samples (KARICZ). The values 
measured for brown shale (KARIHU) are slightly 
higher. Nevertheless, all measured huminite reflec-
tance values are very low and are characteristic for 
brown coal maturity range (e.g. Hunt 1995). 

Papartinė and Skinija Formations. The values of 
the total organic carbon content (TOC) for both 
Formations are generally high (>2% wt. of the bulk 
rock) to moderate (0.5 to 2%) (Tab. 1). However, 
some Papartinė Formation horizons, e.g., sand-
stones and sands from the Papilė section are OM-
poor and due to this they were not analysed here. 

The total sulphur content is variable for Papartinė 
and Skinija Formation which most probably de-
pend on pyrite content and oxidation range (Tab. 
1). Generally,  sulphur content is much higher than 
in the Papilė Formation and in some cases may ex-
ceed 2-3% (Tab. 1). Similarly to the Papilė Forma-
tion, important dominance of the polar fraction is 
observed in most of the samples (44-85%, Tab. 1). 

Distribution of n-alkanes differs from that of the 
Papilė Formation. Short-chain n-alkanes predomi-
nate in most of the samples, excluding those 
slightly biodegraded/affected by water washing 
(Papilė section and Menčiai), what is revealed by 
values above 1 of the (nC17+nC18+nC19)/(nC27+ 
nC28+nC29) ratio (Tab. 1). What is important, only 
outcrop samples are characterized by partial de-
gradation of the short-chain n-alkanes, what sup-
port the conclusion about biodegradation/water 
washing affection of these samples. 
Despite of the higher concentrations of short-chain 
n-alkanes, between long-chain n-alkanes, that with 
an odd carbon number predominates (especially   
n-C25, n-C27, n-C29 and n-C31) indicating higher 
plants input. This is emphasized by the carbon pre-
ference index (CPITotal and CPI(25-31)) values which 
are higher than 1 for all samples and in some cases 
higher than 2 (Tab. 1). The values of Pr/n-C17, 
Ph/n-C18 and Pr/Ph (Tab. 1), similar to the case of 

Fig. 3. Summed mass chromatogram for m/z 183+219+237+255+285 showing the distribution of aromatic biomarkers 
from the Papilė and Skinija Formation. 
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the Papilė Formation are diverse and not indicating 
(see above).  

Distribution of hopanes is similar to that from the 
Papilė Formation with C29, C30 or C31, 17β,21β-
hopane domination, depending on the samples 
(Fig. 2). Also distribution of extended C31 to C35 
hopanes is characterized by a predominance of the 
C31(22S+22R) homologues while that with 34 and 
35 carbon atoms in the molecule are not detected 
in any of the samples. Moreover, significant excess 
of the less stable R epimer is observed what is em-
phasized by 22S/(22S+22R) ratio values (Tab. 2; 
Fig. 2). The C30ββ/C30αβ hopane ratio shown in 
Table 2 is high, what confirm the low maturity of 
the samples from the Papartinė and Skinija forma-
tions. Also in the case of the Middle and Upper 
Callovian samples, sterenes, steranes and diaste-
ranes are absent or present in samples as traces 
what may suggest intensive bacterial reworking of 
sedimentary OM. 

The aromatic higher plant biomarkers like: cada-
lene, dehydroabietane, simonellite and retene were 
identified in both the Papartinė and Skinija forma-
tions, but natural product terpenoids like sugiol 
were not found. The ratios of phenanthrene to si-
monellite, retene and cadalene are calculated and 
showed in table 2. 
4.1. Organic matter maturity and oxidation ef-

fects 
All the analysed samples are characterized by a 
prevailence of the polar fraction (Tab. 1), what is 
generally characteristic for immature organic mat-
ter (Tissot and Welte 1984). For comparison, simi-
lar polar fraction predominance is characteristic for 
the immature Callovian-Oxfordian sedimentary se-

ries of the Paris Basin, reported recently by Haute-
velle et al. (2007). Measured values of huminite 
reflectance (Rr) are in the range of 0.21% to 0.35%, 
which is characteristic for immature OM (Tissot 
and Welte 1984). In our opinion, the huminite ref-
lectance values c. 0.2% measured on the wood 
fragments, most probably correspond to the real 
stage of thermal maturity, what in turn correspond 
to very low mature brown coals of the xylite-type. 
If it does, the deposits investigated during their 
whole diagenetic history laid nearly to the surface 
(thickness of the younger sequences do not exceed 
200-300 m). This is supported by a very low calcu-
lated thickness of the post-Callovian deposits, that 
do not exceed 500 m even in SW part of Lithuania, 
where thickness of younger strata was greatest 
(Marek and Grigelis, 1998). 

The major factors controlling the distribution of 
hopanes are thermal maturity, oxidation and source 
of organic matter. In all Callovian samples less 
thermally stable ββ-hopanes significantly dominat-
ed which suggest immature character of the sam-
ples (Peters et al., 2005). Some of the samples, es-
pecially sandstones and sands are slightly oxidised 
but changes of the extract composition are not very 
important. General conclusion is that all these Cal-
lovian sequences have never been buried by more 
than 500 meters of younger sediments. 
4.2. Depositional environment and palaeo-

geographic implications 
In the  Lower to Upper Callovian samples investi-
gated in this study, there is no  evidence of anoxic 
(euxinic) conditions prevailing in the water col-
umn. Careful examination of the samples has not 
revealed isorenieratane, aryl isoprenoids or other 

Fig. 4. Fluvial sandstones of the Karpėnai exposure. Arrows shows small charcoal fragments (a) and scanning electron 
micrograph of tangential section of well preserved charcoal from the Karpėnai exposure (b). 
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isorenieratane derivatives, biomarkers of photic 
zone anoxia in the Callovian Lithuanian forma-
tions. Moreover, no other compounds like gamma-
cerane or high concentrations of C33, C34 or C35 
homohopanes, characteristic for stratification of 
water column or bottom waters anoxia (Sinninghe 
Damsté et al. 1995; Peters et al. 2005), have been 
found. 

Recently, Kenig et al. (2004) and Hautevelle et al. 
(2007) described the evidences of water column 
anoxia in the Middle Callovian of England (Peter-
borough Member of the Oxford Clay Formation) 
and France, respectively. Hautevelle et al. (2007) 
mentioned that such anoxic conditions occurred 
during a relatively brief event at the beginning of 
the Middle Callovian. In the Lithuanian territory, 
this was a time-period when the sedimentary con-
ditions changed from terrigenous (deposits of the 
Papilė Formation) to shallow marine due to a sea 
transgression (Šimkevičius et al. 2003). The depo-
sits representing the Middle Callovian (Papartinė 
Formation) consist mainly of organic-poor sands 
and sandstones with a rich faunal content (e.g., 
ammonites, belemnites, bivalves, gastropods, vari-
ous echinoderms, serpulids and brachiopods; au-

thors’ pers. observ.; see also: Paškevičius 1997; 
Satkūnas and Nicius 2007), a fact that exclude the 
possibility of predominance of anoxic conditions 
in the environment during this period.  

In both the terrigenous Papilė Formation and shal-
low- to deeper-marine facies of the Papartinė and 
Skinija formations, terrestrial organic matter with 

odd-over-even predominance of the long-chain n-
alkanes, and terrestrial biomarkers like cadalene, 
simonellite or retene (Fig. 3; Tab. 2) occur. How-
ever, in the marine Papartinė and Skinija forma-
tions, the short-chain n-alkanes dominated over 
long-chain ones which may indicate a marine in-
put. The intensive transport of terrestrial OM into 
the Middle Jurassic epicontinental seas is not only 
characteristic for the Central European Basin (Ma-
rynowski et al., 2007a; 2008a and this study). The 
terrestrial character of OM has been recently con-
firmed for the Callovian Staffin Bay and Staffin 
Shale Formations (Belemnite Sands, Dunas Shale 
and Dunas Clay Members), based on the Rock Ev-
al analysis (Nunn et al., 2009). Also Hautevelle et 
al., (2007) state that OM from the Callovian depo-
sits of the Paris Basin are a mixture of autochthon-

Table 2. Molecular parameters based on n-alkanes, hopanes and aromatic biomarkers distribution. 
Samples Depth 

[m] 
LMWn-a/ 
(n-a+hop) 

HMWn-a/ 
(n-a+hop) 

C30ββ/ 
C30αβ 

22S/ 
(22S+22R) 

Ph/  
(Ph+Sim) 

Ph/  
(Ph+Ret) 

Ph/  
(Ph+Cad) 

Papilė Formation 
Karpenai KARIS2 - 0.17 0.57 3.94 0.14 0.92 0.85 0.89 
Karpenai KARICZ - 0.56 0.32 2.56 0.28 0.80 0.90 0.73 
Karpenai KARIHU - 0.16 0.27 4.08 0.16 1.00 0.97 0.92 
Karpenai KARSYD - 0.14 0.34 5.42 0.17 0.69 0.80 0.68 
Karpenai KARPPCC - 0.70 0.80 1.28 0.41 0.91 0.96 0.73 
Karpenai KARPPC - 0.36 0.49 3.88 0.16 0.92 0.85 0.89 

Papartine Formation 
Saltiskiai  SALTIS - 0.70 0.50 2.60 0.24 0.59 0.91 0.93 
Saltiskiai  SALPAR - 0.63 0.42 1.89 0.39 0.31 0.96 0.98 

Skinija Formation 
Papile profil PAP1 - 0.48 0.61 2.07 0.37 1.00 0.57 0.98 
Papile profil PAP2 - 0.40 0.49 2.85 0.19 0.84 0.53 0.96 
Papile profil PAP3 - 0.45 0.28 4.50 0.20 0.95 1.00 0.95 

Menciai - 0.76 0.28 5.90 0.22 1.00 0.97 0.94 
Jurjonai - 10  90.4 0.61 0.18 7.07 0.16 0.92 0.93 0.97 
Jurjonai - 10  95.8 0.67 0.43 2.18 0.38 0.97 0.97 0.87 
Purmaliai - 5  81.3 0.89 0.60 4.09 0.27 0.97 0.97 0.86 
Purmaliai - 5  91.5 0.83 0.57 3.14 0.29 0.70 0.98 0.89 
Žvelsĕnai - 8  100.8 0.81 0.45 1.29 0.47 1.00 0.99 0.90 
Žvelsĕnai - 8  105 0.88 0.57 4.25 0.27 0.97 0.99 0.91 

LMWn-a/(n-a+hop) – low molecular weight n-alkanes to hopanes ratio: (n-C17 + n-C18 + n-C19)/ (n-C17 + n-C18 + n-C19 + C29ββ-
norhopane + C30ββ-hopane + C31ββ-homohopane), HMWn-a/(n-a+hop) - high molecular weight n-alkanes to hopanes ratio: (n-
C25 + n-C27 + n-C29)/ (n-C25 + n-C27 + n-C29 + C29ββ-norhopane + C30ββ-hopane + C31ββ-homohopane), C30ββ/C30αβ – C30-17β, 
21β-hopane / C30-17 , 21β-hopane ratio, 22S/(22S+22R) - C31-17 , 21β-homohopane homologs ratio, Ph/(Ph+Sim) – phenenth-
rene to (phenenthrene + simonellite) ratio, Ph/(Ph+Ret) – phenenthrene to (phenenthrene + retene) ratio, Ph/(Ph+Cad) – phe-
nenthrene to (phenenthrene + cadalene) ratio. 
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ous marine biomass and allochthonous OM initial-
ly synthesized by terrestrial plants. 

To the best of our knowledge, reports on charcoals 
from the Callovian sedimentary rocks with their 
detail microscopic documentation and description 
have not been published, so far. However, some 
reports mentioned an inertinite content in the Cal-
lovian coals (see e.g. Petersen and Rosenberg 1998 
and summary in Diessel 2009), which is treated by 
some authors as wildfire evidences (e.g. Scott and 
Glasspool, 2007).  

The most recent revised GEOCARBSULF model 
assumed that O2 values for the Middle Jurassic 
were not lower than 15 percent (Berner 2009) 
which, according to Belcher and McElwain (2008), 
indicate that combustion could have occurred at 
that time. However, relatively low O2 values may 
indicate rather scarce and low temperature wild-
fires (Marynowski and Zatoń in preparation). 

5. Conclusions 
Both in the terrigenous Lower Callovian Papilė 
Formation and shallow- to deeper-marine facies of 
the Papartinė and Skinija formations respectively, 
a significant compound of extracts are of terrestrial 
origin. In the case of the Papilė Formation, apart of 
typical land-derived biomarkers as cadalene, dehy-
droabietane, simonellite and retene, natural product 
terpenoid - sugiol have been detected in clay sedi-
ments. The occurrence of such biomolecules in the 
Middle Jurassic clays is reported for the first time 
and most possibly is connected with a presence of 
small wood debris in the investigated clays. More-
over, clays and sands of the Papilė Formation are 
characterised by the presence of charcoal frag-
ments what indicate evidences of wildfires taking 
place in the territory of Lithuania during the early 
Callovian times.  

Unlike the Callovian of western Europe, including 
the Peterborough Member of the Oxford Clay 
Formation (UK) and eastern part of the Paris Ba-
sin, in the Middle Callovian section of Lithuania 
there is no evidence of anoxic (euxinic) conditions 
occurring in the water column.  

Measured values of huminite reflectance are in the 
range of 0.21% to 0.31% which together with do-
mination of hopanes with biological ββ configura-
tion indicate that OM from all the Callovian sam-
ples of Lithuania is immature and the thickness of 
younger strata never exceeded ~500 meters. 
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Abstract: Modification of clay minerals by nanoclusters of hydroxycations Cr(ІІІ) opens the perspec-
tives for development of a new materials (catalysts, adsorbents, pigment concentrates, leather fillings) 
and nanocomposites. In order to examine the effect of montmorillonite modification by Cr(III)-
compounds with different basicity on its electrosurface properties the dependences of ζ -potential and 
the stability of MMT dispersions on pH medium and concentration of chromium nitrate have been stud-
ied. For pH 2-12, three zones of stability are observed, which alternate with three zones of coagulation. 
The triple change of MMT charge sign in Cr(NO3)3 solutions and alternation of stability and coagulation 
zones of dispersions are explained by hydrolysis, complex formation of Cr3+-ions and ionization of hard 
phase groups. Charge reversal  of MMT surface and appearance of the second zone of stability of posi-
tively charged sol are conditioned by excess adsorption) of polymerized cationic species of chromium. 
The adsorption of polymeric hydroxychromium cations depends upon the basicity of Cr(NO3)3 solution 
exceeds the CEC of MMT by 2-5 times. Hydroxychromium-montmorillonite (Hydroxy-Cr-MMT) has 
high positive charge (tens or hundreds C/cm2) and highly developed accessible specific surface area 
(95-260 m2/g). Modification of MMT by hydroxychromium cations was accompanied by increase of the 
interlayer space along c-axis up to d001 = 1.68 nm and appearance of highly developed micro- and 
mesoporous turbo-stratified (disordered) structure. 

Keywords: Cr-pillared montmorillonite, Cherkassky deposit, Ukraine, X-ray diffraction, microelectro-
phoresis, surface charge, -potential, dispersion stability.  

1. Introduction 
Modification of clay minerals by nanoclusters of 
Cr(ІІІ)-hydroxycations may yield new applications 
such as modern leather materials and nanocompo-
sites. 

Fixation of anionic dyestuffs or vegetable tannins 
on modified mineral particles the can assist in ob-
taining dye leather fillers with multifunctional 
properties. It would allow combining the processes 
of filling, fat-liquoring and dyeing in a single proc-
ess and to increase, in such a way, the effective-
ness and productivity of final leather finishing. 
Clay minerals are cation exchangers (Grim, 1953; 
Tarasevich and Ovcharenko, 1975; Van Olphen, 
1977), i.e. the particles are negatively charged and
their adsorption capacity concerning anionic sub-
stances is negligible. In order to increase the affin-
ity for anionic substances it is necessary to change 

the sign of particle charge into positive one and to 
elevate its density on the mineral surface. This can 
be achieved by means of excess-equivalent adsorp-
tion of hydroxycomplexes of multivalent metal 
(Al3+, Fe3+, Cr3+, Zr4+, Ti4+ and others) (Van Ol-
phen, 1977; Moraru and Ovcharenko, 1986; Bot-
tero and Cases, 1996). On the other hand this is 
known as pillaring clays by different types of 
poly(hydroxo metal)cations. 

Cr(III)-compounds are widely used as leather tan-
nins because they strongly form complexes. The 
mechanisms of tanning action of basic chrome 
salts have been studied thoroughly (Strahov et al., 
1985). However the interaction mechanisms of 
Cr(ІІІ)-compounds with clay minerals - namely 
with montmorillonite (MMT), have not been ade-
quately interpreted (Brindley and Yamanaka, 
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1979; Melville Carr, 1985; Bornholdt et al.,1991; 
Maireles-Torres et al., 1991; Jimenez-Lopez et al.,
1993). The purpose of this study is to examine the 
effect of montmorillonite modification by Cr(III)-
compounds with different basicity on its micro-
crystalline structure and electrosurface properties 
to determine optimal conditions for obtaining 
leather fillers and pigment concentrates. 

2. Materials and Methods 
Montmorillonite from the Cherkassky deposit 
(Ukraine), after thorough purification, washing and 
exchange into Na+-form, became the object of this 
investigation.  

The average particle size of initial Na+-ММТ, us-
ing laser diffraction (“Zetasizer-3”, Malvern In-
strument), was 50-100 nm. The CEC of Na+-ММТ
was E = 0,72 meq/g and specific surface area after 
adsorption of methylene blue was 520 m2/g. The 
electrokinetic potential (ζ) of the MMT in 0.005 M 
NaCl solution and pH 9.5 was -30mV. Modifica-
tion of MMT was performed according to Brindley 
and Yamanaka (1979) as follows: 0.1 M solution 
of chromium nitrate of variable basicity (OH/Cr = 
0 2.0) was used at a solid : liquid ratio of 1:60. 
The required  basicity of Cr(NO3)3 solution was at-
tained gradual addition of 0.1 M solution NaOH to 
the necessary molar relationship of OH/Cr. 

The quantitative evaluation of the surface charge 
of hydroxychromium-montmorillonite (Hydroxy-
Cr-MMT) was determined by the amounts of 
chrome adsorbed from solutions of different ba-
sicity. The adsorption of polymeric chrome on the 
MMT was determined by comparing the intensity 
of optical absorption spectra of initial and equilib-
rium solutions in the wavelength range 570-585 
nm, using a Specord-UV-vis spectrometer.  

The structural changes of MMT after modification 
by chromium (III)-compounds were studied with 
X-ray diffraction (DRON-3 with filterted СоК  - 
radiation). Specific surface areas of Hydroxy-Cr-
MMT were determined by nitrogen adsorption at 
liquid nitrogen temperature using a gravimetric 
procedure (BET method). Samples were degassed 
at 200°C under high vacuum prior to the sorption 
measurements. 

In electrokinetic experiments solutions of twice re-
crystallized Cr(NO3)3×9 H2O was used. For terms 
of comparison solutions of NaCl and CaCl2 were 
also used. The pH in the systems was adjusted in 
the range 2-12 using 0.03 M  HCl and NaOH solu-

tions. In order to support constant ionic strength 
0.03 M solution of NaCl was used. The experi-
ments were carried out at solid: liquid ratio of 
1:1000. Aggregate stability and location of coagu-
lation zones were estimated from the change of op-
tical density of suspension measured by photocol-
orimeter- nephelometer LMF-69 at wavelength 
450 nm using 3 mm thick dishes, and from the 
sedimentation volumes of precipitates.  

The electrokinetic potential was determined by the 
microelectrophoresis method (Dukhin and Der-
yaguin, 1976) using a closed rectangular cell with 
width-height ratio (a/H) = 20. In order to exclude 
undesirable effects, associated with electrolysis of 
water and formation of gas bubbles, electrode 
chambers were separated from measuring capillary 
by thin semipenetrable cellophane membranes. 

The particle movement was observed in the light 
field of microscope vision Amplival (K.-Z. Iena), 
equipped with objective lens ×16, condenser ×1.5 
and ocular ×20 with mesh scale. The measure-
ments of electrophoretic velocity were performed 
on stationary levels where the speed of electroos-
motic flow of liquid was veo=0. The value of а
(1//  - Debye screening length, a - effective radius 
of particle) over the range of investigated concen-
trations of electrolyte was not less than 100, but 
the dimensionless parameter of polarization Rel
exp(( D/2-1)// a was << 1. Under such conditions 
the influence of double layer polarization on the 
electrophoresis of particles can be ignored (Dukhin 
and Deryaguin, 1976) and ζ -potential is calculated 
according to Smolukhovsky equation: 

= 4 0 ef  / E,
where еf – is electrophoretic velocity of particles, 

0  and 
ff

 - is viscosity and dielectric permittivity of 
medium respectively and, E  the electric field 
strength defined by us as: 

E = i / KS0  , 
where  i – is current intensity, K- specific electric 
conductance of the suspension and S0 is the area of 
cross-section of measuring chamber. 

The electrical conductivity of suspensions was de-
termined in cylinder glass cell by platinum elec-
trodes with an alternating-current bridge Р-5021, at 
the frequency of 1000 Hz, at 20 °C. The current in-
tensity was recorded by microammeter M-194. 

3. Results and Discussion 
The interaction of clay minerals with Cr(III)-
compounds is accompanied by sharp reversal of 
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surface charge. Therefore it exerts strong influence 
on the electrokinetic properties and aggregative 
stability of mineral dispersions, what allows dis-
closing the mechanism of modification. 

Figure 1 shows the concentration dependence of ζ -
potential of Na+-montmorillonite in solutions of 
NaCl, CaCl2 and of Cr(NO3)3. The ζ-potential de-
creases with increasing electrolyte concentration 
and charge of counter ions, in accordance to the 
Shults-Gardy rule (Kruyt 1955). At Cr(NO3)3 con-
centration of 2.4×10-3 mol/dm3 and pH 4.2, |-ζ|-
potential decreases to zero and, passing through 
isoelectrical point (IEP), changes its sign into posi-
tive. At pH 5.5 the dependence of ζ-potential on 
Cr(NO3)3 concentration is more abrupt (Fig.1, 
curve 4). The charge reversal of montmorillonite 
particles abruptly intensifies and ζ-potential be-
comes more positive and then gradually decreases 
with increase of Cr(NO3)3 concentration. 

Cr(III)-salts in aqueous solutions are strongly sub-
jected to hydrolysis forming hydroxycomplex 
compounds (Laswick and Plane, 1959;  Earley and 
Cannon, 1965; Baes and Mesmer, 1976). For ex-
ample, the hydrolysis of chromium nitrate 
[Cr(H2O)6]3+3NO3

- in aqueous solution proceeds in 
two stages: 
[Cr(H2O)6]3+ + H2O � Cr(H2O)5(OH)]2+ + H3O+ (1)   
[Cr(H2O)5(OH)]2++H2O�[Cr(H2O)4(OH)2]++H3O+ (2) 

Since Cr(OH)3 precipitation for 0.1-1.0 M solu-

tions begins at pH 4.0-4.9 (Goronovskiy et al., 
1987), it can be suggested that there is a sufficient 
amount of hydroxycomplex chrome ions, the type 
[Crn(OH)m(H2O)x](3n-m)+ in solution. Therefore, the 
charge reversal of MMT surface takes place by 
hydroxycomplex ions with high polarization and 
adsorption capacities (Brindley and Yamanaka, 
1979; Matijevic, 1983; Melville Carr, 1985; 
Moraru and Ovcharenko, 1986). 

In order to study the mechanism of montmorillo-
nite recharging in Cr(NO3)3 solutions, the depend-
ence of stability and ζ-potential of MMT disper-
sions upon the pH at constant ionic strength (0.03 
M) (Fig.2) has been studied. For comparison, the 
dependence of ζ-potential on pH for the same dis-
persion in a solution containing different electro-
lyte (NaCl) was studied. The dependence of ζ=f 
(pH) is characterized by IEP at pH 3 (curve 1), but 
at higher pH the MMT particles become negatively 
charged (Fig. 2). After introducing of Cr(NO3)3
into the MMT dispersion, pH-dependence becomes 
more complicated (Fig.2, curve 2). With the in-
crease of pH, three zones of stability (a, b, c) are 
observed, which alternate with three zones of co-
agulation (aa , b , c ). In the ranges of these zones ζ-
potential changes its sign three times. At pH ~ 4.0, 
the |-ζ|-potential of MMT abruptly decreases and 
becomes positive again. Alternation of coagulation 
zone in IEP with stability zone of positively 
charged dispersion corresponds to this transition 
(Fig. 3). At pH 4-6 rapid, gradual increase of posi-

Fig. 1. The concentration dependences of ζ -potential of
Na+-montmorillonite in solutions of NaCl (1), CaCl2 (2)
and Cr(NO3)3 at pH 4.2 (3) and pH 5.5 (4).

Fig. 2. The pH-dependences of ζ-potential of Na+-
montmorillonite in solutions of NaCl (1) and of 
Cr(NO3)3 (2) at constant ionic strength (j=0.03).
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tive ζ-potential and stability of dispersions is ob-
served. The IEP coincides with the pH of the be-
ginning of chromium hydroxide precipitation and 
the stability zone of positively charged particles 
which extends to the pH of total precipitation of 
Cr(ОН)3 (рН 6.8). This coincidence is not acciden-
tal, as at pH  4.-6., as a result of hydrolysis pro-
ceeding and complex formation, the state of chro-
mium ions in solution abruptly changes. By "the 
state of chromium ions" means that after hydroly-
sis there is changing of their chemical valency, po-
larizability, hydration ability, ability to ligand's co-
ordination. Besides hydrolysis, complex formation 
and condensation and polymerization take place in 
the solutions of Cr(III) salts (Laswick and Plane, 
1959; Earley and Cannon, 1965; Baes and Mes-
mer, 1976; Matijevic, 1983) yielding multinuclear 
chromium compounds. Such processes are accom-
panied not only by the change of hydroxycromium 
ions charge and solution colouring, but by the in-
crease of their molecular mass. This question is 
opened in great variety of special literature regard-
ing Cr (III) aqueous chemistry (see eg., Laswick 
and Plane, 1959; Earley and Cannon, 1965; Baes 
and Mesmer, 1976). Data obtained by Laswick and 
Plane (1959) indicate that about 50% of the avail-
able Cr in the heated to 80oC solution (as in our 
experiments) could have been polymeric.  

Reference data (Balanyi, 1939) shows that molecu-
lar mass of basic chromic nitrate, which is calcu-
lated according to the diffusion rate methods, is on 
the increase together with growth of basicity and 
amounts to 346, 442, 758 and 4080 with the mean-
ing OH/Cr3+ which are 0.0, 1.0, 1.5 and 2.0 respec-
tively. 
Dimerization of hydropentaqua chrome ions takes 

place according to the following reaction (Laswick 
and Plane, 1959): 
2[Cr(H2O)5OH]2+� [Cr2(H2O)8(OH)2]4+ +2H2O  (3)  
with the hydrolysis constant K2=104 mol/dm3. Fur-
ther polymerization and hydrolysis are also possi-
ble but they proceed very slowly at room tempera-
ture: 
5[Cr(H2O)6

3+] � [Cr2(H2O)8(OH)2]4+ + 
[Cr3(H2O)9(OH)4]5+ + 6H3O++H2O               (4) 

The replacement of water molecules in the inner 
coordination sphere of hydrated metal ion by hy-
droxyl ions abruptly raises the adsorption of this 
ion on the surface of different chemical composi-
tion because of the increase of polarization of 
complex ions and the decrease of their hydration 
(Matijevic, 1983),. It was shown in the work of 
Matijevic (1983), that ion exchange of polymeric 
complex ions, such as chromic ions (Brindley and 
Yamanaka, 1979; Melville Carr, 1985; Jimenez-
Lopez et al.,1993), supplemented by specific ad-
sorption, may exceed by several times the CEC of 
a mineral. 

Consequently, the most possible cause of sign in-
version of MMT charge and the emergence of sta-
bility zone of positively charged sol is an excess-
equivalent specific adsorption of polymerized 
chrome cationic forms. Further change of ζ-pH de-
pendence in dispersions of hydroxychromium solu-
tions is probably determined by the type of disso-
ciation of MMT surface groups and by the conver-
sions (transformations) of adsorbed polymerized 
products of hydrolysis (Laswick and Plane, 1959). 

The next addition of alkali and the increase of pH 
results in the decrease of positive ζ-potential to 
zero and at pH  6.8-7.0 the third recharging of 
MMT surface takes place. This is accompanied by 

Fig. 3. The zones of stability and of coagulation as result of interaction of Na+-montmorillonite with Cr(NO3)3 solu-
tions at different pH: after 5 (a, left) and after 30 minutes (b, right). (pH values are indicated on test-tube).
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a new coagulation zone (c ) and by a zone of dis-
persion stability (c) with negative charge sign, in 
spite of the fact that the dissolution of Cr(ОН)3,
according to reference data (Goronovskiy et al., 
1987) begins at pH 12. It can be suggested that 
multinuclear chromium complexes are stable in the 
narrow range of pH  4.0-6.5 and that the third re-
charging is associated with decomposition (de-
polymerization of [Crn(OH)m(H2O)x](3n-m)+) and de-
sorption of polymeric chromium complexes. The 
obtained data are in good agreement with the 
changes of dispersion stability (Fig.3). These sta-
ble positively charged dispersions can be used for 
adsorption and strong fixation of anionic dyestuffs 
in order to obtain dyed fillings for leather semi-
finished items.  

Therefore, the optimal conditions of montmorillo-
nite modification by Cr(III)-compounds are real-
ized in the pH range 4-6, whereby the surface of 
montmorillonite, acquires the highest possible 
positive charge after adsorption of hydroxychro-
mium cations. In order to analyze the changes of 
electrosurface properties and the structure of
montmorillonite at this pH range, the adsorption of 
chromium compounds depending upon the basicity 
of Cr(NO3)3 solutions, was investigated.  X-ray 
diffraction measurements of Hydroxy-Cr-MMT
was also carried out. The results are shown in Ta-
ble 1. It is observed that the higher the solution ba-
sicity the greater the adsorption of polymeric 
chromium complexes on Na+-montmorillonite. The 
summary adsorption can exceed the CEC by 2-5 
times. Actually, stoichiometry of ionic exchange 
all-sufficient is maintained. However in case of 
such big and strongly polarized ions as chromium 
hydroxycomplexes, along with ionexchange satu-
ration of СЕС, additional specific adsorption of 
chromium polyoxycation always takes place due to 
van der Waals' forces.  This is explained by the 
gradual increase of molecular mass and size of the 
polymeric forms of chrome in solution (dimers, 
trimers, tetramers etc) (Laswick and Plane 1959). 

However, it should be considered that at the begin-
ning the interaction has an ion exchange, and neu-
tralization character and positive charge on the par-
ticles surface is only created by excessively ad-
sorbed chrome polyoxycations. It is difficult to 
calculate precisely this charge because the exact 
composition and the charge of adsorbed polyca-
tions are unknown. Nevertheless, it is certain that 
the surface charge formed as a result of adsorption, 
is of the order of tens or hundreds of C/cm2. Let 
us calculate the density of the surface charge (+ )
for Hydroxy-Cr-MMT with the basicity of 1.0 
(Tab.1). We consider that excess-equivalent ad-
sorption of chrome polycations (a) is 2.94-0.72 = 
2.22 meq/g and that the specific surface of initial 
Na+-montmorillonite (S) is 520 m2/g. Considering 
that the minimum charge of Cr-polyoxycations (z)  
is +1, then  = z a F / S = 1 x 2.22.10-3 x 9.65.104 /
520 = 0.412 C/m2 = 41.2 C/cm2, where F is the 
Faraday constant (Table 1). But if we take into ac-
count that the maximum charge of chromium 
polyoxycations is +4, then  = 164.8 C/cm2. In 
reality such large electrical charge is spread three-
dimensionally in the surface layer since polyoxy-
chromium cations have 1-2 nm thickness . 

Table 1 lists the principal characteristics of Hy-
droxy-Cr-MMT  which were obtained at various 
conditions. Hydroxy-Cr-MMT obtains the high 
positive charge, potential and large specific surface 
area. Hence it is expected that considerable adsorp-
tion and strong fixation of anionic dyestuffs and 
surfactant detergents can take place on Hydroxy-
Cr-MMT surface. 

The analysis of diffractograms of Hydroxy-Cr-
MMT (Fig. 4) and data of Table 1 suggest that hy-
droxochromium cations of various degrees of po-
lymerization and sizes are intercalated into the in-
terlayer space of MMT crystals increasing d001 to 
1.68 nm (The expansion of basal spacing d = 
d001 – 0.94 = 0.74 nm, where 0.94 nm – is the 
thickness of the montmorillonite packet). The 

Table 1. The principal colloid-chemical characteristics of Hydroxy-Cr-montmorillonities.

Modifier Basicity,
OH/Cr

Adsorption
of Cr-complexes,

a, meq/g

Surface 
charge,
, C/m2

d001
nm

S
m2/g pH K·10-4

S/сm
       

mV

Cr(NO3)3·9H2O

0.1 1.73 0.187 1.39 95 4.5 1.50 +11.0
0.5 2.49 0.328 1.45 140 4.6 1.25 +16.4
1.0 2.94 0.412 1.51 190 4.7 2.20 +20.5
1.5 3.46 0.508 1.57 235 5.0 1.40 +25.9
2.0 4.02 0.612 1.68 260 5.3 1.20 +30.3
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variations in the basal spacings (Fig.4) can be at-
tributed to differences both in the nature and the 
orientations of the interlayer species in accordance 
to other workers (Brindley and Yamanaka 1979; 
Melville Carr 1985). Apparently, in the process of 
drying bevelling of silicate layers occurs mainly 
along the edgy sections of packages because of 
non-homogeneous splitting of layered structure by 
hydroxychromium cations of various sizes.  Hy-
droxy-Cr-MMT acquires highly developed micro- 
and mesoporous turbostratic structure. Possibly, it 
occurs because of the following that small mono-
meric cations penetrate more deeply between lay-
ers, while larger polyoxycations of chrome, be-
cause of steric hindrance, are closer to edges of 
lamella, forming cuneal airspaces. During drying 
and dehydration, obviously, it occurs packages' 
canting of Hydroxy-Cr-MMT. 

This is confirmed not only by the breadths of dif-
fraction maxima and the practical absence of 
higher orders reflections (Brindley and Yamanaka, 

1979; Mokrousova and Moraru, 2009) but also by 
the sharp increase of accessible specific surface 
area of Hydroxy-Cr-MMT, which ranges from 95 
to 260 m2/g. 

4. Conclusions  
In this paper we elucidated the mechanism of 
montmorillonite (MMT) charge reversal using so-
lutions of Cr(NO3)3. Also we studied the zones of 
stability and coagulation of the dispersions, the de-
pendence of ζ-potential and stability of MMТ dis-
persions at variable pH and concentration of chro-
mium nitrate. Charge reversal of the MMТ surface 
and appearance of the second zone of stability of 
positively charged sol are conditioned by excess 
adsorption of polymerized cationic forms of chro-
mium from solution. 

With the growth of Cr(NO3)3 solution basicity, ad-
sorption of polymeric chromium complexes on 
Na+-montmorillonite increases and exceeds the 
CEC by 2-5 times. The calculations showed that 
the positive charge on Hydroxy-Cr-MMT surface 
reaches tens or hundreds of C/cm2.

Adsorption of hydroxychromium cations with dif-
ferent polymerization degree and size is accompa-
nied by intercalation into the interlayer space of 
montmorillonite and expansion along c axis up to 
d001=1.68 nm. Because of non-homogeneous split-
ting of layered structure, during of drying process, 
beveling of silicate layers is going mainly along 
the edgy sections of packages, and Hydroxy-Cr-
MMT has micro- and mesoporous structure. It al-
lows to obtain mineral fillers with turbostratic 
structure, increasing accessible surface and adsorp-
tion capacity relatively to anionic dyestuffs and 
surfactants. 
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Abstract: We present new petrological data of the Titaros ophiolite complex and discuss their signifi-
cance for the Alpine geodynamic evolution in the Pelagonian realm. There are two Alpine high-P 
metamorphic stages. The first stage, at pressures between 0.8-1.4 GPa and minimum temperatures 570-
6100C occurred in late Jurassic/early Cretaceous and is associated with the obduction of the ophiolite 
complexes onto the Pelagonian crust. At this stage the Titaros ophiolite was subducted together with 
crustal rocks of the Pelagonian zone as a result of tectonic erosion of the ophiolite margin. The second 
stage occurred in the Eocene at much lower temperatures (about 4000C and minimum pressure ~0.7 
GPa). It is interpreted to reflect the final closure of the Vardar-Axios ocean and collision/underthrusting 
of the Apulia microcontinent under Europe.  

Keywords: Pelagonian zone, ophiolite complex, alpine HP metamorphism 
 
1. Introduction 
In Greece, the Hellenides form an integral part of 
the Alpine orogenic system. They have been tradi-
tionally subdivided into several NW-SE trending 
geotectonic zones (Fig. 1). The Pelagonian Zone, 
in the central part of the Hellenic orogen, consists 
of a) pre-Alpine crystalline basement rocks,          
b) Permo-Triassic volcano-sedimentary and Trias-
sic-Jurassic platform carbonates which are only 
weakly metamorphosed at the western margin and 
more intensely metamorphosed at the eastern mar-
gin of the Pelagonian zone, c) ophiolites obducted 
from the Vardar-Axios zone in the late Jurassic-
early Cretaceous, and d) transgressive Cretaceous 
limestones that upward pass into Paleocene flysch 
(Kilias and Mountrakis, 1989). During the early 
Cretaceous and Tertiary several shear zones devel-
oped referred to episodes of westward thrusting 
and imbrication.  

The Pelagonian Zone in the Hellenic Orogene 
shows a Complex polymetamorphic history. The 
pre-Alpine basement rocks of the Vernon and Vo-
ras Massifs (Western Greek Macedonia) record a 
LP/HT metamorphic event associated with Carbo-
niferous magmatic intrusions (Mposkos et al., 

2001; Mposkos and Krohe, 2004). This is over-
printed by two alpine metamorphic events that af-
fected all lithologies of the Pelagonian Zone. 

a: An Early Cretaceous high pressure (HP) meta-
morphism (~1.0 GPa at 500-550oC), interpreted 
to be related to the obduction of the ophiolites 
onto the Pelagonian zone affected the pre-
Alpine basement rocks of the eastern Pelago-
nian zone and the protoliths of the metapelites 
and metabasites of the overlying Permo-
Triassic volcano-sedimentary series from Voras 
and Vermion massifs (Yarwood and Dixon, 
1977; Schermer et al., 1990; Mposkos et al., 
2001; Mposkos and Perraki, 2001; Mposkos 
and Krohe, 2004; Most et al., 2001). Rb-Sr iso-
tope dating on phengites from pre-alpine 
gneisses in High-Pierian Mountains north of the 
Titaros ophiolites yielded an early Cretaceous 
age for this epidote-amphibolite facies meta-
morphism (Yarwood and Dixon, 1977). 

b:  An Eocene greenschist to blueschist facies me-
tamorphism interpreted to be associated with 
the final closure of the Vardar-Axios ocean and 
collision/underthrusting of the Apulia micro-
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continent under Europe (Schermer et al., 1990), 
affected all rock units (including late Creta-
ceous sediments) of the eastern Pelagonian 
zone and the tectonically overlying Almopian 
zone (Mposkos, 1987; Mposkos and Perraki, 
2001; Kilias and Mountrakis, 1985).  

Enormous masses of ophiolite were sheared off 
from the Vardar-Axios oceanic lithosphere, ob-
ducted onto the continental Pelagonian zone and 
subsequently transported over large distances to 
the west (Laubscher and Bernoulli, 1977) over the 
western Pelagonian continental block. These ob-
ducted ophiolites (e.g. Pindos, Vourinos, Orthris, 
Central Evia ophiolites) are not pervasively af-
fected by the early Cretaceous and Tertiary region-
al metamorphism, the re-equilibration being com-
monly limited only to metamorphic soles and the 
very low grade serpentinisation. An alternative 
model suggests that the Pindos ophiolites and those 
of the western Pelagonian zone derived from the 
Pindos Ocean obducted from west to east onto the 
western Pelagonian continental block in late Juras-

sic (e.g. Robertson, 2002 and references therein). 
Only the ophiolite bodies at the eastern margins of 
the Pelagonian zone (the Almopia ophiolites) 
record the Eocene greenschist to blueschist facies 
metamorphism, characterized by the mineral as-
semblages Act-Chl-Tlc-Stp-Rbk-Mt (mineral ab-
breviations after Martin, 1998) in late Cretaceous 
nickeliferous laterites formed on top of antigorite 
serpentinites (Mposkos, 1981) and Act-Chl-Rbk-
Phg-Ab in metabasite gravels from upper Creta-
ceous conglomerates (Mposkos unpublished da-
ta).39Ar-40Ar dating on phengites from the High 
Pierian date to the Eocene this metamorphism 
(Schermer et al., 1990).  

The Titaros ophiolite both overlies pre-Alpine 
basement rocks and amphibolites of unknown age 
and within plate tholeiitic affinity (Boudi et al., 
2007) or it is tectonically intercalated with them. 
Evidence of pre-Alpine LP/HT metamorphism like 
that recorded in the basement rocks is absent from 
the ophiolitic rocks. 

Fig. 1: Simplified geological map of the Titaros ophiolite in Livadi area (after Katsavrias 1988). Inset: Geotectonic 
map of Greece, showing the location of the studied area. 



291 
 

In this work we present mineral assemblages and 
mineral compositions from the Titaros ultramafic 
body, the former serpentinized base of the ob-
ducted ophiolite, and the underlying albite-epidote 
amphibolites from the Livadi area (west to the 
Olympus Mountain), which represent together with 
the pre-Alpine continental crust the subducted 
plate. We will show that the Titaros Ophiolite 
records two metamorphic events. (1) Early Creta-
ceous HP metamorphism associated with the ob-
duction of the ophiolite onto the Pelagonian conti-
nental margin. At that time the Titaros Ophiolite 
was incorporated into the underlying basal unit by 
tectonic erosion thus both experienced a common 
prograde HP metamorphism. (2) Tertiary HP/LT 
metamorphism associated with the final closure of 
the Vardar/Axios ocean. 

2. Geological Setting 
In the Livadi area (Fig. 1) the Pelagonian zone is 
predominantly composed of pre-Alpine two mica 
gneisses, migmatitic gneisses, granitoid gneisses 
and epidote-mica schists representing the pre-
Alpine basement. These are overlain by up to 
300m thick light to dark green albite-epidote am-
phibolites forming the basal unit of the Titaros 
ophiolite. Local thin interlayers of garnet-bearing 
two mica schists represent former oceanic sedi-
ments. Both lithological associations exhibit a con-
sistent and a well developed foliation and linea-
tion. Serpentinized peridotites, showing local con-
centrations of chromite ore, overlie the albite-
epidote amphibolites. Dark colored metadiabase 
dykes, ~ 20 to 30 cm thick, intrude the peridotite. 

Owing to the Tertiary tectonics the Titaros ophi-
olite is imbricated within the pre-Alpine mylonitic 
gneisses. Mineral stretching lineation and kinemat-
ic indicators of the basement gneisses and the al-
bite-epidote amphibolites are consistent with a 
WSW transport in accordance with the Tertiary 
tectonic nappe transport direction in the Hellenic 
orogen.  

3. Petrography 
3.1. Metaperidotite: The less serpentinized me-
taperidotites show harzburgitic (olivine, talc, anti-
gorite, tremolite, chlorite, chromite, Ni-sulfides 
e.g. metaharzburgite samples; L1 in figure 1) or 
dunitic (olivine, antigorite, chromite and magnetite 
e.g. metadunite samples; L8 in figure 1) composi-
tions. 

Two generations of olivine occur: (i) larger crys-

tals (~ 4 mm in size, Ol-1) with undulatory extinc-
tion and deformation bands. (ii) finer grained ag-
gregates of newly formed olivine crystals (0.05-0.1 
mm in size, Ol-2), developed along the grain 
boundaries and the deformation planes crosscutting 
the Ol-1.  

Ol-1 contains inclusions of antigorite, talc, tremo-
lite and chlorite (Fig. 2a) and is in microstructural 
equilibrium with matrix talc and tremolite. Pockets 
of finer grained olivine, which consist of granob-
lastic polygonal aggregates in microstructural equi-
librium with talc and tremolite are considered as 
aggregates of Ol-2 formed at low differential stress 
(Fig. 2b). 

Three generations of talc are distinguished based 
on microstructural criteria: a) talc inclusions in Ol-
1 (Fig. 2c). A shape preferred orientation of talc 
inclusions depicts a foliation older than the growth 
of the olivine. b) Large flakes of talc in the matrix 
in microstructural equilibrium with olivine. Bend-
ing and kinking of talc flakes indicate deformation 
after olivine and talc growth. c) Pockets of retro-
grade fine grained talc aggregates intergrown with 
chlorite, antigorite and ferrit-chromite replacing 
olivine (Fig. 2d). 

Antigorite inclusions (Atg-1) in Ol-1 are asso-
ciated with talc and chlorite. Antigorite inclusions 
mostly do not show preferred orientation except 
for some laths that are oriented parallel to the (010) 
and (001) crystal faces of the host olivine. Matrix 
antigorite (Atg-2) either grew as random oriented 
flakes replacing Ol-1 or as pockets associated with 
retrograde fine-grained talc, prismatic tremolite 
and ferrit-chromite grains. Commonly retrograde 
antigorite and talc replace Ol-1 along dislocation 
of deformation bands.  

Chromite grains are zoned (see mineral chemistry) 
showing a dark grey core and lighter rim in SEM 
images. At their rims they are replaced by inter-
growths of chlorite and ferrit-chromite. 

3.2. Dyke amphibolites: Up to 30 cm thick dark 
green dykes are preserved, which originally intrude 
the peridotite. They are now composed of brow-
nish-green amphibole (> 80 vol%) (0.1 to 0.3 mm 
in size), albite, omphacite, titanite and ilmenite. 
The amphiboles are zoned with a blue-green rim. 
Omphacite is observed only as inclusions in brow-
nish-green amphibole cores (Fig. 2e). A shape pre-
ferred orientation of prismatic amphibole define a 
lineation. 
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3.3. Albite-epidote amphibolite and epidote 
hornblendite: The mineral assemblage of the al-
bite-epidote amphibolite of the basal unit is 

Hbl+Czo+Chl+Phg+Ab+Ttn+Rt+Qtz and that of 
the epidote hornblendite is: Amp+Ep/Czo+Chl+ 
Phg+Rt+Ttn+Ilm-Hem. Both rocks show a well 

 
Fig. 2: (a) Inclusions of antigorite (Atg), talc (Tlc) and chlorite (Chl) in larger olivine crystals (Ol-1). SEM Back Scat-
tered Electron (BSE) image. (b) Aggregate of olivine grains with granoblastic polygonal microstructure. SEM BSE 
image. (c) Inclusions of oriented talc flakes oriented in large olivine crystal (Ol-1). Photo-micrograph, crossed polars. 
Large olivine crystal (Ol-1) showing deformation twins. (d) Aggregate of talc (Tlc) and antigorite (Atg) flakes replac-
ing olivine (Ol). Olivine grains show corroded edges. White grains are ferrit-chromite in intergrowth with antigorite. 
SEM BSE image. (e) Omphacite (Cpx) associated with albite (Ab) included in hornblende (Amp-1)(dyke amphibolite 
in metaperidotite). SEM BSE image. (f) Amp-1 is overgrown by Amp-2. SEM BSE image. (g) Amp-2 with composi-
tional zoning. SEM BSE image. (h) Ilmeno-hematite with lanse shaped rutile (Rt) exsolutions/segregations. Inclusions 
of amphibole (Amp-1) are rimmed by titanite (Ttn).  
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developed lineation defined by the long axis pre-
ferred orientation of amphiboles and epidote grain 
elongation. 

Two amphibole generations are distinguished 
based on microstructural criteria in thin sections 
and compositional zoning of individual grains (see 
mineral chemistry). The first generation (Amp-1) 
has a green to brownish-green color and occurs as 
inclusions in hematite, allanite and rutile. The 
second generation (Amp-2: Fig. 2g) either occurs 
in the rock matrix or as overgrowths of Amp-1 
overgrowths (Fig. 2f). Amp-2 shows zoning with a 
colorless core and a blue-green rim. Epidote is 
zoned with colorless to yellow-greenish core and 
green rim. In albite-epidote amphibolite the main 
accessory phase is titanite, which is formed at the 
expense of former rutile still preserved as inclu-
sion. In the epidote hornblendite, titanite is in-
cluded in hematite and rutile (Ttn-1). In the rock 
matrix titanite is formed at the expense of rutile 
(Ttn-2). Ilmeno-hematite (see mineral chemistry) 
contains lance-shaped rutile exsolutions/segrega-
tions (Fig. 2h) and rutile that is formed replacing 
hematite contains needle-like segregations of he-
matite. 

4. Mineral chemistry 
Representative samples of metaperidotites, dyke 
amphibolites and amphibolites from the basal unit 

were selected to determine the mineral chemistry. 
Analyses were performed using a JEOL 6380 LV 
SEM equipped with energy dispersive system 
(EDS) at the School of Mining and Metallurgical 
Engineering, National Technical University of 
Athens. In ilmeno-hematite grains spot analyses 
were performed in areas free of rutile exsolutions.  
The beam-scanning technique was also used for 
analyzing bulk chemical composition of hematite-
rutile intergrowths in domains of former Ti-richer 
ilmeno-hematite that now consist of Ti-poorer il-
meno-hematite + lance-shaped rutile inclusions. 
Representative mineral compositions are given in 
table 1. 

4.1. Metaperidotite: Olivine (Fo0.90-0.93) is homo-
geneous in composition regardless of grain size. 
The NiO content in olivine ranges from 0.12 to 
0.14 wt%. Tremolite is low in aluminum. The 
Al2O3 content ranges from below the detection 
limit up to 0.73 wt%. Tremolite grains which are in 
microstructural equilibrium with olivine show 
higher Al2O3 contents. The Mg/(Mg+Fe) ratio in 
tremolite ranges from 0.90 to 0.97. Talc has the 
highest Mg/(Mg+Fe) ratio (0.98-0.99) of all the si-
licate minerals in the metaperidotite. The Al2O3 
and Cr2O3 content in antigorite ranges from below 
the detection limit up to 2.26 wt% and 2.68 wt%, 
respectively. The FeO content ranges from 2.37 to 
3.69 wt%. Chlorite is clinochlore with 6.508 to 

Table 1. Representative compositions of amphibole (Amp), omphacite (Cpx), ilmeno-hematite (Ilm-Hem), 
spinel (Spl), ferrit-chromite (Fe-Chr), Cr-magnetite (Cr-Mgt) and phengite (Phg). 

 Amp-1 
core 

Amp-1 
rim 

Amp-2 
core 

Amp-2 
rim 

Cpx Ilm-
Hem 

Ilm-
Hem 

Spl-1 Fe-
Chr 

Cr-
Mgt 

Phg 

SiO2 51.56 44.46 54.63 52.97 55.86 - - - - - 51.04 
TiO2 0.43 0.53 - 0.15 - 18.35 10.96 - - - - 
Al2O3 4.85 10.66 1.37 4.03 11.72 - - 15.04 - - 23.67 
Cr2O3 - - - - - 0.20 - 52.92 48.92 18.00 - 
Fe2O3 1.08 - 0.11 2.48 0.24 65.15 79.19 1.29 20.30 51.43 - 
FeOt 12.86 16.45 11.61 11.28 5.74 16.50 9.85 24.12 28.91 29.15 5.08 
MnO - - - 0.93 - - - - - - - 
MgO 13.47 9.94 16.29 13.37 6.72 - - 6.77 1.88 1.40 3.75 
CaO 11.28 10.91 12.69 9.98 12.15 - - - - - - 
Na2O 1.31 3.45 0.39 2.09 7.26 - - - - - - 
K2O 0.16 0.62 - - - - - - - - 11.47 
Total 97.02 97.02 97.10 97.13 99.70 100.00 100.00 100.15 100.01 99.98 95.09 
(O) 23 23 23 23 6 3 3 4 4 4 22 
Si 7.512 6.702 7.864 7.675 2.000 - - - - - 6.971 
Ti 0.048 0.060 - 0.016 - 0.360 0.217 - - - - 
Al 0.832 1.894 0.233 0.688 0.495 - - 0.586 - - 3.809 
Cr - - - - - 0.004 - 1.382 1.434 0.538 - 
Fe+3 0.118 - 0.012 0.270 0.006 1.276 1.566 0.032 0.566 1.462 - 
Fe2+ 1.567 2.074 1.398 1.367 0.172 0.360 0.217 0.667 0.986 0.921 0.580 
Mn - - - - - - - - - - - 
Mg 2.926 2.234 3.495 2.887 0.359 - - 0.333 0.100 0.079 0.763 
Ca 1.760 1.762 1.958 1.549 0.466 - - - - - - 
Na 0.371 1.007 0.108 0.586 0.504 - - - - - - 
K 0.031 0.120 - - - - - - - - 2.000 
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6.924 Si atoms per formula unit (a.p.f.u.), 2.081-
2.931 Al a.p.f.u. and Mg/(Mg+Fe) ratio ranging 
from 0.93 to 0.96. 

The spinel group minerals show a great variety in 
their chemical compositions (Fig. 3). Primary 
(mantle) chromites are Al-chromites with 
Cr/(Cr+Al+Fe3+) ratio in the range of 0.62 to 0.74 
and Mg/(Mg+Fe2+) ratio in the range of 0.23 to 
0.40 and are represented by the core composition 
in zoned grains. Toward the rim, the composition 
of chromite changes to iron rich members forming 
ferrit- chromites and rarely Cr-magnetites indicat-
ing change in composition under oxidized condi-
tions. The MgO and Al2O3 contents in the chromite 
core range from 5.63 to 7.77 wt% and 12.48 to 17 
wt%, respectively; in ferrit-chromite rim they are 
reduced to 3.05-1.06 wt% and 2.55-0.2 wt%, re-
spectively. Cr-magnetite occurs as inclusions in 
olivine grains and forms the outermost rim compo-
sition in chromite grains of the metadunite sample 
L8. Cr-magnetite is common in serpentinized peri-
dotites at greenschist facies, and ferrit-chromite at 
amphibolite facies conditions, within the oli-
vine+talc stability field (Evans and Frost, 1975). 
The Cr-magnetite inclusions in olivine indicate 
that they were formed at an early stage of the pro-
grade path of metamorphism (Mgt-1), while the 
Cr-magnetite compositions at the rim of zoned 
chromite grains were formed at a retrograde stage 
of metamorphism (Mgt-2). 

4.2. Dyke Amphibolites: In these rocks, the 
presence of omphacite indicates that the metaperi-
dotite underwent high pressure metamorphism. 

Omphacite is present only as inclusions in calcium 
rich amphibole (Fig. 2e). The jadeite component in 
omphacite ranges from 30 to 50%, and the aegirine 
component from 0 to 5%. In zoned omphacite 
grains, the jadeite component decreases from the 
core to the rim. The green-brown amphiboles are 
pargasitic hornblendes with a glaucophane compo-
nent ranging from 7.1 to 30.7 %. Very rarely, the 
green-brown amphiboles show compositional zon-
ing with increasing Al2O3 and Na2O contents in-
creasing from 3.44-7.92 wt% and 1.35-2.54 wt% in 
the core to 10.66-11.81 wt% and 3.45-3.61 wt% at 
the rim, respectively, indicating amphibole growth 
with increasing metamorphic grade. The increase 
in the edenite component from the core to the rim 
in zoned green-brown amphibole grains and the 
high edenite component in the homogeneous 
grains (Fig. 4c) is more sensitive to temperatures 
than pressures (Laird and Albee 1981). Obviously, 
the pargasitic hornblende, which is in microstruc-
tural equilibrium with albite, was formed at the ex-
pense of omphacite during decompression. At the 
outermost rim, the green-brown pargasitic 
hornblende is replaced by a blue-green amphibole 
showing an increase in the glaucophane and de-
crease in the edenite component (Fig. 4B,C), 
formed at the expense of matrix albite. In samples 
where most of the green-brown amphibole grains 
show blue-green rims, albite is almost absent, 
while albite is common in samples, in which the 
blue-green rims in the green-brown amphiboles are 
relatively rare. An increase in glaucophane com-
ponent in calcic amphibole indicates pressure in-
crease (Laird and Albee, 1981). The blue-green 

Fig. 3: (a) Cr/(Cr+Fe+3+Al) vs. Mg/(Mg+Fe+2) and (b) Plots of metaperidotite spinels (Samples L1 and L8) in the Cr-
Fe+3-Al diagram. 
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amphibole rims probably record the second (Eo-
cene) HP/LT metamorphic event (Mposkos, 1987). 
Albite is the pure end-member, ilmenite is Mn-
bearing with pyrophanite component ranging from 
9 to 11%. The Al2O3 content in titanite ranges from 
0.47 to 0.58 wt%. 

4.3. Albite-epidote amphibolite and epidote 
hornblendite: The two amphibole generations 
distinguished by microstructural criteria also show 
differences in the chemical composition (Fig. 4). 
Amp-1 is a magnesiohornblende, with glauco-
phane component ranging from 3 to 15%. Charac-
teristic is a compositional zoning with an increase 
in Al2O3 content from 5.72 to 6.51 wt% in the core 
to the 9.01-9.12 wt% at the rim. Amp-2 is a Na-

bearing tremolite with sodic amphibole component 
in the core ranging from 0.3 to 11% and tremoliltic 
hornblende with sodic amphibole component up to 
25% at the rim (Fig. 4e) indicating a growth during 
a pressure increase (Laird and Albee, 1981). The 
respective compositions, chemical zoning, and mi-
crostructural relationships of the two calcic amphi-
bole generations are compatible with amphibole 
growth during two prograde metamorphic epi-
sodes.  

The Si content in phengite ranges from 6.73 to 
6.97 a.p.f.u. and (Mg+Fe2+

tot) from 1.086 to 1.36 
a.p.f.u. The excess (Mg+Fe2+

tot) beyond the re-
quirement of the celadonitic substitution (0.73-
0.97) indicates that most of the iron must be triva-

 
Fig. 4. Compositional variation in amphiboles from dyke amphibolites within the metaperidotite and from albite-
epidote amphibolite and epidote hornblendite underlying the metaperidotite. (a) AlIV vs Fe+3+AlVI+Ti, (b) NaB vs. 
Fe+3+AlVI+Ti and (c) AlIV vs. (Na+K)A diagrams. Lines show the tschermakite, glaucophane and edenite component 
respectively, for reference. 
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lent, substituting for Al. Albite is pure albite and 
chlorite is clinochlore with Mg/(Mg+Fe) ratio 
ranging from 0.59 to 0.65. Epidote shows compo-
sitional zoning with increasing pistacite component 
from 26% in the core to 32% at the rim. In titanite 
the Al2O3 content ranges from 0.62 to 1.95 wt% 
and the FeOtot from 0.56 to 1.43 wt%. In rutile the 
FeOtot content ranges from 0.63-1.01 wt%. The 
chemistry of the ilmeno-hematite is complex be-
cause of the very fine lance-shaped rutile exsolu-
tions/segregations. The ilmenite content of the 
primary ilmeno-hematite (Hem-1)(including the 
rutile exsolutions/segregations) varies from 32 to 
37%. and that of the ilmeno-hematite domains, 
which are free of rutile exsolutions/segregations 
(Hem-2) from 21 to 26% This decrease in ilmenite 
component in Hem-1 and the formation of the ru-
tile occurred in a retrograde stage of metamor-
phism under oxidizing conditions. 

5. Metamorphic conditions 
Microstructural relationships, mineral assemblages 
and mineral compositions in the metaperidotite and 
the associated metabasites (dyke amphibolites and 
basal amphibolites) indicate that the Titaros ophi-
olite is affected by two distinct prograde metamor-
phic events. The first at albite-epidote amphibolite 
facies and the second at greenschist facies condi-
tions. The prograde character of the first metamor-
phic event is preserved in the metaperidotite and 
the chemical composition/zonation of Amp-1 in 
the dyke amphibolites and that of the second one in 
the chemical composition/zonation of Amp-2 in 
the albite-epidote amphibolites and epidote 
hornblendites of the basal unit. 

The inclusions of antigorite, talc, and chlorite in 
Ol-1 from the metaperidotite (Fig. 2a,b) and the 
omphacite inclusions in amphiboles from the dyke 
amphibolites within the metaperidotite (Fig. 2e) 
demonstrate very convincingly the prograde cha-
racter of the first metamorphic event that occurred 
at high pressures. Before that, the metaperidotite 
was a serpentinite with the mineral assemblage 
Atg+Tlc+Chl(+Di) in the metaharzburgite (sample 
L1) and Atg+Cr-Mgt+(Brc?) in the metadunite 
(sample L8) formed at low metamorphic grade. 
Only chromite is a relict phase from the mantle 
protolith. With increasing metamorphic grade oli-
vine is formed in the metadunite at the expense of 
antigorite and brucite. 

In metaharzburgite tremolite is formed according 
to the reaction: 

Atg+8Di→18Ol+4Tr+27H2O  (1) 
and antigorite is decomposed to olivine+talc ac-
cording to the reaction:  

Atg  →  18Ol+4Tlc+27H2O  (2) 

P-T conditions did not exceed the stability field of 
olivine+talc as suggested by the stable coexistence 
of matrix olivine and talc. Orthopyroxene is not 
present in the metaperidotite. The coexistence of 
olivine+talc and the absence of orthopyroxene 
constrain the peak metamorphic conditions in the 
field confined by the reaction curves 2 and 5 (Fig. 
5). The intersection of the above reaction curves 
with that of reaction 7 (Fig. 5) constrains the upper 
pressure limit to 1.4 GPa. 

In the dyke amphibolites within the metaperidotite 
omphacite is present as inclusions in pargasitic 
hornblende and shows corroded edges (Fig. 2e). It 
is found in association with albite, but never with 
quartz. Moreover quartz is not present in the dyke 
amphibolites either as inclusion in amphibole or in 
the matrix. Therefore, quartz did probably not 
coexist with omphacite at the peak pressure condi-
tions. During decompression the jadeite compo-
nent in omphacite was decomposed to albite and 
nepheline that reacted with the amphibole to in-
crease the edenite component in the amphibole. 
Hence, the peak metamorphic conditions can be 
constrained within the P-T field given from the 
reaction curves 2, 5, 6 and 7 in figure 5. 

Minimum temperature of 5700C is suggested by 
the composition of the primary ilmeno-hematite in 
the epidote hornblendite from the basal unit (Table 
1 analysis 6), using the hematite-ilmenite solvus 
from Braun and Raith (1985), as ilmeno-hematite 
does not coexist with hemo-ilmenite. 

The second metamorphic imprint is well docu-
mented by the new formation of Na-bearing acti-
nolite and actinolitic hornblende overgrowing par-
gasitic hornblende from the first metamorphic 
event in albite-epidote amphibolites and epidote 
hornblendites (Fig. 2f). The increase in the glauco-
phane component from the core to the rim of zoned 
grains (Figs. 4) indicates prograde path of meta-
morphism at increasing pressure (Laird and Albee, 
1981). Temperatures of ~4000C are constrained us-
ing the composition of the ilmeno-hematite inter-
grown with rutile, assuming that ilmeno-hematite 
(Table 1, analysis 7) with the rutile segregations is 
reequilibrated at the second metamorphic event. 
For the above temperature minimum pressures of 
0.7 GPa can be estimated from the Si-content 



297 
 

(Si=6.97 a.p.f.u.) of the associated phengites (Mas-
sonne and Szpurka, 1997). Probably during this 
metamorphic event formed the fine-grained talc, 
antigorite and ferrit-chromite aggregates replacing 
olivine in the overlying metaperidotite (Fig. 2d) 
formed favored by the influxof water under oxi-
dized conditions. 

6. Discussion and Conclusions 
The Titaros ophiolite shows a post-emplacement 
history that is completely different to that recorded 
in all known ophiolite bodies of the Pelagonian 
zone (including the Almopia ophiolites at the east-
ern slopes of the Pelagonian zone).  

Based on petrological data, two prograde meta-
morphic events have been recognized in the Tita-
ros ophiolite, that are absent from the ophiolites of 
the western Pelagonian zone. These metamorphic 
events are similar in metamorphic type and grade 

to the early Cretaceous and Eocene metamorphic 
event respectively recorded in the pre-Alpine and 
Permo-Triassic continental protoliths of the eastern 
Pelagonian zone. 

In the first metamorphic event peak pressures be-
tween 0.8 and 1.4 GPa and minimum temperatures 
of 570-610 0C are constrained from the intersection 
of the reaction curve 2 with those of the reactions 6 
and 7 (Fig. 5). Minimum temperatures of 570 are 
obtained from the composition of primary ilmeno-
hematite in the epidote hornblendite from the basal 
unit. P-T conditions of 500-550 0C and ~0.9-1.0 
GPa are constrained for the early Cretaceous me-
tamorphic event in the phengite orthogneisses and 
the overlying garnet-chloritoid-phengite schists 
from the south Vermion Mountain lying to the 
north of the Titaros Mountain (Mposkos and Per-
raki, 2001). 

We consider that the first metamorphic event in the 

 
Fig. 5. P-T diagram showing reaction curves in the systems CaO-MgO-SiO2-H2O and FeO-MgO-SiO2-H2O
calculated using real mineral compositions for olivine, talc and antigorite to constrain the peak metamorphic 
condition of the first metamorphic event in the Titaros metaperidotite. Reaction curves Ab+Ne→Jd0.5 and 
Ab →Jd0.5+Qtz are calculated for omphacite (Jd0.5), pure albite and nepheline. 
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Titaros ophiolite may have been coeval with the 
early Cretaceous metamorphism recorded in the 
underlying crustal rocks, which occurred during 
the obduction of the Vardar-Axios ophiolites over 
the Pelagonian continental block. The Titaros 
ophiolite represents a slice of the obducted oceanic 
lithosphere (containing serpentinized peridotites) 
which through a tectonic erosion mechanism was 
detached from the overriding plate and incorpo-
rated into the subducted lower plate.  

The second metamorphic event at HP/LT green-
schist facies conditions (~0.7 GPa/ 4000C) is con-
nected with the final closure of the Vardar-Axios 
Ocean and the amalgamation of the Pelagonian 
zone to the European plate in early Tertiary 
(Schermer et al. 1990). 
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Abstract: The studied basaltic andesite subvolcanic body belongs to the Paleogene post-collisional vol-
canism of the Eastern Rhodopes Momchilgrad-Arda volcanic region. It intrudes acid and intermediate 
pyroclastic, epiclastic rocks as well as concomitant sedimentary rocks. The subvolcanic rocks are with 
dense porphyritic texture and glassy (hyalinic) ground mass. Phenocrysts are represented by clinopyrox-
ene, orthopyroxene and plagioclase. The rocks are medium-K to high-K, Q-normative and with Mg# = 
65-72. Their geochemical peculiarities are similar to those from subduction related magmas, with nega-
tive anomalies for Ta, Nb, Ti, P in primordial mantle normalized spidergrams, but are probably influ-
enced by lower crust material. Three different types of deep xenoliths of granulites, plagioclasites and 
cumulate clinopyroxenites are established. Granulites are metabasites with MgO = 7.15 wt. %. Basic 
granulites (pyriclasites) are composed by clinopyroxene and plagioclase where titanomagnetite is an ac-
cessory phase. Plagioclasites are composed exclusively of oligoclase with a small amount of chlorite. 
And finally clinopyroxenites are monomineral but with a transitional peripheral zone, where plagioclase 
(anortite) appears as a reaction product. Pressure estimations for granulites and clinopyroxenites are 8-
14 kbars corresponding approximately to the crust – mantle boundary. Both xenolith types show petro-
graphic evidences for rock transformations and initial melting. They were probably the result of an inte-
raction with the ascending basaltic to basaltic andesite mantle-derived and lower crust modified magma. 

Keywords: East Rhodopes, Paleogene volcanism, subvolcanic basaltic andesites, deep coming xenoliths. 
 
1. Introduction 
The calc-alkaline to shoshonitic volcanic activity 
in the Eastern Rhodopes is collision-related (Ya-
nev et al., 1989) or post-collisional (Ivanov, 1988) 
with Paleogene age (Priabonian and mainly Oligo-
cene) (Lilov et al., 1987; Harkovska et al., 1989). 
The investigations on the Paleogene volcanism, 
based on precise geochemistry and isotopic ana-
lyses, have revealed that the magmatic source is 
enriched metasomatised mantle (Marchev et al., 
1989, 1994; Nedialkov and Pe-Piper, 1998; Yanev, 
2003), and that derived melts have been crustal 
contaminated. The investigations on coeval alka-
line basaltic dikes of intraplate origin, disposed 20-
30 km southeast from the town of Kroumovgrad, 
presented evidence for the role of the underplating 
of basaltic magma for the core complex formation 
and first data about the composition of the most 
upper parts of the lithospheric mantle as well as the 
transition to the lower crust in the Eastern Rho-
dopes (Marchev et al., 2006). Deep derived xeno-

liths were not established until now in the collision 
related volcanites. The recently discovered xeno-
liths of pyroxenites, eclogites and plagioclasites in 
a basaltic andesite subvolcanic body, western of 
Kroumovgrad, present the possibility to obtain new 
information for the upper mantle – lower crust 
transition in the region and to examine some ele-
ments (characters) of the interaction between the 
melt and deep seated rocks. 

2. Geological setting 
In the Eastern Rhodopes the Paleogene volcanism 
is emplaced in two structural depressions: the Bo-
rovitza volcanic region, situated in the North, and 
the Momchilgrade-Arda volcanic region (MAVR), 
being to the south. Several subvolcanic, basaltic 
andesite to shoshonite bodies are disposed at the 
south-eastern border of MAVR at the vicinities of 
the town of Kroumovgrad (Gorna Koula, Vransko, 
Loulichka, and Akpoba Kajasi). The subvolcanic 
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body near the village of Gorna Koula represents a 
spectacular outcrop, disposed in a small river val-
ley at 1.5 km westward of the Kroumovitza River 
and the town of Kroumovgrad.  

The subvolcanic body intrudes first acid volcanism 
pyroclastic deposits (fall and flow) as well as py-
roclastic and epiclastic ones with intermediate 
composition (Moskovski et al., 1996; Fig. 1) from 
the second intermediate volcanism (Ivanov, 1960). 
The acid pyroclastics are represented by agglome-
rate breccia, lapilly and coarse ash tuffs of white, 
pale greenish and pale yellow color deposited in a 
shallow marine basin. They associate with tuffa-
ceous siltstones and marls, conglomerates and 
sandstones. The rocks of intermediate composition 
are represented by andesitic tuffs, tuffites, breccias 
as well as black silicic mudstones and organogenic 
reef limestones. The host pyroclastic rocks were 
water-rich and not well (solidified) lithificated at 
the moment of the subvolcanic intrusion. The sub-
volcanic body is sill-like or lens-like, sub-
horizontal, with meridional length of approximate-
ly 1 km, width of up to 250 m and height of about 
50-60 m. It has complicated internal concentric 
structure resulting from two stage (2 impulses) 
magma injection. The concentric zones have radial 
columnar texture. The contacts with the host tuffs 
are sharp, in places – curvilinear and with small 
apophyses at the upper contact. Tuffs are silicified 
near the contact.  

3. Methods  
Whole rock major element analyses were deter-

mined by a wet chemical method at the faculty of 
Geology and Geography of the Sofia University 
“St. Kl. Ohrodski”. For the basaltic andesites, trace 
elements Ba, Rb, Sr, Y, Zr, Nb, Pb, Ga, Zn, Cu, 
Ni, V and Cr were determined from pressed powd-
er pellets on a Phillips PW 1400 sequential X-ray 
fluorescence spectrometer, using Rd-anode X-ray 
tube and the REE and Hf, Ta, Th, U, Sc and Sc by 
instrumental neutron activation analysis, at the Re-
gional Geochemical Center, Department of Geolo-
gy, St. Mary’s University, Halifax, N.S., Canada. 
Trace elements Cr, Ni, Cu, Zn, Rb, Ba for the gra-
nulite, and Co and Li for all the samples were ana-
lyzed with atomic absorption analysis at the Sofia 
University. Mineral chemistry was determined by 
electron microprobe – JEOL – 733 Superprobe – 
EDS at 15 or 25 Kev and accelerating potential for 
100 seconds at EUROTEST-CONTROL P/c, Sofia.  

4. Results 
4.1. Petrography 
The basaltic andesite has dense porphyritic texture 
(phenocrysts up to 55-75% of the rock) and glassy 
groundmass near the contact. The internal parts of 
the body are almost holocrystaline with less than 
20% recrystallized glassy ground mass. In some 
places the body is represented by holocrystalline 
gabbro where cracks with chilled melt (brownish 
volcanic glass) are observed. Two types of volcan-
ic glass (brownish and pale rose), including skelet-
al plagioclases and ore minerals are established in 
the groundmass close to the contact (Fig. 2). Basal-
tic andesite’s mineral composition is plagioclase 
(70-75 %), clinopyroxene (12-18 %), orthopyrox-
ene (5 %) and titanomagnetite (2-3 %). Plagioclas-
es have inversed zonal arrangement (bitownitic 
core – An80, labradorite-andesine intermediate 
zones – An40-55 and bitownitic rime – An81). The 
clinopyroxene is augite (En41-44, Fs12-19, Wo38-44, 
Ac0-3). Orthopyroxene is enstatite (Fs28-31). Acces-
sory minerals are titanomagnetite (TiO2 – 10-14 
wt. %) and apatite.  

In the subvolcanic body different types of xeno-
liths are found: clinopyroxenites, clinopyroxene 
granulites and plagioclasites (oligoclasites) (Fig. 
3). Clinopyroxenite is dark green-grey in color, 
medium grained, equigranulare, composed entirely 
of pale green colored diopside (En29-31, Fs20,      
Wo49-51; Tab. 1), with slight pleochroism and 
showing clearly higher content of alumina than the 
basaltic andesite clinopyroxenes (Fig. 4). Around 
the xenolith is observed a transitional reaction zone  

 
Fig. 1. Geological schematic map of the area of the sub-
volcanic body (after Moskovski et al., 1996, simplified). 



301 
 

 

(2-5 mm thickness; Fig. 2 and 3). Plagioclase min-
eral inclusions (An93-99) are found in clinopyrox-
enes (plagioclase nucleation on the expense of cli-
nopyroxene) as well as small individual plagioc-
lase grains, the composition of which gradually 
decreases in anortitic component toward the host-
ing basaltic andesite (Tab. 2).  Small miaroles (up 
to 1.5mm) fulfilled with secondary minerals (chal-
cedony) are also observed in the transitional zone.  

The clinopyroxene basic granulite (pyriclasites af-
ter Fettes and Desmons, 2007) is fine- to medium-
grained and has a granoblastic texture (Fig. 2G). 
Plagioclase is andesine to labradorite (An44-55). 
Clinopyroxene is augite (En37-45, Fs14-18, Wo37-38, 
Ac0-5; Tab. 1). Accessory minerals are titanomag-
netite (TiO2 – 35-37 wt. %) and rare small apatite. 
The granulite is a metabasite with SiО2 = 47 wt. % 
and MgO = 7.15 wt. % (Tab. 3). In plagioclases 
can be found numerous melt inclusions similar to 
those observed in plagioclases from volcanic rocks 
(Fig. 2I and J). Melt inclusions have round or irre-
gular shape, with dimensions of up to 35 μm, oc-

 
Fig. 3. Xenoliths and miaroles in the subvolcanic basal-
tic andesites. A – xenolith of plagioclasite. B – xenolith
of a clinopyroxenite: 1 – host basaltic andesite; 2 – tran-
sition zone between the host rock and the clinopyrox-
enitic xenolith; 3 – clinopyroxenitic xenolith; scale bar 
= 1 cm. C – miaroles filed with chalcedony (agate). 

Fig. 2.  Petrographic peculiarities of the studied rocks: 
A and B – groundmass of the basaltic andesite with mi-
croliths of plagioclase and two volcanic glasses: brown
glass (B gl) relatively more basic (SiО2 = 62-64 wt. %)
and pale rose glass (P gl) with acid composition (SiО2 =
72 wt. %); A – crossed Nikols; B – parallel Nikols;
scale bar = 100 μm. C – skeletal plagioclase microliths 
(S Pl) in volcanic glass. SM – miaroles with secondary 
minerals (cryptocrystalline saponite and chlo-
rite/smectite (?)); II N, scale bar = 100 μm. D - Plagioc-
lase with oligoclase composition despite the different 
grain dimensions: II N, scale bar = 1 mm. E – Clinopy-
roxenite xenolith (Pxt), fine- to medium grained with 
equigranulare, paneuhedral texture, composed entirely 
of clinopyroxene and the transitional zone of the xeno-
lith (TZ) composed of clinopyroxene with small pla-
gioclase inclusions, plagioclase grains and miaroles 
(Mia) filed with secondary minerals, marking the begin-
ning of the transitional zone; the white line show the 
border between the Clinopyroxenite and the transitional 
zone; X N, scale bar = 2 mm. F – Clinopyroxenite; X N,
scale bar = 2 mm. G – finegrained equigranulare, gra-
noblastic texture of a clinopyroxene basic granulite; Pl –
plagioclase; Cpx – clinopyroxene; X N, scale bar = 0.6 
mm. H – retromorphosed granulite with saponite (Sap) 
replacing mainly pyroxenes and occasionally plagioc-
lase; X N, scale bar = 0.6 mm. I and J – mineral-melt
inclusions in plagioclases from granulites; MI – miner-
al-melt inclusions with small fluid bubble and different 
small minerals (apatite, ore minerals and other unde-
fined phases); II N, scale bar = 60 μm. 

 
Fig. 4. Al tot – Mg# diagram for the composition of cli-
nopyroxenes from the host basaltic andesite  (♦) and from 
the clinopyroxenite (□) and granulite (▲) xenoliths.  
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curring in patches grouping 3 to 8 inclusions. They 
represent chilled melt, comprising one or more 
bubbles, and several very small different minerals 
(apatite, ore minerals and other undetermined 
phases). Granulites have undergone a partial re-
tromorphism (low temperature hydrothermal 
alteration) with an occasional replacement of the 
pyroxenes and plagioclases by saponite, oriented 
with conformity to the schistosity (Fig. 2H). 
Plagioclasites are found as angular brightly colored 
xenoliths with dimensions up to 25 cm. They are 
coarse grained (up to 5 mm), with brecciated and 
recristalized finegrained zones. They are composed 
almost solely by oligoclase (An19-20, Or7; Tab. 3) 
and occasionally include small amounts of pale 
and brownish chlorite. 

4.2. Geochemistry 
Subvolcanic basaltic andesites to shoshonites (Fig. 
5) are calc-alkaline to high-K calc-alkaline rocks, 
with relatively high potassium contents (medium- 
to high-K; Fig. 5B), with Mg# = 62-75 and all 
samples are Q-normative. Primitive mantle norma-
lized spidergrams (Sun and McDonough, 1989; 
Fig. 6) show negative anomalies for Ta, Nb, P and 

Ti, typical for subduction related magmas. Chon-
drite-normalized REE patterns (Fig. 7) show 
enrichment in LREE (La/Yb = 6.5 – 9) and a small 
Eu anomaly (Eu/Eu* = 0.84-0.94). The studied 
rocks plot close to the amphibolite fusion trend on 
the Cen/Ybn–Cen diagram (after Gill, 1981; Fig. 8). 

The temperature estimations for pyroxenites, based 
on pyroxene goethermometer (Weels 1977), show 
crystallizing temperatures of 1085–1095 oC.  Tem-
peratures for the basaltic andesites are 1120–
1190oC. Pressure estimations we have made, based 
on clinopyroxenes (Nimis, 1999; Putirka, 2008) for 
granulites and pyroxenites, give very scattered un-
realistic results. The clinopyroxene’s compositions 
from the pyroxenite xenolith are very similar to 
those determined by Marchev et al. (2006) for py-
roxenite xenoliths from the alkaline basaltic and 
lamprophyric dikes southeastern of Kroumovgrad.  
They have estimated pressures of crystallization to 
7.5–13 kilobars (depth – 22-38 km), which is cha-
racteristic for the lower crust or the boundary low-
er crust – lithospheric mantle. Geophysical investi-
gations have determined the Moho boundary in the 
Eastern Rhodopes at a depth of 32-38 km (Velchev 
et al., 1971; Yossifov and Pčelarov, 1977). 

Sample 013кс3 1216 3195 013кс3 013кс3 013кс3 1216 3195 013кс3 013кс3 013кс3 013кс3 013кс3 1216x2 1216x2 1216x2 1216x2
Rock BA BA BA BA BA BA BA BA PXT PXT PXT PXT PXT granulite granulite granulite granulite
Location CPx CPx CPx CPx CPx CPx Opx Opx CPx CPx CPx CPx CPx CPx CPx CPx CPx
SiO2 49,46 51,18 51,92 53,57 49,31 49,34 52,68 52,77 46,12 46,62 46,61 52,09 50,47 51,38 52,52 51,67 52,49
TiO2 0,58 0,62 0,23 0,39 0,33 0,53 0,84 0,19 0,51 0,44 0,54 0,23 0,47 0,27 0,3 0,25 0,6
Al2O3 4,66 2,46 3,38 1,96 4,55 3,69 2,13 1,63 7,82 6,65 6,8 4,13 5,31 2,2 2,34 2,15 2,43
FeO 8,46 11,89 7,11 10,14 10,88 11,65 18,8 18,98 12,27 12,62 12,06 8,66 7,69 8,96 8,99 9,59 10,69
MnO 0,27 0,03 0,32 0,32 0,11 0,24 0 0,29 0,1 0,11 0,17 0 0 0,12 0,18 0,15 0,19
MgO 15,59 15,46 16,16 14,66 11,92 15,05 23,63 23,59 9,79 10,12 10,52 13,11 14,39 15,96 15,9 16,25 15,61
CaO 20,6 18,23 19,78 18,83 22,25 17,89 2,06 1,81 24,15 24,02 23,54 21,7 21,66 19,16 18,44 19,1 18,01
Na2O 0 0 0,92 0 0 1,19 0,05 0,49 0 0 0 0 0 0,99 0,76 1,52 0
K2O 0 0 0 0 0 0 0,07 0 0 0 0 0 0,05 0 0,09 0,04 0
Total 99,66 99,95 99,86 99,9 99,39 99,58 100,2 99,77 100,79 100,61 100,26 99,93 100,7 99,04 99,52 100,72 100,02
Si 1,85 1,92 1,92 1,98 1,87 1,87 1,93 1,95 1,76 1,78 1,78 1,93 1,87 1,93 1,95 1,92 1,95
AlIV 0,15 0,08 0,08 0,02 0,13 0,13 0,07 0,05 0,24 0,22 0,22 0,07 0,13 0,07 0,05 0,08 0,05
AlVI 0,05 0,03 0,06 0,07 0,08 0,03 0,02 0,02 0,11 0,08 0,09 0,11 0,10 0,02 0,05 0,01 0,05
Fe3+ 0,10 0,03 0,11 0,00 0,05 0,24 0,01 0,08 0,16 0,17 0,16 0,00 0,01 0,15 0,06 0,25 0,00
Ti 0,02 0,02 0,01 0,01 0,01 0,02 0,02 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,01 0,02
Fe2+ 0,16 0,34 0,11 0,32 0,30 0,12 0,57 0,50 0,22 0,23 0,22 0,27 0,22 0,12 0,22 0,04 0,33
Mn 0,01 0,00 0,01 0,01 0,00 0,01 0,00 0,01 0,00 0,00 0,01 0,00 0,00 0,00 0,01 0,00 0,01
Mg 0,87 0,86 0,89 0,81 0,68 0,85 1,29 1,30 0,56 0,58 0,60 0,72 0,79 0,89 0,88 0,90 0,86
Ca 0,82 0,73 0,78 0,75 0,91 0,72 0,08 0,07 0,98 0,98 0,96 0,86 0,86 0,77 0,73 0,76 0,72
Na 0,00 0,00 0,07 0,00 0,00 0,09 0,00 0,04 0,00               0,00 0,00 0,00 0,07 0,05 0,11 0,00
K 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mg# 0,84 0,72 0,89 0,72 0,69 0,87 0,69 0,72 0,71 0,72 0,73 0,73 0,78 0,88 0,80 0,96 0,72
Wo 41,99 37,19 39,81 39,66 46,96 35,72 4,15 3,59 51,06 50,15 49,45 46,42 45,43 38,20 37,58 36,79 37,32
En 44,22 43,89 45,26 42,97 35,01 41,81 66,17 65,05 28,80 29,40 30,75 39,02 42,00 44,28 45,09 43,56 45,01
Fs 13,78 18,93 11,58 17,36 18,04 18,17 29,51 29,61 20,14 20,45 19,80 14,56 12,57 13,95 14,52 14,34 17,67
Ac 0,00 0,00 3,35 0,00 0,00 4,30 0,18 1,76 0,00 0,00 0,00 0,00 0,00 3,57 2,80 5,30 0,00
BA - basaltic andesite; PXT - clinopyroxenite; CPx - clinopyroxene; Opx - orthopyroxene 

Table 1. Chemical composition (in wt %) and structural formulae (on 6 O) of pyroxenes from 
subvolcanic basaltic andesites and clinopyroxenitic xenolith. 
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5. Discussion and conclusions 
The petrographic and geochemical characteristics 
of the subvolcanic basaltic andesites testify that 
this subvolcanic calc-alkaline to high-K calc-
alkaline magmatism is post-collisional, as post-
ulated earlier (Ivanov, 1988; Nedialkov and Pe-
Piper, 1998). The studied basaltic andesites are 
close to the parental magmas for the volcanic se-
ries in the Paleogene volcanism in the Eastern 
Rhodopes. The chondrite normalized REE patterns 
suggests a weak fractionation of clinopyroxene and 
plagioclase. The Ta, Nb, P and Ti negative anoma-
lies in spidergrams (Fig. 6) are most likely inhe-
rited from the mantle-derived basic magmas that 
have heated the lower parts of the earth crust in the 
region. The contents of Ta and Nb are higher than 
typical subduction-related magmas and the mantle-
derived magmas are thought to be generated in 
enriched mantle after the slab break-off (Yanev, 
2003). Investigations of the volcanism in the East-
ern Rhodopes (Marchev et al., 1989; 1994; 1998), 
based on Sr isotope characteristics (87Sr/86Sr = 
0.7057 – 0.7083), have pointed out the important 
role of the crustal contamination. The raised REE 
content ascribing amphibolites fusion origin of the 
melts (Fig. 8), could be interpreted as a geochemi-
cal crustal contribution. The crustal contribution 
most probably occurred during the partial melting 
of rocks from the lower crust (crust – mantle tran-
sition) confirmed by the melting observations on 
granulites and cumulative pyroxenites. 

 

 
Fig. 5. Systematic of the volcanic rocks after Le Maitre
et al.(1989). A – TAS classification diagram. B – Dis-
tinction of the volcanic rocks on their potassic alkalinity
using the K2O – SiО2 diagram. Symbols as in fig. 4. 

Sample 013кс3 013кс3 3175 013кс3 013x3 013x3 013x3 013x3 013кс1 013кс1 1216x2 1216x2 1216x2 1216x2
Rock BA BA BA PXT PXT PXT PXT PXT Plt Plt granulite granulite granulite granulite
Location Pl Pl Pl Pl in CPx Pl Pl Pl Pl Pl small Pl Pl Pl Pl Pl
SiO2 47,37 52,67 49,75 44,21 48,79 46,92 51,75 54,29 59,97 62,9 52,16 55,17 57,88 54,07
Al2O3 32,96 27,99 31,26 35,65 31,98 33,23 28,15 28,13 24,17 22,34 25,69 26,96 25,09 27,48
FeO 0,81 1,10 0,84 0,92 1,09 0,68 0,86 0,85 0,08 0 2,38 0,66 0,42 0,43
CaO 16,41 10,83 13,68 17,96 16,58 17,04 12,77 12,33 4,59 4,71 10,64 11,83 9,53 11,37
Na2O 1,94 5,89 4,13 0,74 1,17 1,15 4,47 4,61 9,77 8,16 6,5 5,1 6,29 5,85
K2O 0,14 0,54 0,34 0 0,23 0,07 0,32 0,38 1,39 1,44 0,36 0,32 0,54 0,4
Total 99,65 99,02 100,03 99,52 99,93 99,1 98,32 100,71 100 99,58 99,14 100,38 99,77 99,62
Si 2,19 2,43 2,28 2,05 2,24 2,18 2,40 2,45 2,70 2,81 2,46 2,50 2,61 2,47
Al 1,79 1,52 1,69 1,95 1,73 1,82 1,54 1,50 1,28 1,18 1,43 1,44 1,34 1,48
Fe(ii) 0,03 0,04 0,03 0,04 0,04 0,03 0,03 0,03 0,00 0,00 0,09 0,03 0,02 0,02
Ca 0,81 0,54 0,67 0,89 0,82 0,85 0,64 0,60 0,22 0,23 0,54 0,57 0,46 0,56
Na 0,17 0,53 0,37 0,07 0,10 0,10 0,40 0,40 0,85 0,71 0,59 0,45 0,55 0,52
K 0,01 0,03 0,02 0,00 0,01 0,00 0,02 0,02 0,08 0,08 0,02 0,02 0,03 0,02
An 81,69 48,93 63,46 93,06 87,40 88,73 60,12 58,37 19,18 22,23 46,60 55,18 44,21 50,69
Ab 17,48 48,16 34,67 6,94 11,16 10,84 38,08 39,49 73,90 69,68 51,52 43,05 52,81 47,19
Or 0,83 2,91 1,88 0,00 1,44 0,43 1,79 2,14 6,92 8,09 1,88 1,78 2,98 2,12
BA - basaltic andesite; PXT - transitional zone of the clinopyroxenite; Plt - plagioclasite;  Pl - plagioclase; CPx - clinopyroxene 

Table 2. Chemical composition (in wt. %) and structural formulae (based on 8 O) of plagioclases 
from basaltic andesite and xenolithes. 
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The established xenoliths of granulite and pyrox-
enite exhibit signs of reworking (component ex-
change with the magma and beginning of fusion) 
probably provoked by the relatively more extended 
in time interaction with the hot basaltic to basaltic 
andesite magma. In pyroxenites, this is marked by 
the appearance of the plagioclase inclusions in cli-
nopyroxenes, the small individual plagioclase 
grains and the miaroles in the transitional zone of 
influence. The plagioclase nuclei are probably the 
result of intrapyroxene diffusion of the mineral 
forming oxides (SiО2, Al2O3, CaO). The individual 
plagioclase grains in the transition zone obviously 
result from an intergranular fluid-assisted diffusion 
of components between the clinopyroxenite and 
the magma attended with decay and shrinkage of 
the pyroxene grains. The resorption of the pyrox-
ene grains and the magmatic fluids involved lead 
to the formation at shallower depth of the small 
miaroles into the transitional zone of the pyrox-
enite xenolith. Nucleation of plagioclase in pyrox-
enes and its formation in the transitional zone of 
the clinopyroxenite presume a relatively poor in 
H2O primitive mantle derived magma. At high 
temperatures (>1100oC) and water content higher 
than 3 wt %, plagioclase crystallization is sup-
pressed (Müntener et al., 2001; Pichavant and 
Mcdonald, 2007). The anhydrous mineral associa-
tion of the granulite is disequilibrated during the 
interaction with the hot, fluid-containing magma. 
The mineral-melt inclusions in plagioclases (rela-
tively rich in Ab component, An44-55) are probably 
the result of the hosting magma influence.  

The plagioclasite do not show any sign of melting 
or subsequent transformation and probably these 
rocks have been grabbed in relatively shallower 
depth during the magma ascent. The genesis of 
these plagioclasites has not been determined yet.  

Basaltic andesite magma could be primary, formed 
at the Moho level, as deduced by Mercer and 
Johnston (2008) for the North Sister volcano. The 

presence of more primitive volcanic and subvol-
canic rocks (basalts, absarokites, basanites, lam-
prophyres) established in the Eastern Rhodopes 
(Yanev et al., 1989; Marchev et al., 2006) suggests 
as a more probable case-scenario the formation of 
mantle-derived magma that has undergone impor-
tant evolution and transformation at the crust – up-
per mantle boundary. The established deep xeno-
liths give information about the diversity of rocks 
forming the lithospheric mantle – lower crust tran-
sition. 

The ascent and the cooling of the magma were 
probably rapid – a deduction based on the relative 
preservation of xenoliths (especially plagioclasite), 
the melt inclusions in plagioclases from the granu-
lite and the hyalinic texture of the basaltic andesite 
groundmass.  

The formation of saponite in basaltic andesites and 
granulites postdate the intrusion of the magma in 
the water rich host rocks at temperatures lower 
than 110oC, as established by Shau and Peacor 
(1992) for pillow basalts from DSDP Hole 504B.   

 

 
Fig. 7. Chondrite-normalized REE patterns of the sub-
volcanic basaltic andesites. The normalizing values are
after Boynton (1983). 

 
Fig. 8. Cen/Ybn – Cen diagram (after Gill.1981) showing 
changes of Ce and Yb contents due to different type of 
melting.  

 
Fig. 6. Primitive mantle normalized spidergram for the 
trace elements in the basaltic andesites. The normaliza-
tion values are after Sun and McDonough (1989). 
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1. Introduction
In this paper the petrological characters and the 
uranium content of the Meta-, or Middle- Her-
cynian age, (according to different authors), “gran-
ite type” rocks from the inner parts of the Rila–
Rhodope granite area are examined, and especially 
from the small granite body which is located in the 
southern part of this granite mass and it is known 
as “Paranesti granite”. More specific, the aim of 
the study is a first effort to define correlations be-
tween petrographical–geochemical characters of 
the three granite phases and the uranium minerali-
zation types, so that it will be possible to define the 
whole metallogenetic circle of uranium in the 
Paranesti area (Drama, N. Greece).

On the basis of petrographical criteria, in combina-
tion with the classification of the uranium deposits, 
(Pergamalis et. al., 1998), classified these rocks 
into three different phases: a) the granite phase of 
Fteroto (ores of Fteroto and Spilia), b) Prasinada 
phase and c) Dipotama phase (ore of Archodo-
vouni), which respectively occupy the upper, the 
middle and the lower granite part. As the granite 
phases, the uranium ores also are distinguished 
into three types, the reduced, the oxidized and the 
mixed or “complex” type ore.

2. Geology
The area of Paranesti belongs to the Rhodope
complex. It consists of a) late Cambrian age meta-
morphic rocks, b) Meta-, or Middle- Hercynian age 
granite bodies (which are known as granite of Ska-
lotis and granite of Paranesti), included inside 

them and c) an Oligocene age volcanic cover of 
rhyolites, quartz diorites, aggregated tuffs and tuf-
fites gradually changing in sediments of the under-
lying volcanosedimentery series.

The uranium ores are located in the north part of
the “Paranesti granite”, although disperse metallo-
genetic indications (which do not participate in the 
main uranium ores) have been localized inside the
volcanic cover and the volcanosedimentery series.

The geological map of this area (in a 1:5.000 scale)
was checked geometrically on the surface, as well
as in depth, by F. Pergamalis et. al. (2001) and the 
existence of three different granite phases in an 
harmonic bedding correlation was established,
(Fig. 1a,b):(

The upper granite phase, or the “Fteroto type”.
The middle phase, or the “Prasinada type” and
The lower granite phase, or the “Dipotama 
type”.

The uranium ores, (which have been studied till
today) are also distinguished in three categories 
(Pergamalis et al., 1998):

The endogranitic type containing the reduced
pitchblende uranium ore. The body 1 of Spilia,
Paranesti is a representative example of this 
category.
The endogranitic type containing the oxidized
uranium ore with secondary U6+ phosphoric 
salts, especially spherolithic Renardite. The 
Fteroto ore body is the most representative ex-
ample of this category.
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The mixted (or complex) endogranitic type 
(containing oxidized and reduced uranium ore), 
with U4 and U6+ phosphoric and silicate salts 
(coffinite, autunite), creating filons or amass of 
ore. The Archodovouni ore is the most repre-
sentative example.

Fig. 1a. The three different “granite types” of Paranesti 
area rocks. 

The first two categories of uranium ores were lo-
cated in the upper granite phase, the “Fteroto type” 
granite, the third category was located in the lower 
granite phase, “Dipotama type”. Till today inside 

the middle granite phase, the “Prasinada type ” any 
uranium ore have not been located.

3. Mineralogical Characters 
This mineralogical study, as well as the following 
geochemical study, refers to samples from the two 
uranium bearing phases of Paranesti granite, a) the 
upper phase or “Fteroto type granite” with two rep-
resentative ore bearing bodies, (the Spilia and the 
Fteroto ore bodies, photos 1-4 and 10-12), and b) 
the lower granite phase or “Dipotama type” with 
the Archodovouni ore as representative example 
(photos 5-9). 

3.1. Upper Granite Phase, or “Fteroto Type”
The most important and richer uranium ores are 
found in this granite phase, which is a microgranu-
lar, leucocratic rock, consisting mainly of quartz 
and feldspars. 
3.1.1. Granite from Spilia ore body 
The hosting rock is high tectonized, with cataclas- 

a b c

Fig. 1b. Paranesti’s geological mapping.

Dipotamia
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Photo 3. // Nickols: “Fteroto Granite type” from 
Fteroto ore Paranesti. Green biotite, with inclu-
sions of sphene along the cleavage surfaces.

Photo 4. Nickols: Fteroto “Granite type”, Fte-
roto ore. Inclusions of zircon crystals, with 
pseudochroic halo, in an unstable biotite pre-
senting a zone of neoformed crystalline miner-
als.

bi

Sph

bi

Zr

Photo 1. // Nickols, “Fteroto Granite type” from 
Spilia Paranesti ore. Completely altered alkali
feldspar, with only a fine rim of unaltered crys-
tal, (albitization, calcitisation, sericisation etc.) 
remaining.

Photo 2. Nickols: Details of the photo 1.

FdK FdK

Photo 5. Nickols: “Dipotama Granite type”, 
Archontovouni ore, Paranesti. Feldspar crystal 
with tectonic strain, and a neoformed fine crys-
talline material, consisting of quartz, albite and
sericite.

Photo 6. Nickols. Dipotama Granite type”, 
Archontovouni ore, Paranesti. Islands of tectoni-
cally strained feldspar crystals, dispersed inside 
fine granular, neoformed quartzofeldspathic ma-
terial.

Fd

Q

Ab

matrix
Fd
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Photo 11. //Nickols. “Fteroto Granite type”, Spi-
lia ore, Paranesti. Zone with a fine crystalline 
mixture of quartz, feldspars and just a little seri-
cite, cutted by another one zone with more dif-
fuse boundaries, consisting of small recrystal-
lized, granular quartz.

Photo 12. Nickols. Fteroto “Granite type”, 
Spilia ore, Paranesti. Detail. Strongly altered 
plagioclase, with albitization and calcitization 
forming disperse nests of calcite and albite.

Fd + Q + ser
Plg

cc

Ab

Photo 7. //Nickols. "Dipotama Granite type”, 
Archontovouni ore, Paranesti. Feldspar crystals 
with altered zones along the tectonic fractures, 
surrounded by small recrystallized quartz grains.

Photo 8. Nickols. “Fteroto Granite type”, Fte-
roto ore, Paranesti. Strongly altered orthoclase 
(sericitized, alterations in clay minerals) and 
corroded biotite leaflets with tectonically 
slightly deformed, (curved), cleavage surfaces.

Fd Q

bi

bi

Or

Photo 9. Detail of Photo No-8. Photo 10. //Nickols. “Fteroto Granite type”, 
Spilia ore, Paranesti. Completely fragmented 
feldspar crystal, with fine quartzofeldspathic 
material between the fragments.

bi

Fd

Fragments
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tic texture, sometimes presenting a dense, thick 
network of intercrossed veinlets, crossing the rock 
at different directions and sometimes forming pa-
rallel or intercrossed zones of fine granular qua-
rtzofeldspathic material. Inside this matrix frag-
ments of quartz and feldspars crystals are found, 
that constitutes up to 40% in volume of the rock. 
Between the zones the rock presents cataclastic 
texture and it is consisting of quartz, alkali feldspar 
and plagioclases, all about at the same proportion.

The quartz forms allotriomorphic crystals, the al-
kali feldspars present alterations into calcite, seri-
cite and clay minerals, while the plagioclases 
present extended albitization, whith only a peri-
pheral skeletal halo of plagioclase remaining, the
neoformed idiomorphic albite occupies up to 80% 
of the crystal volume,. In some plagioclases the 
neoformed albite coexist with calcite concentra-
tions, either inside sparse small nests, either inside 
a small irregular network of filons.

Except these major minerals that constitutes 90 to 
97% of the rock volume, are also found uncolo-
rized biotite leaflets presenting deformed (curved) 
cleavage surfaces, that usually include zircon and
apatite, and present a small degree chloritization. 
As accompany minerals zircon, apatite, idiomor-
phic crystals of an opaque mineral are found, and 
also, inside the zones with the cataclastic texture, 
concentrations of an amorphous opaque mineral.

3.1.2. Granite from Fteroto ore body

The hosting rock, of the Fteroto ore body, is a tec-
tonized and partially recrystallized leucogranite. 
Quartz, alkali feldspars and plagioclases (the three 
about at the same proportion) constitute about 95-
97% of v. of the rock. Biotite and white micas are 
also presents in the same proportion, as well as, 
zircon and small grains of a black opaque mineral, 
as accompany minerals.

The plagioclases and the alkali feldspars are, at 
lesser or bigger degree, altered in albite, sericite
and clay minerals. The secondary calcite concen-
trations inside the irregular veinlets with dentoidal
rims show that, during the secondary process of the 
rock, was taken place Ca dissolution from the pla-
gioclases. The quartz crystals are usually broken 
and often recrystallized, forming quartz nests be-
tween the bigger quartz crystals and the feldspars, 
while the biotite is usually uncolorized and chlori-
tized.

3.2. Lower Granite Phase, or “Dipotama Type”
It is a coarse grained granite, consisting of quartz, 
alkali feldspars (orthoclase and microcline), pla-
gioclases (oligoclase), mica, (biotite and white 
mica). The first three minerals are found almost in 
the same proportion and constitute the 95% of v. of 
the rock forming allotriomorphous crystals, which 
can be considered as belonging in two different 
generations, the first with bigger crystals and the 
second with much smaller ones.

The quartz is found either in big xenomorphic mul-
ti-crystal aggregates, or in smaller grains covering
spaces between the feldspars. The plagioclases and
the alkali feldspars appear altered at a smaller or
bigger degree, forming albite, sericite, clay miner-
als and calcite, often all coexisting in the same
crystal.

The rare and small biotite leaflets are uncolorized
and they present opaque inclusions of titanium and 
of semitransparent iron oxides. As accompany 
minerals zircon and apatite are present. Also rarely 
inside this rock, a few, thin zones, consisting of 
very fine, granular, quartzofeldspathic material and 
small fragments of albite, appear.

4. Geochemical Characters
The the Paranesti granite type rocks present a
strong potassium–sodium character, due to the ab-
undance of feldspars (alkali feldspars and plagioc-
lases), while the biotite participates only in a very 
small percentage. According to the terminology of 
Bayly (1976), these rocks could be characterized 
as granite with biotite, or oligobiotite quartz por-
phyritic granofelsite, so, it will be possible to 
overpass some indications about the origin pro-
vided by the term granite.

According to the same author, to define the mag-
matic origin for magmatic or metamorphic rocks, 
when the discrimination is too difficult or impossi-
ble, the only visible characteristic should be the 
great homogeneity of the rock on a vast surface, 
bigger than 5 Km2.

60 samples, representing all petrological types in 
the studied area, were analyzed by the X.R.F me-
thod. (X-ray fluorescence spectrometry), for both, 
the main and trace elements, with a Philips auto-
matic sequential spectrometer PW 1450.

4.1. Main Elements 
To understand the chemical changes of the main
elements and for the classification of the different
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samples (Figs. 2, 3, 4), the results of the chemical
analysis were projected on different diagrams.

The changes of the Κ2Ο/Να2Ο ratio value are sig-
nificative (Figure 2) and they are mainly the result 
of the Να2Ο changes, because the Κ2Ο content re-
main constant, except for “Dipotama granite type”,
which presents a simultaneous increase of Κ2Ο-
Να2Ο that characterises the uranium rich granite 
types (from 84 to 3.740 ppm of U).

The fluctuations of the Κ2Ο/Να2Ο ratio are signifi-
cant when varying in the interval from 4,0 to 0,3 
and, when the biotite is present in a small or mini-
mum percentage, in some way, this fluctuation re-
flects the rapport between potassium feldspars / 
plagioclases, or, in the case of a major Να2Ο
change versus the Κ2Ο content, the preponderance 
of sodium terms in the potassium–sodium minera-
logical phases (formation of albite), which in the 
case of Archodovouni, and in a smaller degree, in 
the case of Spilia area, are correlated with the 
enrichment in uranium. 

The “Dipotama type” granite, (ore of Archodovou-
ni), presents the higher values in Κ2Ο/Να2Ο ratio, 
(from 4 to 1). The “Fteroto type”, (ore of Fteroto), 
presents the lower values, (from 1 to 0,3), while 
the “Fteroto type”, (ore of Spilia), presents inter-

mediate values, with members from the higher to 
the lower value. In each granitic type, (sometimes 
even inside the same type), the uranium enrich-
ment follows different tendencies. For example, in 
contrast with the “Dipotama type”, the “Fteroto 
type” presents a uranium enrichment (from 54 to 
787 ppm) with a great diminution of the sodium 
content (Na2O) compared that of the potassium 
(K2O) content, (a mean value of 1,67 against 0,78, 
respectively). The Spilia ore granitic type presents 
also a double evolution, firstly the decrease of the 
Κ2Ο/Να2Ο value, either with a rise or either a 
decrement of the uranium content at the different 
samples (Fig. 3).

Fig. 3. Na2O, K2O diagram showing the variations of 
the Na and K content in correlation with the increase of 
the uranium content in the Paranesti ore bodies. 

In the K2O–SiO2 diagram of Peccerillo and Taylor 
(1976), the granite type rocks of Paranesti with 
mineralization, are placed in the areas of the potas-
sium rich andesites–dacites (high K), of the potas-
sium calc-alkaline series, with the acid members 
occupying the areas of dacites–rhyolites, at the 
borders between the potassium calc-alkaline series 
with the calc-alkaline one (Fig.4).

Fig. 2. Na2O, K2O diagram showing the “Sodium” and 
“Potasium” character of the Paranesti “granite type” 
rocks. The lines ½ and 2 limit these characters, while 
the increase of the uranium content follow different ten-
dencies for each area. In the small diagram are projected 
the compositions of the main sodium and potassium mi-
neralogical phases.

LEGEND for all Figures
Archodovouni ore          Spilia 2 ore    

Fteroto ore                      Spilia 1 ore
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The “Dipotama granite type” (ore of Archodo-
vouni), shows the bigger dispersion, with mineral 
bearing samples in which the potassium content is 
slightly reduced from the alkali to the acid mem-
bers, in contrary with the evolution of the unaltered 
rocks. The other granite types of Fteroto and Spilia 
ores, present also the same evolution, but with a 
slightly lesser fluctuation. 

The volcanic rocks of Paranesti (biotite–
hornblende rhyolites and the more alkaline augite–
hornblende quartz diorites, Soldatos, 1961), are 
also interesting. These also are always strongly en-
riched in potassium and they are placed at the acid 
end of the potassium calc–alkaline series, but 
without the less acid derivative members. Espe-
cially, the accumulation of Paranesti area volcanic 
rocks, towards the borders of the acid K-calc-
alkaline and the acid soshonitic series, gives the 
impression that the volcanic rocks of Paranesti 
must be the last derivative members (rich in SiO2
and K2O) of volcanic materials strongly enriched 
in potassium, namely members of a high-
potassium calc–alkaline to soshonitic series, which 
is impossible to be determined exactly without the 
analysis of the more basic members. Generally the 
volcanic rocks of Paranesti area present chemical 
characters of a high-potassium continental border 
environment (Jakes and White, 1972). The chem-
ism of these rocks does not differ essentially from 
the granite type rocks originated from the same 
zone. 

At the diagram Na2O+K2O/SiO2, (Fig. 5) all the 
mineralized granite type samples of Paranesti are 

projected in the area of the Kuno’s alkaline series, 
(Richard, 1988-1995). The alkaline character pre-
sents a decreasing tendency from the Fteroto area 
samples to the samples of Spilia and Archodovouni 
area. This evolution, at the beginning, is slightly 
positive or constant with a limited drift, and then, 
for the mineralized samples of these Paranesti ar-
eas, becomes negative. Some samples from Spilia 
and Archodovouni areas tend to be integrated at 
the extension of the calc-alkaline series of Kuno. 

Except all these characters, which are directly re-
lated with the changes between potassium and so-
dium terms of the feldspars, (albitization), the TiO2
content of Paranesti area granite type rocks, is low, 
(from 0,03 to 0,29%) and only some samples pre-
sent contents from 0,41-0,56%. The total iron 
(FeO)Tot present a bigger variation from 0,10 to 
5,10%, with the uranium richer granite types (U 
content from 500 to 4.693 ppm), associated with 
an (FeO)Tot content greater than 1,20%. 

The same correlation presents also the magnesium 
for contents bigger than the 0,17% in MgO, but 
keeping however a lower fluctuation from 0,10 to 
1,96 %. 

The manganese and the phosphor fluctuate in very 
low levels, from 0,01 to 0,40% for MnO and from
0,02 to 0,19% for P2O5 without any association 
with the uranium content. Finally, the calcium pre-
sents low variations, from 0,32 t0 1,89% in CaO, 
except for some samples of Spilia area, presenting 
contents from 2,65 to 4,38% in CaO and character-
izing uranium-rich granite type (2.763 to 3.731 
ppm in U). 

Fig. 4. Projection of the “Granite type” rocks from the Paranesti area ore bodies at 
the diagram of Peccerillo et Taylor (1976). The borders of the different series corres-
pond to the axis of K2O and these of the relative volcanic rocks to the axis of SiO2.
I. Tholeitic series.
II. Calc-alkaline series, (D: dacite, Ε: rhyolite).
III. Potassium Calc–Alkaline series, (C: Rich in K andesite, D: Rich in K dacite).
IV. Soshonitic series.
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4.2. Trace Elements
After the main elements, we will also study the
trace elements to see if they certify or they com-
plete the interpretations related with the typology,
as well as, with the evolution of the Paranesti-
Drama area granite type rocks.

Twelve (12) trace elements (Ba-Rb-Sr, Zr-Y-Nb,
U-Th και Co-Ni-Cr-V) were analysed by X Ray
Fluorescence (XRF) method in the laboratories of
Mineralogy-Petrology Department of I.G.M.E.. 
From all these elements, only the concentrations of
Ni were lower than the instrument detection limit.

The Ba-Rb-Sr diagrams will accomplish the trace 
elements study for the certification of the geo-
chemical, petrographical and typological correla-
tions. In the ternary diagram (Fig.6) of El Bouseily 
et al. (1975), five different zones (the diorite, the 
granodiorite, the quartz-diorite, and the anornal, 
normal and very differentiated granites) can be 
seen. Most of the Paranesti granite type rocks are 
projected at the granodiorite-quartz diorite area. 
Some fluctuations between Ba-Sr and also between
Ba-Sr-Rb reflect the ratio between alkali feldspars/
plagioclases and the prevalence or not of the first 
component over the second (case of albitization).

Fig. 5. Diagram SiO2-(Na2O+K2O) showing the projection of the mineralized samples from Pa-
ranesti area at the diagrams of Kuno (1960) and Cox et al.(1979), (L. R. Richard, 1988-1995).

Fig. 6. Projection of the “granite type” rocks from Paranesti-Dramas’ 
area at the diagram Sr-Rb-Ba.
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The Paranesti-Drama area, granite type rocks, in 
the diagram Rb/Sr (Fig.7) of Johan et al. (1980),
which defines different magmatic series, (oroge-
netic zones, endocrystaline granitic mass and an-
deitic shossonitic series) are also projected in the 
area of the soshonitic – potassium calc-alkaline se-
ries.

The uranium content of the Paranesti area granite
type rocks, present a wide range of values, from 19 
to 4.693 ppm, and, according the mineralogical cri-
teria concerning the uranium, they belong to the 
category of ore samples. In particular, from the to-
tal number of samples, only 6 present a content 
lower than 8 ppm, (the double of the middle gra-
nite content), 14 samples a content from 8 to 100 
ppm, 27 samples from 100-500 ppm and 12 sam-
ples have a content higher than 500 ppm.

Fig. 7. Projection of the “granite type” rocks from Pa-
ranesti, Dramas’ area, at the Rb-Sr diagram limiting the 
different magmatic series The tendencies A and B show 
the characteristics orientation of the orogenetic zones 
and the endocrystalline granitic masses respectively. 
The shaded ellipsoidal area shows the champ of the an-
desitic and soshonitic series (Johan et al. 1980).

Respectively, the content in thorium varies 
slightly, with values between 4 to 78 ppm, so, the 
ratio Th/U is very low, from 0,001 (mainly for
samples from Archodovouni area), till 1,0 (mainly
for samples from Spilia area), while, intermediate 
values of Th/U ratio, (between 0,01 and 0,1), 
presents the Fteroto area (Fig.8). For some samples 
of the Fteroto area and for a U content around 200 
ppm, appears a slight correlation of the uranium 
increase with a smaller increase in Th, but for most 
samples the increase in U is accomplished with a
constant Th content.
If we consider the quotient K/Rb (Fig.9), as a sign

of the rocks evolution, we observe a considerable 
increase of the uranium content, from 10 to 1.000 
ppm, in a strong decrease of that quotient (from
300 to 30).

Fig. 8. Correlation of the Uranium and Thorium con-
tents of the “granite type” rocks from Paranesti, Dra-
mas’ area.

The samples from Archodovouni area and some
from Spilia area, present the lower K/Rb quotient,
with the higher U contents, the same time that the
higher K/Rb quotient is present in some samples 
from Fteroto (ore Spilia), granite type rocks, with 
the smaller uranium content. An intermediate place
occupies the Fteroto ore, with middle values of 
K/Rb quotient and U content.

Fig. 9. Correlation between the uranium content and the 
K/Rb quotient, in the different ore bodies from the Pa-
ranesti area, upper and lower “granite type” rocks.
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The contents in Zr-Nb-Y, as well as these in Co-
Ni-V-Cr, fluctuate in low levels, without any cor-
relation with the increase of uranium content,
while the higher contents of the second group trace
elements, are present for the lower contents in ura-
nium (<8 ppm in U).

5. Conclusions
The middle- or meta-hercynian age, granite type
rocks of Paranesti area, are known for the most
important uranium deposits, which have been loca-

lized in Greece until today. Therefore in this study, 
has been performed a first effort to define the na-
ture of the rocks hosting the U mineralization, and 
to define correlations with the petrographical–
geochemical similarities and differences that they 
present between them and with their uranium con-
tent.
The geochemical characters of the mineralized 
rocks from Paranesti area, are the similar with
these of the potassium – calc-alkaline series, with
highly enriched in potassium terms, even for the
less acid members. Like the volcanic rocks of the
cover layer, they present characters of a high po-
tassium continental margin environment.
The two U mineralized granite types of Paranesti 
area, (which have been geologically charted in 
previous studies), present characteristic fluctua-
tions of the K2O – Na2O ratio, related with the 
changes of the Na2O content and indicating the 
formation of the sodium terms (albite), in the po-
tassium–sodium mineral phases (alkali feldspars -
plagioclases). In the case of Archodovouni area, 
but also at a smaller degree in the case of Spilia 
area, this formation is connected with the enrich-
ment in uranium, preserving constant the thorium 
contents. This last element shows an lack compar-
ing to the U, so the ratio Th/U is very low, from 
0,001 to 1, in contrary with the contents of the 
above elements in the granites (Th/U≈4). The “Fte-
roto type” granite is just a little different, with a 
small correlation in the uranium content increase, 
with a clear smaller increase of the Th content.
The “Dipotama type” granite, (ore Archodovouni), 
with the less accentuated alkaline character, 
presents the higher values of K2O/Na2O ratio, with 
high K2O contents, even for the less acid terms, 
and with higher U contents for the most differen-
tiated types (of the lower K/Rb quotient). 

The “Fteroto type” granite, (Spilia ore), with an al-
kaline character similar to that of the Archodovou-
ni ore, presents intermediate values of K2O/Na2O
ratio, with a high K2O content, even for the less ac-
id terms and some of its samples, from the most 
differentiated types, have the highest uranium con-
tents, and some other, less differentiated samples,
(with the higher K/Rb quotient), the smaller con-
tents in U.
Intermediate K2O/Na2O quotient and uranium con-
tents present the Fteroto ore, (granite “type of Fte-
roto”), with the more accentuated alkaline charac-
ter.
From the rest of the elements, Fe and Ca (oxidiza-
tion–calcitization) show a slight relation with the 
uranium enrichment, while the trace elements Ba-
Rb-Sr certify and complete the conclusions of the 
main elements.
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Abstract: Raman Spectroscopy was employed to confirm the presence of hydrogrossular, rather than 
vesuvianite, in rodingites of the Othrys ophiolite suite, central Greece. The Raman spectra obtained 
from the fine-grained, weakly birefringent minerals, with anomalous bluish-grey interference colours 
documented the presence of hydrogrossular by its characteristic bands at ~360-362, 534-537, 817-819, 
870-872 and 3600 cm-1. No Raman spectra indicative of vesuvianite were obtained precluding the exis-
tence of this phase. The absence of vesuvianite implies that the metasomatising fluid phase was rather 
rich in CO2, an observation which is also verified by the abundance of calcite and assists in further stud-
ying the evolution of these rocks. 

Keywords: Raman Spectroscopy; Hydrogrossular; Vesuvianite; Rodingite; Othrys; Greece 
 
1. Introduction 
Rodingites are Ca-rich and silica undersaturated 
rocks, composed mainly of Ca-Al and/or Ca-Mg 
silicates. Though rare, they comprise a significant 
component of the ophiolite complexes. 

They form during post-magmatic episodes and af-
fect mainly mafic or ultramafic protoliths. They 
are genetically related either to serpentinisation 
(e.g. Coleman, 1977; Schandl et. al., 1989; 
O’Hanley et al., 1992; Hatzipanagiotou et al., 
2003) or to the introduction of Ca-rich hydrother-
mal solutions (e.g. Hall & Ahmed, 1984; Hatzipa-
nagiotou & Tsikouras, 2001). Their assemblages 
commonly include grossular/hydrogrossular, an-
dradite, epidote, prehnite, vesuvianite and diopside 
depending mainly on temperature conditions and 
the composition of the implicated fluid phase. 

The aim of this study was to ascertain the mineral 
assemblage which is present in the Othrys rodin-
gites, employing the Raman technique in order to 
assist several interpretations concerning their pe-
trogenetic evolution. Hydrogrossular and vesuvia-
nite commonly show significant resemblance of 
their optical properties, their structure and their 

chemical composition (e.g. Fitzgerald et al., 1992), 
thus not easily discernible, even when microprobe 
or XRD are used.  

Verification of the occurrence of vesuvianite is 
critical in a rodingite system since it forms only at 
very low activity of CO2 of the fluid phase in-
volved in the metasomatic process (Rice, 1983; 
Galuskin et al., 2003). 

2. Geological Setting 
Othrys is one of the most well-known ophiolite 
complexes within the Dinaric-Hellenic ophiolite 
belt of Western Greece. It has been termed the 
Mirna Group after Smith et al. (1975) which oc-
curs in a nappe pile structure where the ophiolitic 
rocks are dismembered and emplaced in reverse 
stratigraphic order. From bottom to top, the Mirna 
Group ophiolite comprises the Sipetorrema Pillow 
Lava unit after Smith et al. (1975), the Kournovon 
Dolerite unit and isolated units of mantle rocks in-
cluding the Agoriani Lherzolite, the Mega Isoma 
Lherzolite and the Kedron Harzburgite. 

Rodingites are in association with serpentinised 
harzburgite of the uppermost tectonic units of the 
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Mirna Group. They occur as scarce fine-grained 
dykes of variable thickness (5-20 cm), in sharp 
contact with the peridotite (Fig. 1). They are gen-
erally white-coloured rocks with a rather homoge-
neous field aspect which could be subdivided into 
two groups, based distinctively on the occurrence 
or absence of significant amounts of well-formed 
calcite crystals. Locally, they are displaced or 
folded with b-axes striking NW-SE, parallel to the 
foliation.  

3. Petrography   
The Othrys rodingites are subdivided into two 
groups characterized by different textures and as-
semblages. The group-1 rodingites (samples RD4, 
RD5) display a blasto-subophitic texture preserv-
ing local relics of primary subophitic texture; their 
assemblage includes diopside + chlorite + garnet + 
calcite + titanite + ilmenite. Garnet is a weakly bi-
refringent hydrogrossular and forms either segre-
gations of tiny, embryonic crystals or clear pseu-
domophic crystals after plagioclase, set between 
diopside (Figs. 2a, b). Due to its small crystal size 
and the resemblance to vesuvianite, hydrogrossular 
crystals are difficult to identify; hence its presence 
was verified employing the Raman technique. 

Chlorite has been developed after actinolite (an 
ocean-floor metamorphic product in the dolerite 
protolith) while diopside formed after chlorite or 
chlorite and calcite. 

The group-2 rodingites (samples RD2, RD3) 
represent a more advanced stage of metasomatic 
alteration where igneous textures have been vir-
tually obliterated by lepidoblastic, granoblastic and 
occasionally cataclastic textures. Their assemblage 
includes diopside + garnet + chlorite + titanite ± 
apatite. Garnet is represented by hydrogrossular, 
which disperses within the rodingite showing 
weakly birefringent crystals with anomalous bluish 
interference colours (Figs. 2c, d), thus could be 
misleaded with vesuvianite that also commonly 
occurs in rodingites. However, occurrence of ve-
suvianite is precluded while the presence of hydro-
grossular has been again verified using Raman 
spectroscopy. In places, a younger generation of 
subhedral to euhedral diopside crystals form over-
growths on garnet.   

4. Analytical methods  
Raman spectra were obtained with a Renishaw 
Ramascope RM1000® Raman micro-spectrometer 
at the School of Mining and Metallurgical Engi-
neering of the Technical University of Athens, 
Greece. Spectra were excited at room temperature 
with the 632.8 nm line of a red 19 mW He-Ne la-
ser through an OLYMPUS® x100 objective. The 
numerical aperture of the objective is 0.9. The la-
ser spot on the surface had a diameter of approxi-
mately 1 μm and a power of ~4 mW. Light was 
dispersed by a holographic grating with 1800 
grooves/mm. The spectral resolution of about 0.4 
cm-1 was determined by measuring the Rayleigh 
line of the He-Ne laser. The “scanning” mode was 
selected. 5 accumulations of 20 seconds each were 
made for each spectrum in a spectral range be-
tween 180 and 4000 cm-1. In the cases of high lu-
minescence laser power was reduced by 50% and 
10 seconds per each accumulation were selected. 
Even though, in some cases no detectable Raman 
peaks appeared in the garnet spectra characterized 
of very high laser-induced sample fluorescence. 

Electron microanalyses were carried out at the 
Laboratory of Electron Microscopy and Micro-
analysis, University of Patras. All elements were 
analyzed by electron-dispersive X-Rays (EDX) us-
ing EDS and WDS detectors attached to a JEOL 
JSM-6300 SEM. Operating conditions were accel-
erating voltage 15 kV and beam current 3.3 nA 

 
Fig. 1. Outcrop of rodingitised dykes (white) in serpen-
tinised harzburgite. 
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with 4 μm diameter beam. The acquired EDS and 
WDS spectra were corrected with the ZAF correc-
tion software. The total counting time was 60 sec 
and the dead-time 40 %. Synthetic oxides and 
natural minerals were utilized as standards for our 
analyses.  

5. Results 
Raman spectra with bands at 360-362, 534-537, 
817-821 and 870-872 cm-1 were obtained from the 
anisotropic minerals of the samples (Fig. 3). A mi-
nor peak at ~3600 cm-1 with variable intensity is 
also distinguishable (Figs. 3, 4). Broad laser-
induced luminescence bands are observed in the 
spectral interval 1000-2500 cm-1. The observed 
bands are most probably assigned to hydrogrossu-
lar. As revealed by the microanalyses (see Table 1) 
the grains analysed here comprise intermediate 

compositions between the grossular 
(Ca3Al2(SiO4)3) – hydrogrossular (Ca3Al2(O4H4)3) 
end-members; therefore Raman band positions are 
expected to deviate from those of both pure hydro-
garnet and pure silicate garnet (hydrogrossular and 
grossular, respectively). Moreover, in addition to 

Ca, the presence of Fe and Mg cations results in 
band position shifts compared to those of pure Ca-
bearing garnet end members. Thus, the band at 
360-362 cm-1 could most probably be mixed 
T/R(O4H4) and T/R(SiO4) (Kolesov & Geiger 
1998; 2005). The band at 534-537 cm-1 could be 
assigned to a T(OH) motion (Kolesov & Geiger, 
2005). The bands between 600 and 900 cm-1 might 
correspond to a mixture of R(OH)/(Si-O) (Kolesov 
& Geiger 1998; 2005). The band at ~3600 cm-1 
corresponds to the O-H mode. Its intensity varies 
as a result of varying OH- content of the analysed 

 
Fig. 2. Photomicrographs from the Othrys rodingites: a. group-1 rodingite (sample RD 4) with hydrogrossular (gr) in 
pseudomorphic development after igneous plagioclase; b. hydrogrossular overgrowing relic plagioclase (Plg), which 
towards the rim shows multiple twinning (sample RD 4); c-d. weakly birefringent hydrogrossular (gr) and diopside 
(di) in group-2 rodingite (sample RD 3). 
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hydrogrossulars (see Fig. 4), an observation also 
verified by SEM/EDX analyses (Table 1). How-
ever, Raman spectra are not suitable for quantita-

tive determination of OH in garnets (Arredondo & 
Rossman, 2002). Moreover, the laser wavelength 
used (632.8 nm) is not very sensitive to the OH- 

 
Fig. 3. A representative Raman spectrum of hydrogrossular from a rodingite of Oth-
rys (sample RD 2); 632.8nm, He-Ne laser. 

 
Fig. 4. Representative Raman spectra of hydrogrossulars from a rodingite sample 
(sample RD3) with varying OH-mode intensities; 632.8nm, He-Ne laser. 
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modes in hydrous mineral phases and thus the 
bands corresponding to these modes are not so 
well-expressed.  

Low-temperature (ordered) vesuvianite typical of 
rodingites would have been expected to give its di-
agnostic peaks at ~635 and 695 cm-1 (Palusz-
kiewicz & Zabinski, 2004; Galuskin et. al., 2007). 
For comparison, vesuvianite crystals from a mu-
seum sample were analysed. Dominant peaks at 
~370, 638 and 694 cm-1 were observed (Fig. 5). 
However, no peaks at these positions were ob-
tained from the rodingites studied thus precluding 
the possibility for the existence of this phase. 

The occurrence of clinopyroxene (of diopside 
composition) and chlorite was also testified using 
Raman spectroscopy. Raman spectra typical of cli-
nopyroxene were obtained from matrix pyroxenes, 
as well as from pyroxene microinclusions in gar-

nets. The low-wavenumber region is dominated by 
three bands between 300 and 400 cm-1 (~322, 353, 
388 cm-1) corresponding to lattice modes (Sharma 
et al., 1983; Mernagh & Hoatson, 1997). The high-
wavenumber region is characterized by two domi-
nant bands at ~666 and 1013 cm-1 corresponding to 
Si-Ob-Si and Si-Onb symmetric stretching vibra-
tions, respectively (Onb: non-bridging oxygens, Ob: 
bridging oxygens, (Sharma et al., 1983; Mernagh 
& Hoatson, 1997)). Chlorite was identified as a 
matrix phase by its typical peaks at ~202, 549, 
674-677 and 3580-3666 cm-1 (Kleppe et al., 2003). 

6. Conclusions 
Raman spectroscopy has been proven to be a use-
ful tool for locating hydrogrossular in the samples 
and exclude the presence of vesuvianite in rodin-
gites from the Othrys ophiolite, Greece. In the case 
that both minerals were present, this technique 
would be able to easily distinguish them, as the 
comparison with the museum sample is showing. 
Hydrogrossular forms small and weakly birefrin-
gent crystals, hence hard to be distinguished from 
vesuvianite. Neither polarizing and scanning elec-
tron microscopy nor XRD were diagnostic for dis-
criminating these two phases. The presence of hy-
drogrossular was testified in all the samples stu-
died. Although, thoroughly checked for vesuvia-
nite, it was not found in any of the samples, imply-
ing that the metasomatising fluid phase was rather 
rich in CO2. This was further supported by the 
presence of calcite and the observed behaviour of 
REEs assisting in constraining a T-XCO2 evolutio-

Table 1. Representative microanalyses of garnets from 
the rodingites of Othrys. 

Hydrogrossular 
 Sample RD 2 RD 2 RD 3 RD 3 RD 4 RD 5 
 Anal. gr2.1 gr2.7.5 gr3.2.1 gr3.1b.8 gr 2 gr 4 
 SiO2 36,13 33,27 33,89 33,88 33,96 33,85 
 TiO2 2,18 1,12 1,81 1,71 0,49 1,49 
 Al2O3 17,92 20,34 19,84 20,51 18,47 16,33 
 Fe2O3

t 2,43 1,69 2,48 2,14 9,01 8,18 
 MnO 0,05 - 0,01 0,04 - - 
 MgO - - - 0,02 3,37 1,32 
 CaO 36,67 36,11 36,64 36,77 30,71 34,51 
 Na2O 0,21 0,03 0,31 0,16 - - 
Cr2O3 - - - - - - 
 Total 95,59 92,56 94,98 95,23 96,01 95,68 

Structural formulae on the basis of 12 O 
 Si 2,878 2,714 2,702 2,692 2,696 2,727 
 AlIV 0,122 0,286 0,298 0,308 0,304 0,273 
  3,000 3,000 3,000 3,000 3,000 3,000 
 AlVI 1,559 1,667 1,564 1,610 1,422 1,276 
 Ti 0,131 0,069 0,109 0,102 0,029 0,090 
 Fe3+ 0,146 0,104 0,149 0,128 0,538 0,496 
Cr - - - - - - 
 Fe2+ - - - - - - 
 Mn 0,003 - 0,001 0,003 - - 
 Mg - - - 0,002 0,399 0,159 
 Ca 3,129 3,156 3,130 3,130 2,612 2,979 
 Na 0,032 0,005 0,048 0,025 - - 
  5,000 5,001 5,001 5,000 5,000 5,000 
 Alm - - - - - - 
 Andr 7,97 5,73 8,26 7,13 29,95 27,28 
 Gross 91,91 94,27 91,71 92,68 55,26 66,91 
 Pyrope - - - 0,09 14,79 5,81 
 Spess 0,12 - 0,03 0,10 - - 
 Uvar - - - - - - 

 
Fig.5. A Raman spectrum of vesuvianite from a mu-
seum sample; 632.8nm, He-Ne laser 
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nary path for the formation of the rodingites (Tsi-
kouras et al., 2009). 

A future multiwavelength Raman study of hydro-
garnets might provide more information on their 
Raman spectrum dependence on the laser wave-
length and composition (e.g. luminescence source, 
quantitative determination of the OH content based 
on the band intensity e.t.c).   

References   
Arredondo A. and Rossman G., 2002. Feasibility of de-

termining the quantitative OH content of garnets 
with Raman spectroscopy. Am. Mineral. 87: 307-
312. 

Coleman R.G., 1977. Ophiolites, Ancient Oceanic 
Lithosphere? Springer-Verlag, Heidelberg N.Y. 

Fitzgerald S., Leavens P.B. and Nelen J.A., 1992. 
Chemical variation in vesuvianite. Mineral. Petrol. 
46: 163-178. 

Galuskin E.V., Armbruster T., Malsy A., Galuskina I.O. 
and Sitarz M., 2003. Morphology, composition and 
structure of low-temperature P4/nnc high-fluorine 
vesuvianite whiskers from Polar Yakutia, Russia. 
Can. Mineral. 41: 843-856. 

Galuskin E., Janeczek J., Kozanecki M., Sitarz M., 
Jastrzebski W., Wrzalik R. And Stadnicka K., 2007. 
Single-crystal Raman investigation of vesuvianite in 
the OH region. Vib. Spectrosc. 44: 36-41. 

Hall A. and Ahmed Z., 1984. Rare earth content and 
origin of rodingites. Chemie der Erde 43: 45-56. 

Hatzipanagiotou K. and Tsikouras B., 2001. Rodingite 
formation from diorite in the Samothraki ophiolite, 
NE Aegean, Greece. Geol. J. 36: 93-110. 

Hatzipanagiotou K., Tsikouras B., Migiros G., Gartzos 
E. and Serelis K., 2003. Origin of rodingites in ul-
tramafic rocks from Lesvos island (NE Aegean, 
Greece). Ofioliti 28/1: 13-23. 

Kleppe A.K., Jephcoat A.P. and Welch M.D., 2003. The 
effect of pressure upon hydrogen bonding in 
chlorite: A Raman spectroscopic study of 
clinochlore to 26.5 Gpa. Am. Mineral. 88: 567-573. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Kolesov B.A. and Geiger C.A., 1998. Raman spectra of 
silicate garnets. Phys. Chem. Minerals 25: 142-151. 

Kolesov, B.A. and Geiger C.A., 2005. The vibrational 
spectum of synthetic hydrogrossular (katoite) 
Ca3Al2(O4H4)3: A low-temperature IR and Raman 
spectroscopic study. Am. Mineral. 90: 1335-1341. 

Mernagh T. P. and Hoatson D. M., 1997. Raman spec-
troscopic study of pyroxene structures from the 
Munni Munni Layered Intrusion, Western Australia. 
J. Raman Spectrosc. 28: 647-658. 

O’Hanley D.S., Schandl E.S. and Wicks F.J., 1992. The 
origin of rodingites from Cassiar British Columbia, 
and their use to estimate T and P(H2O) during ser-
pentinization. Geochim. Cosmochim. Acta 56: 97-
108. 

Paluszkiewicz C. and Zabinski W., 2004. Vibrational 
spectroscopy as a tool for discrimination of high and 
low vesuvianite. Vib. Spectrosc. 35: 77-80. 

Rice J.M., 1983. Metamorphism of rodingites: Part I. 
Phase relations in a portion of the system CaO-
MgO-Al2O3-SiO2-CO2-H2O. Am. J. Science 283-A: 
121-150. 

Schandl E.S., O’Hanley D.S. and Wicks F.J., 1989 Rod-
ingites in serpentinized ultramafic rocks of the 
Abitibi greenstone belt, Ontario. Can. Mineral. 57: 
579-591. 

Sharma S.K., Simons B. and Yoder H.S., 1983. Raman 
study of anorthite, calcium Tschermak's pyroxene, 
and gehlenite in crystalline and glassy states. Am. 
Mineral. 68: 1113-1125.  

Smith A.G., Hynes A.J., Menzies M., Nisbet E.G., Price 
I., Welland M.J. and Ferrière J., 1975. The stratigra-
phy of the Othris Mountains, eastern central Greece: 
a deformed Mesozoic continental margin sequence. 
Eclog. Geol. Helveticae 68: 463-481. 

Tsikouras B., Karipi S., Rigopoulos I., Perraki M., 
Pomonis P. and Hatzipanagiotou K., 2009. Geo-
chemical processes and petrogenetic evolution of 
rodingite dykes in the ophiolite complex of Othrys 
(Central Greece). Lithos 113: 540-554. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



323 
 

Fe-Mn NODULAR CONCRETIONS ASSOCIATED WITH MIDDLE                

JURASSIC OCEANIC MELANGE (ARGOLIS, GREECE) 

Photiades A.D. 

Institute of Geology and Mineral Exploration, Olympic Village, 13677 Acharnae, Attica, Greece, fotiadis@igme.gr 
 

Abstract: Fe-Mn nodular concretions from Angelokastron and Lykotroupi areas, Northern Argolis 
Greece, are friable and compact types. They are associated with Middle Jurassic radiolarian red chert 
and red siliceous shale matrix slivers, originated and detached from a Middle Jurassic oceanic mélange. 
Friable Mn concretions consist of poly- or mononucleate nodules lacking primary botryoidal micro-
structures and possessing a unique composition. They form by the replacement of chalcedonic jasper by 
cryptomelane and todorokite; these concretionary crystalline manganese-structures are dissected by a 
birnessite phase oxidized to ntsutite and then crosscut by veinlets of hollandite and manganiferous car-
bonated fluroapatite during late-stage hydrothermal alteration. The resultant composition consists most-
ly of manganese with a very low content of iron and transition metals. The mineralogical and chemical 
compositions differ from those of recent or fossil manganese nodules and are related to a hydrothermal 
field. Compact Fe-Mn concretions consist of jasper and chert dissected by veinlets of hydrothermal to-
dorokite. Sulphides with magnetite characterize these concretions, even when altered and silicified.  
Some enclose scattered fragments of magnesiochromite with Ni-rich todorokite as veinlets and as con-
cretionary crystalline structures. Some others, such as silicified basaltic fragments, contain remnants of 
copper mineralization such as sulfides, oxides, and hydroxide copper minerals, generated by an older 
hydrothermal event with subsequent oxidation. Furthermore, a few compact concretions, which were 
chemically treated, revealed that they contain equal amounts of iron and manganese similar to the hy-
drothermal ferromanganiferous crusts on basalts. The reworked Fe-Mn nodular concretions resulted 
from submarine hydrothermal and fissural activity. These processes took place during the pre-
emplacement period of an oceanic crust unit preserved today as the Subpelagonian ophiolite. 

Keywords: SEM, chemical analysis, Fe-Mn concretions, hydrothermal, oceanic melange, Argolis.  
 
1. Introduction 
In this paper, we present a study on iron-
manganese nodular concretions being described for 
the first time from tectonically disrupted Middle 
Jurassic cherts of the ophiolites of Northern Argo-
lis, Greece. Geological data together with various 
laboratory investigations on the Fe-Mn concretions 
have been conducted in order to decode their mine-
ralogical and chemical distribution and place limi-
tations on their origin that are useful in discerning 
the tectonic history on their host assemblages. 
Manganiferous concretions with Ni-rich todorokite 
and carbonate-fluorapatite which replace and 
cross-cut the various silicified nodular rocks and 
the radiolarian Jurassic cherts were also found in 
Angelokastron locality and have already been stu-
died (Photiades et al., 1995; Perseil et al., 1998). 

2. Geological setting of the Fe-Mn concretions 
In Angelokastron and Lykotroupi localities of 

Northern Argolis (Fig.1), the siliceous shale, chert 
and jasper associated with iron and manganese 
concretions are presently sandwiched below a 
northwest-vergent Eocene thrust of Upper Triassic 
limestone and over the Triassic-Jurassic shallow-
water carbonate platform. Besides, the footwall 
carbonate platform is topped by compacted pelagic 
limestone of Middle Jurassic age, topped by Upper 
Jurassic cherts (Baumgartner, 1985) that grade up-
section into Upper Jurassic ophiolite-derived de-
trical sequences bearing MORB and clasts with 
boninitic affinities (Photiades, 1986; Capedri et al., 
1996). 

New radiolarian biochronological analyses have 
revealed that most of the iron-manganese concre-
tions contain a Liassic radiolarian chert nucleus. 
They are interpreted as being reworked nodular 
iron-manganese concretions exclusively associated 
with Middle Jurassic age radiolarian red chert and 
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red siliceous shale matrix slivers, originating and 
being detached from a Middle Jurassic oceanic me-
lange (Chiari et al., 2003, 2004a, 2006). However, 
the adjacent surfaced pillow-lava nappe with a 
mid-ocean ridge basalt affinity (Dostal et al., 1991; 
Saccani et al., 2003) bearing Fe-Cu-stockwork and 
Mn-ore (Photiades 1986) is exclusively topped by 
an Upper Triassic (Carnian to Norian) radiolarian 
red chert succession (Bortolotti et al., 2001, 2002, 
2003; Chiari et al. 2004b, 2007). 

 
Fig. 1. Geological simplified map of Northern Argolis 
with Angelokastron (A) and Lykotroupi (B) localities 
(modified from Photiades, 1986). Triassic-Jurassic shal-
low-water limestone (1a), ophiolitic melange of Malm 
age (1b), pillow-lava ophiolite nappe (2a), Meso-
autochthonous series with Cretaceous - Lower Eocene 
carbonate succession (2b), post-Ypresian flysch (2c), 
serpentinite melange (3a) with Upper Cretaceous limes-
tone (3b), Φ1: late Jurassic tectonic phase and Φ2: late 
Eocene tectonic phase. 

The pillow-lava nappe of Argolis and the Middle 
Jurassic oceanic melange slivers were emplaced 
onto the Pelagonian platform in Late Jurassic time 
and were involved again in thrusting during the 
Late Eocene (Photiades 1986; Capedri et al., 
1996).  

The chert and siliceous shale matrix slivers of An-
gelokastron and Lykotroupi localities (Fig.2), are 
up to 10m thick, in shades of various colors rang-
ing from reddish brown to dark brown, are com-
pletely tectonically isolated, isoclinal folded (Fig. 
3A, B), sheared and fractured indicating the effects 
of intense tectonic phases. Within this siliceous 
thin-bedded, soft and fine textured shale matrix, 
various more competent nodular or conglomerate 
breccias are irregularly associated such as serpen-
tinite, basalt, chert, and jasper and are mixed with 
iron-manganese nodular concretions. Matrix and 
nodular concretions are fractured and are generally 
filled with quartz, chalcedony and calcite.  

The iron and manganese nodular concretions show 
variable size from 5 to 35cm in diameter (Fig. 3C, 

D). The degree of mineralization was found to be 
from poor to rich. This character is clearly shown 
in the field with differences with respect to color, 
hardness, and texture and compactness. More mi-
neralized nodular concretions were darker in color, 
fine in texture, loose and were easy to sample. 

 
Fig. 2. Geological logs of Angelokastron (A) and Lyko-
troupi (B) with Fe-Mn nodular concretion outcrops. Tri-
assic-Jurassic shallow-water limestone (1a) with con-
densed pelagic limestone of Middle Jurassic age (1b), 
Upper Jurassic cherts (2a), Upper Jurassic ophiolite-
derived detrical sequence (2b), Middle Jurassic oceanic 
melange bearing Fe-Mn nodular concretions (3), and 
Φ2: late Eocene tectonic phase. 
 
3.  Morphology 
Most of the iron-manganese concretions range in 
shape from sub-angular to ellipsoidal and include 
some potato-shaped nodules with rugged rinds 
(Fig. 3). Larger nodules are commonly fragmented. 
Some expose irregular rugged surfaces suggestive 
of irregular nuclei and some others present smooth 
and granular surfaces. Most concretions are black 
with sub-metallic lustre.  Figure 3A exemplifies a 
mononucleate nodule with chert nucleus; figure 3B 
shows a polynucleate nodule.  All of the polynuc-
leate nodules (e.g., Fig. 3C) have nuclei or frac-
tured substratum of chalcedonic jasper concen-
trated at their bottoms revealing in some way the 
original lithological oceanic floor, at the time of 
their growth. 

Similar to the concretions described above there 
are massive, compact and very dense nodular to 
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sub-angular types lacking nuclei and have smooth 
and rough to granular surfaces too; these pertain to 
the altered remnants of basalt (Fig. 3D), serpenti-
nite, silicified rocks, chert and jasper.  
 

 
Fig. 3.  Angelokastron (A) and Lykotroupi (B) with the 
tightly folded and sheared Middle Jurassic cherts and 
red siliceous shale matrix, bearing respectively various 
sizes of Fe-Mn nodular concretions (C and D). 
 

4. Methods 
Microscopic examination of polished thin sections 
were made under transmitted and reflected light, 
and selected samples were further analyzed by ref-
lectance spectroscopy, scanning electron micro-
scopy (SEM) and back-scattered electron imaging 
(BSE).  Mineral analyses were made by X-ray dif-
fraction (XRD), infra-red (IR) spectroscopy, and 
microchemical analyses by electron-microprobe 
techniques (CAMEBAX of the Museum National 
d’Histoire Naturelle of Paris). Chemical analyses 
were made by atomic absorption spectroscopy for 
Si, Mn, Fe, Al, Ni, Co and Cu. 

5. Mineralogy 
Reflected light and SEM analysis of the nodular 
concretions revealed two basic types: (i) friable 
concretions (Fig.3B) which contain nuclei of 
slightly crystallized spherical masses composed of 
spherulitic growth structures of fibrous chalcedo-
ny, as confirmed by the 555cm-1 band in infra-red 
spectrum observation (e.g. Badia and Frohlich, 
1975); (ii) massive or compact concretions of mi-
neralized jasper, chert, altered and silicified rocks, 
and basaltic fragments (Fig. 3D).  

5.1. Friable concretions  
Friable concretions from Angelokastron locality 
(as demonstrated by samples A4, A5, A7, A8, 
A11, A15, A16, A22, A64, A70 and A72) are re-
lated to nodular yellowish or red chalcedony jas-
per.  

The dominant manganese mineral of these concre-
tions is an intermediate member of the cryptome-
lane series (K1-2Mn8O16xH2O). Cryptomelane is 
developed by a concretionary weakly crystalline 
structure, under weak reflectance and anisotropy 
(with more grey color on the figure 5A) and pro-
gressively evolves into minute grains with more 
crystalline structure that is underlined by higher 
anisotropy. The cores of these concretionary cryp-
tomelane crystalline structures (Fig. 5A) are nearly 
isotropic; infrared spectra show that the cores con-
tain a silico-aluminous compound.  
 

 
Fig. 4. Typical sections of Fe-Mn nodular concretions. 
A: Mononucleate  concretion; B:  Polynucleate; C:  Po-
lynucleate concretion. All nuclei are composed of chal-
cedonic jasper; D: nodular silicified basalt bearing sul-
phide mineralization.  

Microprobe analyses (Tab.1) demonstrate a homo-
geneous composition, where iron is low, Na and K 
very nearly the same.  Co and Cu are prominent 
among trace elements (Tab. 2).   

A jasper sample (A24) includes hollandite ([Ba, 
K]1-2Mn8O16xH2O), the most barium rich member, 
but free of Fe (Tab.3), of the cryptomelane series; 
the hollandite occurs as veinlets dissecting a well-
crystallized todorokite ([Na,Ca,Mn]2Mn5O123H2O) 
matrix. The todorokite matrix has a sheaf-like tex-
ture (Fig. 5B) comparable to that in veinlets de-
scribed from the Alps (Perseil and Latouche, 
1989).   

Furthermore, the largest part of concretionary 
cryptomelane crystalline structures is dissected by 
fine-veinlets of birnessite ([Ca,Na] Mn7O143H2O).  
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Fig. 5. Various Mn-oxides in friable concretions. A: 
Concretionary cryptomelane showing grey central part 
areas formed by silico-aluminous compound with cop-
per and cobalt in poor traces. (A15 sample, natural re-
flected light, scale 30 μm); B: Crystal of todorokite re-
vealing sheaf-like microstructure that participated as 
concretion into the jaspers. (natural reflected light; scale 
30 μm); C: Birnessite (b) under the process of nsutite 
oxidation, particular in proximity to the microfractures 
(natural reflected light; 30 μm); D, E, F: crystallized  
fluorapatite in very fine-veinlets, developed in slightly 
crystallized birnessite. (A8 sample, SEM microphoto-
graphs); G: Well crystallized pyrolusite in the concre-
tion (A14 sample, natural reflected light; scale 30 μm). 

The presence of birnessite (7Å manganate) was 
confirmed by X-ray diffraction (strong peaks at 7.2 
and 1.4 Å, moderate at 3.6 Å, and weak at 2.445 
and 1.4 Å), and by infrared analysis (spectra in the 
regions of 3600 cm

-1
 and 600 - 400 cm

-1).  Very of-
ten, the birnessite of these concretions oxygenizes 
in nsutite [(Mn4+, Mn2+)(O, OH)2] (Fig. 5C) indic-
ative of an increase in oxygen fugacity.  
 
Table 1. Representative microprobe analysis of cryp-
tomelane (A8-A15 samples). 

MnO2 Fe2O3 K2O Na2O BaO SrO Σ 
1 94.83 0.06 4.04 0.42        - 0.15 95.50 
2 93.80 0.11 4.16 0.41        - 0.10 98.68 
3 94.45 1.54 3.41 0.62        -      - 100.02 
4 94.83 1.35 3.46 0.62        -      - 100.26 
5 94.97 0.72 3.62 0.33        -      - 99.64 
 

Table 2. Representative microprobe analysis of cryp-
tomelane trace elements (A 4 sample). 

As Sb Co Cu Ni Pb Zn 
1 73 181 312 450 30 793 216 
2 73 186 346 590 145 187 238 
3 72 128 311 545 107 262 210 
4 71 158 273 476 82 123 165 

The majority of the studied concretions contain 
fine-veinlets of manganiferous carbonated-
fluorapatite (Fig.5D, Tab.4); these veinlets 
represent the relatively youngest generation of fis-
sures.  They are crystallized (Fig. 5E, F), hydrated, 
and contain 2 to 3.33 wt% fluorine. Infrared spec-
tra show an absorption band in the 3μm region. 

One somewhat spongy textured friable concretion 
includes manganite (MnOOH) in a pyrolusite ma-
trix (sample A1).  Pyrolusite (MnO2) is also the 
most important matrix constituent in several other 
concretions (notably in sample A14, Fig. 5G).  

On the other hand, the friable concretions from 
Lykotroupi locality are related to red-chert nodular 
concretions (as demonstrated by samples B5, B6, 
B7, B8 and B9), and are characterized by largely 
crystallized pyrolusite (B5) crosscut by numerous 
fine-veinlets (up to 20μm thick) of cryptomelane 
and todorokite. The cryptomelane contains iron, K 
and Si (Tab. 5) and epigenetically replaces the ra-
diolarians, the todorokite revealing a decrease of 
barium content (Tab. 5). In addition, it is noted that 
all samples are dissected by chalcedony and calcite 
veinlets, where calcite developed to manganiferous 
calcite.  

Finally, the paragenetic evolution of the friable Mn 
concretions is marked by the successive presence 
and evolutionary crystallinity of cryptomelane, by 
highly crystallized todorokite and by manganite 
that occupies the same paragenetic order than cryp-
tomelane and todorokite and evolved into pyrolu-
site. While hollandite and birnessite that oxidizes 
into nsutite, they are entirely associated with mine-
ralogical evolution in late fissures. However, the 
manganiferous carbonated-fluorapatite in fine 
veinlets represent the youngest generation.  

5.2. Compact concretions  

Compact concretions of Angelokastron locality 
predominate over those from Lykotroupi locality 
and are together mineralogically more heterogene-
ous than friable Mn concretions.  The oxides of 
compact concretions occur disseminated  within a 
jasper host (as in samples A17, A18, A21), or in  
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altered, silicified rocks (sample A23).  These 
oxides consist of fine-grained aggregates of hema-
tite, magnetite and/or magnesiochromite accom-
panied by minute sulphide minerals or veinlets 
where todorokite is present in very fine veinlets. 

Some siliceous concretions are equally related to 
hematite, goethite and todorokite veinlets and are 
crosscut by chalcedony veinlets (samples A71, 
B15 and B16) being similar and analogous to he-
matite-rich nodular concretions found southward 
and in proximity to the Taxiarches Monastery Fe-
Cu-stockwork mineralization (Photiades, 1986). 

Moreover, magnetite in these nodular concretions 
contains up to 1% manganese and inclusions of 
Ag-bearing millerite (Tab. 6) and pyrite.  Magne-
tite occurs as minute lamellae, slightly deformed, 
and altered into martite (sample 655, Fig. 6A).  

Todorokite veinlets are most abundant in red jas-

per and chert concretions; they are similar in com-
position and textural structure to todorokite in the 
friable Mn concretions.  However, todorokite in 
the compact concretions has progressively high 
crystallinity in comparison to that of the friable 
concretions, so a large amount of this mineral is 
easily observable under the microscope and in 
XRD films.  Microprobe analyses (Tab. 7) reveal a 
significant substitution of manganese for iron and 
enrichment in trace elements (Tab. 8). Radiolarians 
in cherts, closest to the todorokite veinlets have 
been alterated epigenetically to todorokite (Fig. 
6B). 
 

 
Fig. 6. Various minerals in compact concretions. A: 
Lamellated magnetite slightly converted into martite. 
(655 sample, natural reflected light scale 30 μm); B: ra-
diolarians of red-jasper have undergone epigenetic 
transformations into todorokite (natural transmitted light 
scale 30 μm); C: Fine Mn-concretions and veinlets of 
Ni-rich todorokite with numerous scattered droplets of 
pyrite and millerite (A23 sample, reflected light, scale 
30 μm); D: Alignment of very fine grains of native cop-
per and cuprite neighboring a cuprite veinlet (A3 sam-
ple, reflected light, scale 40 μm); E: Minute native cop-
per grain as droplet (white) surrounded by covellite 
(grey) (A3 sample, Back-scattered electron image); F: 
Elongated cuprite grains carry native copper inclusions 
(A3 sample, reflected light, scale 40 μm). 

Table 3. Representative microprobe analysis of hollandite. 
MnO2 Fe2O3 Al2O3 TiO2 PbO CoO CuO NiO ZnO SiO2 CaO MgO K2O Na2O BaO SrO Σ 

1 77.90 0.05 0.28 0.06    - 0.17 0.17    -    - 0.64 0.88 0.27 0.01 0.03 16.15    - 96.61 
2 78.21     - 0.29    -     - 0.25 0.04    -    - 0.59 1.49 0.23 0.06     - 15.35 0.08 96.51 
3 78.45      - 0.26 0.06   - 0.23   - 0.01   - 0.65 0.83 0.19 0.03 0.04 17.10 0.04 97.89 
4 78.52 0.10 0.29    -   - 0.28 0.51    -     - 0.55 1.38 0.37 0.01 0.07 13.02 0.04 95.14 
5 78.64     - 0.33    -    - 0.16 0.33   -    - 0.53 1.05 0.31    - 0.08 15.17    - 96.60 

Table 4 Representative microprobe analysis of carbo-
nated-fluorapatite (A8 sample). 

1 2 3 4 5 6 
P2O5 37.11 37.32 37.89 37.93 38.27 38.58 
CaO 53.79 53.55 54.79 53.98 53.50 54.36 

F  3.09 3.32 2.19 3.09 3.33 2.91 
MnO 1.56 1.36 1.57 1.44 1.41 1.54 
SiO2 1.53 0.79 2.13 1.44 1.07 0.20 

Σ 96.98 96.34 98.57 97.88 97.58 97.59 

Table 5. Representative microprobe analyses of todo-
rokite (1-3) associated with cryptomelane (4-5) in fine 
veinlets (B8 sample)  

1 2 3 4 5 
MnO2 77.22 79.06 79.58 89.90 90.21 
Fe2O3 0.22 0.29 0.34 0.20 0.23 
TiO2 0.03    -    - 0.07 0.09 
CaO 4.91 3.65 2.91 0.85 0.98 
MgO 0.74 1.67 2.53 0.15 0.11 
CuO 0.38 0.18    -   -    - 
SiO2 1.52 0.02 0.30 0.22 0.12 
K2O 0.84 0.44 0.72 4.60 4.09 
Na2O   -   -    -   -   - 
BaO 2.39 2.46 0.94   -   - 
SrO 0.07 0.07 0.04 0.27 0.22 
H2O 11.92 11.74 11.87 

Σ 100.24 99.58 99.23 96.26 96.05 
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Coarse-grained magnesiochromite crystals occur in 
compact concretions of highly alterated /silicified 
serpentinite, and are cemented by chalcedony and 
carbonates. The carbonate minerals consist of 
manganiferous calcite and kutnahorite (MnO = 
12-15%, CaO = 29-35%, MgO = 1.4-3%, FeO = 2-
3%) that underline a late re-deposition of manga-
nese.  Magnesiochromite is associated with fine-
veinlets and disseminated grains of sulphides and 
with concretionary fine-grained manganese and 
Mn-veinlets. 

Microprobe analyses show zoned magnesiochro-
mite, with higher chrome content in the cores and 
replacement of chrome by aluminum and magne-
sium towards the rims (Tab. 9, columns 1 to 3).  
Nickel-rich serpentine fragments (1-2 % NiO) ad-
here to the rims. Co-existing sulphides consist of 
millerite and pyrite, whereas the concretionary 
fine-grained manganese and Mn-veinlets (Fig. 6C) 
are composed of Ni-rich todorokite with Ni content 
higher than 10 wt% (Photiades et al., 1995). These 
manganese oxides reveal relatively high contents 
of nickel, iron, and cobalt (Tab. 10).  

Deformed basalt fragments are also shaped compa-
rable to compact nodular concretions. These ba-

salts (Fig. 4D, sample A3) include aligned native 
copper, cuprite (Cu2O), chalcocite (Cu2S), and 
algodonite (Cu6-7As), a copper arsenide, and im-
pregnated by copper carbonate hydroxides like 
azurite [Cu3(CO3)2(OH)2] and malachite 
[Cu2(CO3)(OH)2].   
 
Table 9. Representative microprobe analysis of magne-
siochromite (A23 sample). 

Cr2O3 Al2O3 FeO Fe2O3 MgO MnO CaO TiO2 SiO2 Σ 
1 53.39 10.60 19.44 4.37 7.91 0.50 0.29 0.19 0.13 96.82 
2 47.79 17.47 18.50 4.46 10.09 0.39  - 0.15 0.20 99.05 
3 42.55 21.67 14.87 5.89 12.69 0.34 0.03 0.16 0.18 98.28 

The native copper forms mainly well elongated 
and equally an oriented crystal with algodonite mi-
croscopically rims (Tab. 11).  

Besides, the trace elements in the present chalco-
cite include As, Au, Co, Sb, and Zn (Tab. 12).  
Cuprite occurs as millimeter-sized veinlets (Fig. 
6D) and with chalcocite also occurring as lamellae 
or elongated grains and replacing the native copper 
that appears as abundant inclusions (Fig. 6E, F).  
 
Table 11 Representative microprobe analysis of algodo-
nite (A3 sample). 

As Cu Mn Fe Bi Ag Co Sb Ni Zn Au 
1 14.32 86.16 0.06 0.01  - 0.07 0.04  -  - 0.18  - 
2 14.65 84.31 0.06 0.07 0.01 0.26 0.03  -  -  - 0.03 
3 15.06 84.32  - 0.08  -  - 0.14 0.06  -  - 0.24 
4 15.17 84.32 0.06 0.03 0.25 0.08  - 0.01 0.11 0;07  - 
5 15.87 82.26 0.09  -  - 0.06 0.06  -  -  -  - 
6 16.02 83.13  - 0.02  -  - 0.05 0.13  - 0.03  - 
7 16.58 83.02 0.03  - 0.12  - 0.06  - 0.03 0.41  - 
8 17.08 83.54  -  -  - 0.06 0.06 0.03 0.08  -  - 
9 21.10 78.06  -  - 0.03 0.12  - 0.15  - 0.30 0.20 

Paragenetic mineralogical order of compact Fe-Mn 
concretions is characterized by magnetite and by 
sulphide (millerite, pyrite, algodonite, chalcocite) 
mineralizations and pass up successively into he-
matite and native copper and then into copper oxi-
dized minerals, like cuprite and the whole assem-
blage is crosscut by highly crystallized todorokite 
veinlets, chalcedony and various carbonates. 

Table 6. Representative microprobe analysis of millerite 
(A23 sample). 

S Ni As Mn Fe Bi Ag Co Sb Cu Zn Au 
1 34.29 61.39  -  - 2.64  - 0.26 0.02 0.14 0.29 0.24  - 
2 34.68 61.34  -  - 0.73  - 0.25 0.13  - 0.19 0.30  - 
3 35.01 62.25  - 0.13 0.51  - 0.17 0.07 0.01  - 0.14  - 

Table 7. Representative microprobe analysis of todoro-
kite (A18 sample). 

1 2 3 4 
MnO2 74.48 79.32 79.46 80.38 
CaO 2.63 2.80 2.78 2.90 
MgO 1.39 1.47 2.17 1.44 
Fe2O3 4.28 0.42 0.79 0.33 
BaO 2.01 2.45 2.17 1.16 
K2O 0.62 0.61 0.67 0.78 
H2O 11.47 11.82 11.86 11.87 

Σ 96.88 98.89 99.90 98.96 

Table 8. Representative microprobe analysis of todoro-
kite trace elements (A18 sample). 

As Sb Co Cu Ni Pb Zn 
1 243 248 18 135 341 698 10 
2 235 340 28 170 397 691 140 
3 232 138 34 157 644 695 165 
4 236 186 86 45 388 474 259 
5 234 146 86 39 352 677 219 

Table 10. Representative microprobe analysis of todo-
rokite (A23 sample). 

MnO2 CaO MgO NiO CoO Fe2O3 
1 66.25 1.32 0.56 12.14 0.27 1.24 
2 68.78 0.63 0.18 10.36 0.13 1.27 
3 70.31 1.16 0.10 10.08 0.55 0.93 
4 71.31 1.29 0.31 9.34 0.59 1.11 
5 72.86 1.66 0.64 8.05 0.28 0.47 
6 74.92 2.01 0.79 6.92 0.06 0.36 
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6. Chemistry  
Samples under study (Tab. 13, A4, A22, A70, A72 
and B9) contain high percentage of Mn and low 
percentage in Fe and in Ni, Co and Cu and appear 
to be in good agreement with microprobe analyses 
of oxide minerals related to these friable concre-
tions, which are also characterized by high in Mn, 
and low in Fe and transition metals.  These ele-
ments are a tool to be presented as a model for de-
scribing the type of mineralization and develop-
ment of manganese mineral types. The plot of Fe, 
Mn, and (Ni+Co+Cu) x10 (Bonatti et al., 1972) 
clearly reveals that the origin of the iron and the 
manganese of nodular friable concretions of the 
area is due to hydrothermal activity (Fig. 7).  
 
Table 13. Chemical analysis of selected samples of the 
friable and compact concretions from Angelokastron 
and Lykotroupi, Argolis. 

A4 A22 A70 A72 B9 A71 B15 B16 
Si wt% 28.89 22.26 19.82 9.06 24.29 7.59 8.28 6.35 
Mn 13.32 13.4 22.25 32.50 22.49 20.95 20.10 23.83 
Fe 1.75 2.31 2.41 1.82 0.45 17.64 20.05 23.31 
Al 0.82 0.87 1.19 0.13 0.32 0.77 0.77 0.77 
Ni ppm 300 240 280 340 300 340 320 320 
Co 300 240 300 320 360 380 320 320 
Cu 200 100 180 300 140 160 80 160 

Besides, the distribution of a few selected samples 
from compact concretions (Tab. 13, B15, B16 and 
A71) appears to have an equal percentage of Mn 
and Fe-oxides. With those percentages, they enter 
into the hydrothermal field (Fig. 7) and more pre-
cisely, approach the hydrothermal sector limited by 
notronites of Aden Gulf (Cann et al., 1977).   

The study of friable nodular concretions show Mn 
rich hydrothermal end members, which are charac-
teristic of hydrothermal Mn-ore deposits like Epi-
davros (Photiades, 1986; Wackenheim et al., 

1987), Apennine (Bonatti et al., 1976), Alpine-type 
(Peters, 1988; Perseil and Latouche, 1989), Oman 
(Peters, 1988), Franciscan (Crerar et al., 1982) and 
Tokoro deposits (Choi and Hariya, 1990).  

 Fig. 7. Ternary diagram (Ni+Co+Cu)x10-Fe-Mn (from 
Bonatti et al., 1972) with notronites of Aden Gulf (Cann 
et al., 1977) showing the hydrothermal origin of the Ar-
golis friable and compact concretions. 

Furthermore, the low Si/Al ratio (Fig. 8) was also 
used to emphasize the hydrothermal source (Crerar 
et al., 1982) of the examined friable and compact 
nodular concretions. 

7. Discussion-Conclusion 
Argolis Fe-Mn nodular concretions fail to demon-
strate the typical botryoidal internal manganese 
microstructure patterns, which characterize the 
modern nodules (Sorem and Fewkes, 1977, Hal-
bach and Ozkara, 1979). They also differ from fos-
sil nodules that preserve a botryoidal internal man-
ganese structure as described in the Swiss Alps 
(Perseil and Latouche, 1989), and Costa Rica 
(Kuypers and Denyer, 1979; Halbach et al., 1992). 
Likewise, the studied concretions fail to show Mn-

Table 12. Representative microprobe analysis of chalcocite (A3 sample). 
S Cu As Mn Fe Bi Ag Co Sb Ni Zn Au 

1 19.90 78.49 0.02 0.15 0.09  -  -  - 0.09  - 0.21 0.07 
2 20.05 77.89  -  - 0.03 0.05  -  -  - 0.17 0.29  - 
3 20.16 78.09  - 0.16 0.03 0.26 0.09  -  -  - 0.30 0.13 
4 20.23 78.98 0.40  - 0.04  -  -  -  - 0.18 0.08  - 
5 20.25 79.34  - 0.09 0.05 0.07 0.14 0.03  - 0.03  - 0.03 
6 20.28 79.24 0.06 0.11 0.01 0.11 0.09  -  -  - 0.11  - 
7 20.29 79.81 0.03 0.03 0.09 0.06  - 0.05  -  -  -  - 
8 20.34 80.08  -  - 0.04  -  - 0.05 0.20 0.04 0.20  - 
9 20.40 79.74  - 0.11 0.01  -  - 0.02  -  -  - 0.15 

10 20.59 79.96 0.02 0.04 0.08  -  -  - 0.02  - 0.03  - 
11 20.80 78.36 0.07  - 0.06  -  -  - 0.05  -  - 0.06 
12 20.85 77.17 0.14 0.05 0.05 0.01 0.26 0.03  -  -  -  - 
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microstructures similar to those of ferromangani-
ferous crusts, precipitated on some modern oceanic 
basalts (Toth, 1980). 

 
Fig. 8. Si/Al diagram (from Crerar et al., 1982) showing 
the hydrothermal origin of the Argolis friable and com-
pact concretions. 

Furthermore, the observed todorokite as sheaf-like 
texture is completely lacking from modern deep-
see manganese minerals (Perseil and Jehanno, 
1981). In addition, the occurrence of birnessite is 
very rare in the deep-sea manganese nodules 
(Usui, 1986). Moreover, the presence of pyrolusite 
as a matrix further differentiates our concretions 
from those of the modern deep-sea environment.  

The friable Mn concretions are characterized by 
late-stage hydrothermal solutions that have pene-
trated the various siliceous concretions leaving be-
hind cryptomelane, todorokite and manganite that 
gives rise to pyrolusite. These oxides occur within 
the jaspers and in association with boxwork vein 
systems of hollandite, birnessite to nsutite and by 
the youngest generation of manganiferous carbo-
nated-fluorapatite and carbonates.   

Cryptomelane, as the main mineral reflects the rel-
atively low temperature environment of minerali-
zation rich in ions of K and Si and occurs in varia-
ble environments of weathering i.e. a phase of ac-
tive leaching of basaltic rocks in low temperature 
conditions (Photiades and Economou, 1991; Per-
seil and Photiades, 1993).  
The studied hollandite series show enrichment of 

Ba, are free of Fe, revealing their chemical envi-
ronment of formation. The hollandite mineral, free 
of Fe, can form when Fe would be leached out, due 
to a drop in pH, in which K becomes active with 
Ba to take part first in the formation of cryptome-
lane and later of hollandite, because the accommo-
dation of the larger cations depends on the temper-
ature and the environment of formation (Burns and 
Burns, 1977). 

However, the presence of todorokite and birnessite 
appears when an oxidizing, low alkalinity, with ac-
tive hydration and a relatively low temperature en-
vironment is dominant, giving rise to these hydro-
thermal minerals, accreted at the sea floor near fu-
marolic hot springs during volcanic activity, like 
the Cuban Eocene Mn deposit (Burns at al., 1983).  

Maybe the association of manganite and pyrolusite 
is an indicator of low temperature hydrothermal al-
teration in an oxidizing alkaline environment, be-
cause pyrolusite is also formed when epithermal 
solutions containing manganese meet oxygenated 
water in a pH range of 8 to 9. Most probably, it 
was a period of relative calmness and chemical 
weathering taking place at low temperatures over 
the sea bottom with an 8-9 pH range. 

However, the carbonate-fluorapatite into Ca-rich 
cryptomelane, associated with pyrolusite, is con-
nected with subsequently more oxidized hydro-
thermal conditions (Perseil et al., 1995). 

On the other hand, the compact Fe-Mn concretions 
are highly heterogeneous and are characterized by 
sulphide (millerite, pyrite, algodonite, chalcocite) 
and iron oxide (magnetite) mineralizations and 
pass up successively into hydrous ferric oxide 
(hematite, goethite) and native copper and then in-
to copper oxidized minerals (cuprite). On that sub-
stratum, the highly crystallized, iron rich todoro-
kite is generated. Besides, the Ni-rich todorokite in 
fissures as well as the chalcedony veins, are also 
following a hydrothermal contribution (Photiades 
et al., 1995). 

Additionally, the precipitation of the hydrous ferric 
oxide (goethite and hematite) and the manganese 
oxides require a chemical environment with oxi-
dizing conditions. However, manganese oxides 
precipitate at a slightly higher pH than hydrous fer-
ric oxide (Stumm and Morgan, 1970). This chemi-
cal gradient implies the presence of a variable pH 
during the formation of the compact nodular con-
cretions that are equally rich firstly in Fe and then 
in Mn mineralization.  
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It is clear that the examined iron-manganese con-
cretions are of hydrothermal origin and differ sub-
stantially from those of typical deep-sea hydrogen-
ous Mn deposits. The above hypothesis also gets 
support from the mineralogical and chemical data 
already described which are similar to those of hy-
drothermal origin from active mid-oceanic ridges 
(Cronan, 1977). 

The iron-manganese concretions result from sub-
marine hydrothermal activity associated with an 
intense fissural process that increases the permea-
bility of the rocks and provides conduits for hydro-
thermal solutions. These processes would have 
taken place during the pre-emplacement period of 
the Neotethyan oceanic crust preserved as a Subpe-
lagonian ophiolite. 
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Abstract: Half of the surface outcrop of the Serifos island (NW Cyclades, Attic-Cycladic Metamorphic 
Belt) is composed of a volcano-sedimentary sequence regionally metamorphosed to greenschists facies. 
This unit consists of, mainly carbonate-rich metasediments, alternating with silicate-rich layers with 
chlorite and mica-rich layers and enclose a wide variety of metabasites: amphibolite blocks and mafic 
schists (with minor relict blueschists facies assemblages, now retrogressed to greenschists). The origin 
of the amphibolites (ophiolitic metabasites) within the  Attic-Cycladic Metamorphic Complex (ACMC) 
remains enigmatic due to the disrupted occurrence of these rocks that makes difficult to constrain the 
structural relationship of these rocks with their host rocks and their tectonic significance. This study 
documents preliminary geochemical data (major-and trace elements) of the amphibolites interlayered 
within the Serifos Greenschist Unit. A comparative geochemical study of these rocks with other meta-
ophiolite rocks from similar structural occurrences in other Cycladic islands, is attempted. On the basis 
of petrographic and major - trace element bulk chemical data, these rocks can be distinguished in differ-
ent rock types (basalts/andesites and minor gabbros) with different chemical affinities: a) The relatively 
LILE-enriched amphibolites resemble typical low- to medium – K calc-alkaline basalts (CAB), compa-
rable to the recent Aegean back-arc volcanics. b) Other amphibolites display chemical affinitities similar 
to island arc tholeiites (IAT). c) The retrogressesd blueschist – to –greenschists facies metabasites are 
coarse-grained gabbroic rocks with mixed IAT/MORB chemical affinities. Further geochemical work 
need to be carried out in order to improve our knowledge on the tectonic setting and emplacement of the 
Serifos amphibolites.  

Keywords: Attic-Cycladic Metamorphic Complex, amphibolites, Serifos, geochemical characteristics  
 

1. Introduction and Setting 
Scattered occurrences of ophiolitic rocks are wide-
spread in the upper structural units of Cyclades is-
lands (central Aegean, Greece) and are important 
for understanding the later Mesozoic ocean spread-
ing and collisional history of the region, which has 
been obscured by Cenozoic accretionary stacking, 

metamorphism, plutonism and extension (Pe-Piper 
and Photiades, 2006). Much work has been done to 
determine the nature of the protoliths for these 
rocks on specific islands e.g. Syros (Tinsley and 
Cheney, 2008, Putlitz et al., 2000, Seck et al., 
1996), Sifnos (Schliestedt and Matthews 1987) and 
Tinos (Katzir et al., 1996). On the island of Serifos 
earlier workers (e.g. Marinos, 1951; Salemink, 
1985) suggested that the higher-grade metamor-
phic rocks at the intrusive contact, massive skarn 

and ore deposit formation are related to contact 
metamorphism.  

The ACMC is essentially a pile of accreted tec-
tonic units consisting of predominantly Mesozoic 
sedimentary and volcanic rocks metamorphosed at 
various conditions (Feenstra, 1996). The complex 
consists of two main units (Fig. 1). The upper unit 
contains various intercalated fragments of ophio-
lites, sedimentary rocks of Permian age and high-
temperature metamorphic rocks. The lower unit is 
polymetamorphic and consists of a series of thrust 
sheets containing pre-Alpine basement, Mesozoic 
marble, metavolcanics and metapelites (Durr et al., 
1978, Andriessen et al., 1987, Schliestedt et al., 
1987). 
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The island of Serifos is located in the Western Cy-
clades within the Attic-Cycladic Metamorphic 
Complex (ACMC) (Fig. 1). It represents the west-
ward continuation of an arcuate belt of Metamor-
phic Core Complexes. Within this belt the I-type 
granitic activity shows overlapping zircon U-Pb 
igneous crystallisation ages at ~11.5 Ma on both 
Naxos and Serifos whereas the S-type granitic ac-
tivity on Serifos appears to be Upper Eocene in age 
(zircon U-Pb igneous crystallization, Iglseder et 
al., 2009) with Middle Miocene cooling ages de-
rived from the micas, according to Iglseder et al., 
2009 and Grasemann et al., 2006 and Brichau, 
2004.  

Regarding available age information on the meta-
basic rocks within the Lower Unit of the Cyclades, 
recent geochronological work by Bröcker and Pid-
geon (2007) on the protolith ages for the main vol-
canosedimentary succession and for the melange 
blocks on other Cycladic islands (e.g Sifnos, to the 
south) indicated a Triassic age for the magmatic 

precursors of the metatuffaceus and metavolcanic 
rocks. 

On the island of Serifos three tectonic-metamor-
phic units are distinguished (Fig. 2): The lower 
unit is made mostly of gneisses with intercalations 
of quartzite layers and minor marble lenses (Fig. 
2). Marbles tectonically overlie the gneisses. Tran-
sition zones occur at the lower contact with the 
gneisses as well as at the upper contact with the 
greenschists. The upper structural unit is domi-
nated by greenschists. This unit consists of a vol-
canosedimentary sequence, mainly of carbonate-
rich metasediments which enclose a wide variety 
metabasites: orthoamphibolites (metavolcanics), 
mafic schists and metagabbros (with minor relict 
blueschists assemblages, now retrogresed to green-
schists) (Fig. 3). Metabasic rocks constitute about 
one third or more of the the surface outcrop of the 
Serifos accretionary units. In the northern part of 
the island the calc-schists form alternating bands of 
carbonate-rich and silicate-rich layers with chlorite 

 
Fig. 1. Simplified geological map of the Cyclades archipelago, after Tirel et . al 
(2009).  Arrows indicate the kinematics of extensional shearing during greenschist
facies and locally higher temperature metamorphism, subsequent cooling to the con-
ditions of brittle deformation, and within syn-kinematic intrusions.  
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and mica-rich layers. Ophiolitic melange blocks 
are widespread in the uppermost structural levels 
of the Serifos structural pile consisting of carbon-
ate-rich schists, dolomites, amphibolites and ser-
pentinite blocks (SE- and SW-end of the island) 
(Fig. 3).  

This study focus on the scattered metabasite 
(blocks or dykes) outcrops within the volcanosedi-
mentary sequence (Greenschist-facies unit) in the 
northern part of the island and not those within the 
ophiolite melange outcrops at the uppermost struc-
tural levels. 

2. Materials and Methods 
Ten (10) samples selected for analysis (Tab.1). 
They were jaw crushed and ground to a fine 
flour in an agate mortar prior to analysis by 
XRF techniques. Major elements were deter-
mined on fused discs using Rh anode excita-
tion, and the trace elements Sc, V, Cr, Ni, Zn, 
Ga, Rb, Sr, Y, Zr, Nb, La, Ce, Nd and Ba on 
pressed powder briquettes using either Rh or 
W excitation on the Phillips PW1600 X-ray 
fluorescence spectrometer at Leicester Univer-
sity (for techniques see Marsh et al. 1983). 

3. Results 
3.1. Major- and trace-element geochemical data 
Preliminary geochemical evaluation on Serifos 

matabasites shows that there is a variety of compo-
sitions. Because these rocks are metamorphosed 
/altered and could have been affected by major 
fluid-induced chemical interchange with the asso-
ciated metasediments, only the immobile major 
and trace elements, Ti, Zr, Nb, Y and V were util-
ised in discrimination diagrams. Any spread of 
mobile major elements such as Na, K and Mg, Ca 
and trace elements, such as Ba, Rb, and Sr could 
be attributed to metasomatic exchange of these 
elements within the oceanic crust due to seafloor 
hydrothermal alteration, or metamorphism (Sey-
fried & Mottl, 1982; Floyd & Tarney, 1979).  

In the AFM diagram (Fig. 4) the majority of Seri-
fos metabasites follow the tholeiitic trend: a) high 
content of Al2O3 (> 15.5, up to 20%) and b) dis-
play a trend towards higher Fe/Mg ratios. Yet few 
samples display a scatter. These samples are me-
tasomatised greenschists which have biotite-rich 

Fig. 2. Geological map of Serifos (modified after Igl-
seder et al., 2009). 

 
Fig. 3. Field photographs. (a) Marble lense intercalated 
within amphibolites, from  tectonic mélange formation 
in SE Serifos (Loc. Tsilipaki).Note that marble exhibit 
high ductility, as depicted from the tight isoclinal fold in
the central part, (b) Calcareous schists from the Green-
schist unit (Sykamia, N. Serifos). Note the competency 
contrast between calcite and quartz veins: ptygmatic 
ductile folding of calcite, chevron folding of quartz 
veins.      
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(#Ser93-21) and epidote-rich (Ser93-39) composi-
tions respectively. Figure 5 shows MgO vs TiO2 
variation and classifies the amphibolites into com-
positional fields of ophiolite complexes of known 
tectonic environment. Serifos metabasites are sub-
divided into two groups of low MgO (< 4 %) and 
high MgO (> 7%) content. Some of the high MgO 
amphibolites (e.g. Ser-K2, Ser-101, Ser-76, Ser-
99) resemble that of gabbroic rocks from Northern 
Aegean (e.g. Lesvos, Gartzos et al., 2009) and 
ophiolite complexes in the Alps and Appenine and 
into the field of foliated gabbros from the Mid-
Atlantic ridge fracture zone (Bonatti et al., 1975).  

In the binary Ti/1000 vs V diagram of Shervais 
(1982) the majority of the samples plot in the 
Ocean floor Basalt field and in particular the field 

of MORB (N- and E-type) (Fig. 6). Only one sam-
ple has a Ti/V ratio of less than 20 and falls in the 
field of Island Arc Tholeiites.  

3.2. Spidergram patterns 
The majority of the metavolcanics display signifi-
cant enrichment in alkalies, Rb, K and Na as well 
as enrichment in alkaline earth elements Sr and Ba, 
relative to N-MORB compositions (Fig. 7). These 
can partly be attributed to secondary processes 
e.g., seafloor alteration prograde metamorphism, 
K-metasomatism with biotite formation during 
contact metamorphism, but some primary charac-
teristics may remain. The patterns of the multi-
element diagrams normalised to N-MORB and 
primordial mantle show distinct enrichment in 

Table 1. Sample description. 
Region Sample No. Locality Tectonic Unit Rock type Classification 

Serifos isl. SER-76 Troulos Greenschist-facies Unit Fine-grained meta-
volcanic IAT/MOR Basalt 

 SER-94 Tsilipaki, SE peninsula Greenschist-facies Unit Greenschist IAT/MORB 
 SER-K2 Kentarchos Greenschist-facies Unit amphibolite IAT 
 SER-101 Trachilas Greenschist-facies Unit amphibolite CAB 

 SER-99 Galani Greenschist-facies Unit Low-grade greensch-
ist  

 SER93-20 Playia Greenschist-facies Unit Amphibolite (fine 
grained basalt) CAB 

 SER93-21 Troulos Greenschist-facies Unit 
(contact zone) amphibolite CAB 

 SER93-39 Sykamia Greenschist-facies Unit  Retrogressed Blue-
schist (gabbroic) IAT/MORB 

 SER94-10 Tsilipaki Greenschist-facies Unit  amphibolite CAB 

 SER92-27b Tsilipaki Tectonic melange Retrogressed Blue-
schist IAT/MORB 

 
Fig. 4. AFM (Na2O+K2O – Fe2O3t – MgO) plot of Seri-
fos metabasites which exhibit trend of tholeiitic series.  

 
Fig. 5. TiO2 vs MgO variation diagram for the Serifos 
metabasites. The outlined fields indicate the variation of
gabbros and basalts from Alpine ophiolite complexes 
(Beccaluva et al., 1977, 80, Betrtand et al., 1987) and 
from oceanic fracture zones, equivalent to transform 
faults (Bonatti et al., 1975; Miyashiro and Shido, 1980; 
Honnorez et al., 1984; Langmuir and Bender, 1984), 
compliled after Gartzos et al. (2009).   
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LILE (Sr, Ba, K) and LREE relative to High Field 
Strength Elements (HFSE – Nb, Ti, P) (Fig. 7). 
There are distinct Nb, Ti and P anomalies typical 
of arc rocks. The compositional group of the rela-
tively more LILE-enriched amphibolites (#Ser93-
20, #Ser94-10) resemble typical low- to medium-K 
calc-alkaline basalts and are comparable to the re-
cent Aegean back-arc volcanics (Stouraiti, 1995). 
The relatively less LILE- enriched fine-grained 
amphibolites (metabasalts) e.g. #Ser-K2, Ser-101, 
Ser-76, resemble arc thoileiites (IAT). 
 

4. Discussion 
Elevated concentrations of certain large-ion-
lithophile elements (LILE; e.g., Ba, K, Rb, Cs, 
Ca, Sr), U, and Pb in arc magmas relative to 
high-field-strength elements (e.g., Ti,  Th,  Hf, 
Nb, Zr) are considered key indicators of fluid 
addition to arc magma source regions world-

wide, but the fluid sources and processes of 
mass transfer are controversial. 

In the conventional discrimination diagrams 
according to tectonic setting (Pearce & Cann, 
1973; Wood, 1980) Serifos amphibolites are 
grouped into two compositional groups (Fig. 8 
a-c). The most common compositional type 
display mixed Island Arc Tholeiites (IAT) and 
Calc-alkaline Basalt affinities (CAB). The 
second and more rare compositional group in-

cludes amphibolite samples with mixed 
MORB – Island Arc Tholeiite affinities and 
represented by the retrogressed blueschist/gre-
enschist samples. Amphibolite with typical 
MORB affinities was not identified in this 
study. 

Table 2. Representative whole-rock analysyes (XRF) of major elements (wt. %) and trace elements (ppm) of the Seri-
fos metabasites. 
Sample no. SER93-20 SER93-21 SER93-39 SER94-10 SER92-27b SER-76 SER-K2 SER-101 SER-99 SER-94 

Rock type Amphibolite 
Metasom. 

Amphibolite 
(bit-rich) 

Greenschist 
(epidote-rich) Amphibolite Greenschist 

(melange) Amphibolite Amphibolite Amphibolite Greenschist 
(low-grade) Greenschist 

SiO2 48,4 59,5 51,2 48,7 51 46,8 48,6 48,3 49,2 49,7 
TiO2 1,15 1,11 1,57 1,25 1,02 1,99 0,87 0,92 0,69 1,83 
Al2O3 19 17 16,6 18,2 17 15,4 16,3 16,2 15,5 15,5 
Fe2O3 10,8 6,1 8,3 10,3 10,4 11,4 12,2 10,3 9,4 9,3 
MnO 0,17 0,06 0,14 0,13 0,06 0,19 0,16 0,15 0,11 0 
MgO 3,34 2,55 3,93 2,89 3,42 9,22 7,31 7,65 9,66 7,19 
CaO 12,24 7,63 7,73 12,76 11,95 11,89 10,91 13,5 10,2 7,51 
Na2O 3,14 1,64 3,59 2,93 4,37 2,97 2,82 2,63 2,89 4,51 
K2O 1,11 2,83 1,46 0,93 0,61 0,25 1 0,4 0,67 0,44 
P2O5 0,17 0,19 0,4 0,5 0,25 0,11 0,09 0,17 0,15 0,24 
LOI 0,4 0,6 5,15 1,68 0,6 0,4 0,5 0,33 2 4 
Total 99,92 99,2 100,1 100,3 100,68 100,62 100,76 100,55 100,47 10,3 
Sc 28 24 30 n.d  45 39 41 n.d 29 29 
V 268 165 195 n.d  215 260 291 n.d 192 207 
Cr 35 168 671 n.d  522 445 177 n.d 540 218 
Co 24 22 48 n.d  32 45 51 n.d 48 35 
Ni 23 49 148 n.d  66 175 56 n.d 192 71 
Cu 16 34 23 n.d  37 52 318 n.d 14 14 
Zn 55 44 83 n.d  45 120 18 n.d 112 112 
Ga 20 24 17 n.d  15 15 13 n.d 16 16 
Rb 43 126 31 n.d  9 11 29 n.d 15 15 
Sr 357 250 452 n.d  337 179 188 n.d 345 163 
Y 37 36 28 n.d  27 36 16 n.d 17 30 
Zr 180 284 98 n.d  51 130 35 n.d 59 175 
Nb 8 23 5 n.d  2 <1 <2 n.d 0 7 
Ba  203 539 253 n.d  54 40 112 n.d 172 39 
La 16 28,6 11 n.d  5,4 5 4,6 n.d 8,3 3 
Ce 39 62 18 n.d  9,3 10,6 7,7 n.d 19,7 13,5 
Nd 23,7 25 10,2 n.d  12 12,7 7 n.d 15 13,3 
Th 1 12 3 n.d  3 1 2 n.d 1 2 
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4.1. Review of geochemical studies on Cy-
clades metabasites 

Metabasic rocks from similar structural levels in 
the adjacent island of Syros show comparable geo-
chemical characteristics. Based upon mineralogy, 
the metabasic rocks of Syros are commonly inter-
preted as metamorphosed volcanics inter-layered 
with shallow carbonates or as metamor-phosed 
ocean-floor igneous rocks (Tinsley, 2008). Coarse-

grained omphacite-bearing rocks and eclogites are 
metamorphosed gabbros whereas associated felsic 
rocks may have formed from residual melts of 
these gabbros (Schumacher, 2004).  

Recent work by Baziotis et al. (2009) on the meta-
basitic rocks from the Upper Tectonic Unit of the 
Lavrion area (south Attica, mainland Greece) re-
ported similar occurrence of metabasites as  green-
schists and blueschists. Major and trace element 
relations against Mg# showed that blueschists al-
ways exhibit a more evolved basaltic composition 

 
Fig. 7. Spidergram patterns of Serifos metabasites nor-
malized to N-type MORB (after Sun & McDonough, 
1989) : a) and b) amphibolites.    

 
Fig. 8. Ternary classification diagrams of Pearce & Cann (1973):  a) Ti/100 – Zr – Y*3 diagram, b) Ti/100 – Zr – Sr/2 
diagram, and  c) Zr/117 – Th – Nb/16 classification diagram of Wood (1980). Note that the majority of amphibolites 
display mixed Island Arc Tholeiites and Calcalkaline Basalt affinities whereas retrogressed blueschists metagabbroic 
rocks plot within the MORB field.    

 
Fig. 6. Vanadium versus Ti/1000 discrimination dia-
gram of  Shervais (1982) for the Serifos metabasites. 
The straight lines discriminate the fields for Island Arc 
Tholeiites (IAT) from supra subduction zones, Ocean 
Floor Basalts ( N- and E-type Mid-Ocean Ridge Ba-
salts).  N-type MORB range in Ti/Zr ratios from 20-30 
and E-type MORB from 30-50.  
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(Baziotis et al., 2009). Both types of the meta-
basites share common geochemical features like 
HFSE flat patterns slight positive Nb anomalies 
with La/Nb<1. According to Baziotis et al., 2009 
the protoliths of the metabasites seem to evolve 
through fractional crystallization processes follow-
ing a normal tholeiitic trend, similar to the Serifos 
amphibolites. Based on the REE patterns of the 
studied metabasites Baziotis argued that fractional 
crystallization alone cannot explain the observed 
patterns. Therefore it is argued out  that either par-
tial melting of a heterogeneous mantle source or 
interaction/assimilation of sedimentary (gneissic) 
material can produce the observed REE pattern, 
with the former process being the dominant. Con-
cluding the same authors interpret the protoliths of 
the metabasites as products of a mature back-arc 
basin similar to that occurring in Syros, Sifnos and 
Tinos islands, all parts of the ACCB. 

5. Conclusions 
On the basis of geochemical (major - trace element 
bulk rock data), the studied metabasites from the 
volcanosedimentary sequence can be distinguished 
in different rock types (mostly fine-grained basalts 
and andesites and less gabbros) with different 
chemical affinities: a) The relatively LILE-
enriched amphibolites resemble typical low- to 
medium – K calc-alkaline basalts (CAB), similar 
to the recent Agean back-arc volcanics. b) Other 
amphibolites display chemical affinitities similar to 
island arc tholeiites (IAT). c) The retrogressesd 
blueschist – to –greenschists facies metabasites 
display mixed IAT/MORB chemical affinities. 
Comparable geochemical data are documented for 
the metabasites from similar structural levels in the 
Lavrion area. Further geochemical work need to be 
carried out in order to improve our knowledge on 
the tectonic setting of the amphibolites in the west-
ern part of the Attic Cyclades Metamorphic Com-
plex. 

Geochemical data exclude an intra-plate or a de-
pleted MORB-type (N-type) mantle source for the 
various types of metabasites and rather indicate a 
subduction-related (e.g. arc type) geotectonic set-
ting.  
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Abstract: A beryl crystal from Cer Mt. (Serbia) studied in this paper was characterized by means of 
XRPD and wet-chemical analyses. It has following unit cell dimensions: a = 9.2166(8) Å, c = 9.192(1) 
Å, V = 676.2(1) Å3 and ratio c/a = 0.9973. According to the calculated c/a ratio and structural formula 
of (Be2.86Li0.11)2.97(Al1.96Fe2+

0.05)2.01Si5.96O18(Na0.09Ca0.03Mg0.03K0.01)0.16 × 0.14H2O composition, this 
sample belongs to the “normal beryl group”. The obtained characteristics prove that the host pegmatite 
is of Li-bearing type.  

Keywords: Serbia, Cer Mt., Li-pegmatite, crystallography, chemistry, beryl.  
 
1. Introduction 
Beryl, with ideal formula of Be3Al2Si6O18, is main-
ly found as accessory mineral in pegmatites, and it 
is the most abundant mineral of beryllium in na-
ture. Although a very large number of works have 
been devoted to investigating members of the beryl 
group using various methods, these minerals have 
continued to attract the particular attention of many 
researchers because of their very complex crystal-
chemical behavior and variations of physical prop-
erties (see for examples: Aurisicchio et al., 1988; 
Sheriff et al., 1991; Artioli et al., 1993; Gatta et al., 
2006; and references therein).  

The crystal structure of beryl (space group 
P6/mcc), which was first studied by Bragg and 
West (1926), consists of isolated six-membered 
[Si6O18]12- rings perpendicular to the (001) axis. 
These rings are joined into a single framework 
structure via AlO6 octahedrons and BeO4 tetrahe-
drons along the c axis of the hexagonal unit cell. 
The channels formed by the [Si6O18] rings are 2.5-
5.0 Å in diameter, might be filled in with large-
sized low-charged cations (Na+, K+, Rb+, Cs+, 
Ca2+), or molecules such as water and CO2, as well 
as rare gases. The presence of these components in 
variable amounts and the isomorphism of the 
framework positions, primarily, octahedral and te-
trahedral positions (substitutions of Fe2+, Fe3+, 
Cr3+, V3+, Mn2+ and Mg2+ for Al3+; and Li+ for 
Be2+), are responsible for the wide range of beryl 
composition, sometimes differing significantly 

from the ideal formula. Such various substitutions 
are expressed by a general formula: 
(Cs,Rb,K,Na)x+yAl2-xMe2+

xBe3-yLiySi6O18 × zH2O (0 
< x+y < 1; 0 < z < 2-x-y) (Gatta et al., 2006).  

The aim of this paper is to define one natural beryl 
sample from Cer Mt. by means of its crystallo-
graphic and chemical characteristics. Such ob-
tained data was used for comparison with other 
reference samples. Additional analyses by means 
of other methods (i.e. FT-IR, Raman, DTA, TGA 
analysis, structure refinement, etc.) will be further 
published elsewhere.  

2. Geological setting 
The granitoid massif of the Cer Mt. is situated in 
western Serbia, 80 km far from Belgrade, halfway 
between the towns of Šabac and Loznica (Fig. 1). 
The massif intruded in Upper Paleozoic (carboni-
ferous) schists (Stevanović, 1951), belonging to 
the Inner Dinaridic regional structural zone in the 
NW part of Serbia (Đoković et al., 1997). Accord-
ing to its geological position the main part of the 
Cer massif is estimated to be of Lower Miocene 
age. Due to the results of the petrologic investiga-
tions (Karamata et al., 1994; Knežević et al., 1994; 
Knežević et al., 1997), the granite rocks of the Cer 
massif have been formed by melting of sediment 
protholites of the continental crust, or by partial 
melting of earlier granites. It is believed that they 
were consolidated 14-16 Ma ago.  
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The Cer massif has a complex petrological compo-
sition and forms an irregular lenslike body with a 
surface area of about 60 km2, trending E-W 
(Urošević, 1899; Knežević, 1962).  

Previous investigations have described rocks of the 
main body as either biotite-hornblende-quartz 
monzonite or granodiorite. However, some smaller 
irregular masses in the western part of the granito-

 
Fig. 1. Geographical and geological maps of Serbia and wider area of the Cer Mt., respectively, with indicated 
sampling point location of the investigated beryl.  



343 
 

id massif were identified as two-mica granite 
(Divljan et al. 1978). Granodiorite mass is crosscut 
by a large number of thin aplitic and pegmatitic 
veins, the latter younger than the first ones. There 
are also several small lenticular masses of aplitoid 
granite containing variable amounts of muscovite 
and biotite as well as sporadically occurring tour-
maline and garnet.  

There are many indications that the geochemical 
increase of Li is characteristic for the first stage of 
metasomatism, whereas the increase of Sn and to a 
lesser extent of Be, Nb, Ta, Bi and U, took place 
during the final stages which are characterized by 
intensive muscovitization and partly by greiseniza-
tion. Presence of more than 50 mineral species 
(Divljan et al. 1978; Mudrinić and Stajević 1990), 
which has been found in the Cer granitoides and 
their contact aureoles, indicates the complexity of 
its magmatic and post-magmatic evolution 
(Urošević, 1899; Nikolić, 1962; Pavlović and 
Nikolić, 1969; Stanley et al., 2007; Lazić et al., 
2009).  

The beryl sample addressed in this contribution 
was found on the southern slopes of the Cer Mt., 
between Joševa and Milina (Fig. 1). Wider area of 
this locality is known for the presence of a few 
large Li-pegmatite bodies. In general, discussed 
Li-pegmatite bodies containing spodumene 
represent typical Li-rich pegmatites (Stewart, 
1978). One of these is located beside the road to 
the top of the Cer Mt., and it is used as a quarry. 
This Li-pegmatite body is characterized by quartz-
feldspar-mica-spodumene mineral associations 
(Pavlović and Nikolić, 1969), with sporadic ap-
pearance of garnet, tourmaline, beryl etc. This as-
sociation indicates an intensive hydrothermal alte-
ration action which transformed spodumene into a 
mixture of illite and quartz. Another feature of this 
pegmatite body is the presence of numerous cracks 
and fissures filled with secondary quartz, Fe-
hydroxide and meta-autunite (Lazić et al., 2009).  

3. Materials and Methods 
A pale greenish-blue beryl mega-crystal found on 
the south slopes of Cer Mt. (Serbia) was chosen 
and used for the study. The crystal has ca 8 × 8 × 
12 cm size and volume of ca 750 cm3 (Fig. 2). One 
part of the sample was cut down, powdered under 
alcohol in agate mortar, and further examined with 
the X-ray powder diffraction (XRPD) and chemi-
cal methods.  

The XRPD pattern was obtained with a Philips 

PW-1710 diffractometer using a Cu tube operating 
at 40 kV and 30 mA. The instrument was equipped 
with a curved graphite monochromator and a Xe-
filled proportional counter. The diffraction data 
were collected in the 2θ Bragg angle range from 4o 
to 90o, counting for 1.5 seconds at every 0.02o 
steps. The divergence and receiving slits were 
fixed at 1o and 0.1 mm, respectively. The XRPD 
measurements were performed ex situ at room 
temperature in a stationary sample holder. The 
alignment of the diffractometer was checked by 
means of a standard Si powder material. Calcula-
tion of the unit cell dimensions was accomplished 
with the LSUCRI program (Garvey, 1987) adapted 
for the personal computer.  

Chemical analysis was performed on the sample 
decomposed with Na2CO3 and Na2B4O7 (2:1) at the 
temperature of 1000 oC and also by combination of 
HClO4 and HF (2:1) acids, worming to dryness. 
Afterward, most of the elements were determined 
by atomic absorption spectrometry (AAS, Perkin-
Elmer 6500). The SiO2 component was determined 
by the gravimetric method; whereas the Fe2+ com-
ponent was determined with the permanganometry 
method after decomposition with mixture of di-
luted H2SO4 and HF acids in an inert atmosphere 
to avoid its oxidation.  

4. Results and Discussion 
The X-ray diffraction pattern obtained for pow-

 
Fig. 2. The pale greenish-blue beryl mega-crystal sub-
jected for the study.  
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dered beryl sample is displayed in Fig. 3. The val-
ues of the observed inter-planar spacings of this 
pattern indicate that the investigated sample is of 
very high purity, i.e. consisting of only beryl.  

Based on the 48 reflections corresponding to the 
P6/mcc space group (Bragg and West 1926), the 
unit cell dimensions of beryl were calculated as: a 
= 9.2166(8) Å, c = 9.192(1) Å, V = 676.2(1) Å3 
and ratio c/a = 0.9973.  

The obtained chemical analysis of the investigated 
sample (i) is listed in table 1. It should be men-
tioned that about 1-1.5 % of the sample still re-
mained un-dissolute by unknown reasons. There-
fore, this analysis was first normalized to 100 % 
(ii), and after that following structural formula was 
calculated at basis of 18 oxygen a.p.f.u. (iii): 
(Be2.87Li0.12)2.99(Al1.97Fe2+

0.05)2.02 
Si5.98O18(Na0.09K0.01)0.10 × 0.14H2O.  

Due that substitutions of Fe2+ for Al3+ and Li+ for 
Be2+ exceed total content of Na and K (i.e. 0.17 vs. 

0.10; left iii columns in Tab. 1), it should be taken 
into account that the structural channels are also 
occupied with Ca and Mg cations, as Hawthorne 
and Černý (1977) supposed. At such way, 
(Be2.86Li0.11)2.97(Al1.96Fe2+

0.05)2.01Si5.96O18(Na0.09Ca0.0

3Mg0.03K0.01)0.16 × 0.14H2O formula is obtained. 
Now, the substitutions of Fe2+ for Al3+ and Li+ for 
Be2+ are equal to the cation occupation in the 
channels (i.e. 0.16 vs. 0.16; right iii columns in 
Tab. 1), and it seems to be more appropriate.  

Bakakin et al. (1970) and Aurisicchio et al. (1988) 
demonstrated the existence of two important kinds 
of substitution in beryl, giving rise to two distinct 
solid-solution series. These are “tetrahedral” beryl 
in which the dominant substitution is of Li+ for 
Be2+ on the distorted tetrahedral site, and “octahe-
dral” beryl in which the dominant substitution is of 
Fe2+ and Mg2+ for Al3+ on the octahedral site. In 
both cases charge balance is maintained by alkali 
ions entering channel sites. The two series may be 
distinguished by their c/a ratio which is 0.991-

Fig. 3. X-ray powder diffraction pattern of the investigated beryl sample.  
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0.996 for “octahedral”, and 0.999-1.003 for “tetra-
hedral” beryls. The “normal” beryls with c/a ratios 
between 0.997 and 0.998 include those where the 
two substitutions occur together, though to a li-
mited extent.  
According to this definition, and at basis on the 
calculated c/a ratio of 0.9973, the investigated 
sample belongs to the “normal beryl group”. Also, 
its other crystallographic characteristics (i.e. inten-
sities, inter-planar spacings and unit cell dimen-
sions), could preliminary indicate that it is quite 
similar to the samples investigated by Gibbs et al. 
(1968), Morosin (1972), Sheriff et al. (1991), Arti-
oli et al. (1993) and Gatta et al. (2006), as well as 
some particular samples determined by Aurisicchio 
et al. (1988).  

On the other hand, determined chemical composi-
tion and structural formulas (Tab. 1) narrower such 
crystallographic sample similarities, indicating that 
it is quite different to the most of the previously 
mentioned samples and similar only to a few spe-
cimens summarized by Aurisicchio et al. (1988; 
Tabs. 2-3; and diagrams presented at Figs. 5-8). 
Furthermore, a limited extent of the two substitu-
tions in octahedral and tetrahedral positions (i.e. 
substitutions of about 2 % of Fe2+ for Al3+; and of 
about 4 % of Li+ for Be2+), is also confirmed.  

An approximate ratio of 2:1 of H2O to Na has been 
previously noted (Hawthorne and Černý, 1977; 
Sanders and Doff, 1991). That suggests that most, 
if not all the Na in investigated beryl is bonded to 

two water molecules (Type II water). But, due that 
such problematic is beyond the scope of this paper, 
it will be further investigated with other methods.  

The scheme given by Černý (1975) indicated that 
the alkali content of beryl may be used quantita-
tively to further delineate the geochemical charac-
terization of pegmatites and to identify petrogenet-
ically related pegmatite groups. Accordingly, at 
basis of the chemical analysis (Tab. 1) the investi-
gated sample in present paper belongs to the sodic-
lithian beryl (i.e. Na ranges between 0.0-2.0 wt. %; 
Li up to 0.6 wt. %; Cs low; occurs in Li-bearing 
pegmatites), further approving that the host pegma-
tite is of Li-bearing type.  
5. Conclusion 
A beryl sample related to pegmatitic veins cross-
cutting the granitoid massif of the Cer Mt. (Serbia) 
was investigated by means of XRD and wet-
chemical analyses. The obtained data point to the 
presence of a so-called "normal beryl type" and in-
dicate a Li-bearing type of the host pegmatite. 
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Abstract: The chemistry of the groundwater in Eastern Sterea Hellas (central Euboea and Asopos val-
ley), central Greece, has revealed high concentrations of hexavalent chromium in groundwater systems 
exceeding, sometimes, the Greek and the EU drinking water maximum acceptable level for total chro-
mium. The environmental impact of hexavalent chromium is a controversial issue critical to the protec-
tion of groundwater resources. By using the GFAAS for total chromium, diphenylcarbazide-Cr(VI) 
complex colorimetric method for hexavalent chromium, and flame-AAS and ICP-MS for other toxic 
elements, their concentrations were investigated in several groundwater samples. According to the re-
sults of this analytical work, the geochemical differences of those waters and the origin of the hexava-
lent chromium are discussed.  The contamination of water by hexavalent chromium in central Euboea is 
mainly linked to natural processes, but there are cases that it is associated with anthropogenic activities. 
In Asopos valley the hexavalent chromium pollution is associated with the industrial wastes.  

Keywords: water chemistry, pollution, hexavalent chromium, toxic elements, Central Euboea,  Asopos 
valley. 

 
1. Introduction 
The higher mobility and toxicity of Cr(VI) com-
pared to Cr(III) for biological systems has been ex-
tensively documented, due to its strong oxidizing 
potential (Kotas and Stasicka, 2000). The speci-
ation of chromium in groundwater is governed by 
pH and Eh. The Cr(VI) in groundwater can be re-
duced to Cr(III) in low pH, under reducing condi-
tions. In environmental systems, Cr(VI) exists as 
oxyanions such as chromate (CrO4

2-), bichromate 
(HCrO4

-) and dichromate (Cr2O7
2-) and has a high 

solubility in water. In contrast, Cr(III) has a low 
solubility in water and readily precipitates as 
Cr(OH)3(s) or mixed Cr-Fe hydroxides in pH val-
ues greater than 4 (Schlautman and Ihnsup, 2001). 

Given that, chromium is a major trace element in 
both serpentinized ultramafic ophiolitic rocks and 
Ni-laterites, and extended massive serpentinized 
ultramafic ophiolitic formations and large Ni-
laterite deposits, are located in the northern (Kas-
toria and Edessa) and central (Lokris and Euboea) 
parts of Greece (Katsikatsos et. al., 1986; Eliopou-
los and Economou-Eliopoulos, 2000; Valeton et 
al., 1987), representative water samples from these 

areas were collected and analysed for hexavalent 
chromium.  

Since the preliminary analytical data for Cr(VI) 
concentration of several water samples throughout 
Greece, had shown significant (some tens of    

g.L-1) Cr(VI) concentrations (Megremi, 2010), 
and Cr(total) concentrations (Vardaki and Keleper-
tsis,  1999; Megremi, 2010), the area of central 
Eubo-ea was selected for a systematic investiga-
tion for water contamination related to natural 
processes. Moreover, the widespread industrial ac-
tivity in Asopos valley with the usage of hexava-
lent chromium in various industries and the pre-
liminary analytical data presented by Vasilatos et 
al (2008), has guided us to select that region as a 
representative area for natural water pollution by 
Cr(VI) related to anthropogenic processes.  

The objective of this study was to compare field 
and laboratory data on the hexavalent chromium in 
the groundwaters of central Euboea and Asopos 
valley, (Fig. 1). 
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1.1 Hydro-geological characteristics 
In the central Euboea (Fig. 1, upper), the sampled 
springs have being issued from the upper Creta-
ceous limestones and are located near to the con-
tact with the underlying upper Jurassic-lower Cre-
taceous ophiolitic complex. The ophiolitic com-
plex is consisted by serpentinites, diabases and 
peridotites. The main aquifer of the wells is hosted 
into the same ophiolitic complex and it is assumed 
as a fissured rock aquifer. Alluvial deposits, con-

sisted of unconsolidated material of sand and 
rounded-angular pebbles, deposits of loose clayey-
sandy material and material and terra rossa with 
rounded-angular pebbles, comprise also the aquifer 
of many shallow wells (with a depth up to 15m) 
used for agricultural activities. 

In the Asopos valley (central and north part of the 
sampling area 1) (Fig. 1, lower), there are the wells 
for the water supply of the municipalities of Oro-
pos, Oinofyta, and Schimatari. Those wells are 

 
Fig. 1. Map of the studied areas showing the distribution of hexavalent chromium 
in groundwater. Lower: Asopos Valley, Upper: Central Euboea, (additional data
from Vasilatos et al, 2008 and Megremi, 2010). 
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sited on a thick Neogene formation (up to over 600 
m thick), consisted by intercalations of marles, 
sands, clays and limestones. The aquifer is porous 
and is consisted of several sub-aquifers, as the clay 
intercalations are impermeable by the water.  The 
wells for the urban water supply of those munici-
palities have a depth between 200-220m and those 
which are used for the agriculture in that area, have 
a depth between 20-300m.   

At the southeast of this basin there are the Mavro-
souvala wells (Fig. 1). Those are sited in a midle 
Triassic to middle Lias, limestone formation (up to 
over 500 m thick) which is the north extension of 
the thick Parnis Mountain limestone formation. 
These wells are pumping water from a karstic aq-
uifer. The source of groundwater recharge is the 
Parnis limestone. The water is being used for the 
municipal water supply of the city of Athens and 
some of the surrounding towns and villages in the 
area.  

2. Materials and Methods  
The water sampling areas, located at the eastern 
Sterea Hellas, are shown on Fig. 1. The central 
Euboea is shown in the upper map and Asopos val-
ley (Oropos, Inofyta, Schimatari) which is shown 
in the lower map. A total of 16 ground water sam-
ples were collected from both areas (9 from central 
Euboea and 7 from Asopos valley).  

The samples were collected, divided in two por-
tions and each one was stored in polyethylene con-
tainers at 40C in a portable refrigerator. The second 
portion of each sample was acidified by addition of 
concentrated HNO3 acid and stored at 40C as well.  

Knowing that ph reduction could reduce the solu-
bility of hexavalent chromium and any biotic activ-
ity could change the valence state of chromium  in 
the samples, the chemical analyses of total and of 
hexavalent chromium have been performed in the 
not nitrified portion of the samples, within 24 
hours after collection. The analyses of total chro-
mium were performed by GFAAS (Perkin Elmer 
1100B). The estimated detection limit of the 
method was 1 g.L-1. The chemical analyses for 
Cr(VI) were performed by the 1,5-diphenylcarbo-
hydrazide colorimetric method, within 24 hours af-
ter sampling, using a HACH DR/4000 spectropho-
tometer. The estimated detection limit of the 
method was 4 g.L-1. The analyses of calcium and 
magnesium were performed by flame AAS (Perkin 
Elmer 603). The estimated detection limit of the 

method was determined at 50 g.L-1 and 20 g.L-1 
respectively. All the above analyses were per-
formed at the Laboratory of Economic Geology 
and Geochemistry in the Faculty of Geology and 
Geoenvironment of University of Athens. 

The other elements (Ni, Mn, Zn, Si, Na, K, B, Li, 
As, Cd, Co, Cu, P, Pb, S, Se, V, Fe), were ana-
lysed, in the acidified portion of the samples, by 
Inductively Coupled Plasma Mass Spectroscopy 
(ICP/MS) at the ACME Analytical Laboratories in 
Canada. 

For the statistics, the spatial distribution of hexava-
lent chromium and the interpretation of those re-
sults, additional data published by Megremi, 
(2010) for central Euboea groundwaters and by 
Vasilatos et al. (2008) for the Asopos valley 
groundwaters have been used. 

3. Results and Discussion  
The analytical results for the analyzed groundwater 
samples are presented in tables 1 and 2. The water 
samples from both areas were classified into 3 
groups according to the observed differences in 
their hexavalent chromium compound [<4 g.L-1, 
<50 g.L-1, >50 g.L-1] (Fig 1). Concentrations 
over the maximum acceptable level for total Cr in 
drinking water (50 μg/L, according to the EU Di-
rective (EC, 1998), were found in several ground-
water samples from central Euboea and from 
Asopos valley as well. 

The contamination of natural waters in central 
Euboea, with hexavalent chromium, may be 
mainly linked to the Cr-extraction and oxidation 
from Cr-bearing serpentinite in ophiolitic rocks 
that host along with the limestone the aquifer and 
lesser to chromite [FeCr2O4] and to Cr-bearing 
goethite [FeO(OH)] which is abundant in Fe-Ni 
laterite deposits. The serpentine and chlorite are 
the most common minerals in the ophiolitic rocks. 

The above suggestion for the origin of hexavalent 
chromium is enhanced by the good positive corre-
lation coefficients between Cr(total) versus Mg 
(0.70) and Cr(VI) versus Mg (0.68) and between 
Mg versus Si (0,92) (Fig.2). These strongly corre-
lated elements discriminate these water samples 
from those coming from Asopos valley, where no 
correlation between these elements was observed 
(in respect with the mineralogical and the chemical 
composition of the host rocks) (Fig.2). 
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With the exception of Fe, the concentrations of the 
rest chemical elements analysed, are below the 
regulated parametric values given by the EC, (EC, 
1998) for drinking water. High Fe concentrations, 
above the permeable limit [200 g.L-1, (EC, 
1998)], were detected in some water samples of 
central Euboea. 

Moreover the much higher values of Fe in these 
samples from those in natural waters from Asopos 
valley could be used as another indicator factor for 
their discrimination, as it is presented in the trian-
gular plot of Fe-Mg-Ca (Fig.3f).  Silicon distribu-
tion in groundwaters from both areas could be also 
used as a discriminator factor, as it is shown in the 
triangular plot of Cr(total)-Mg-Si (Fig.3e) and the 
diagrams of correlation coefficients (Fig.2). 

According to Cr(total), Mg, Si and Ca composition 
of ground waters samples from central Euboea, the 
“below detection limit” values of Cr(VI)               
(<4 g.L-1) and its high concentrations (>50 g.L-

1), detected in the shallow wells cited on the allu-
vial deposits of the area (Megremi, 2010), are also 
being discriminated from its intermediate values as 
it is presented in the ternary plots of Mg-Si-Ca 
(Fig.3b), Mg- Cr(total)-Ca (Fig.3d) and Cr(total)-

Mg-Si (Fig.3e). 

The ratio of Cr(VI)/Cr(total), is between 0.7 to 1 
and their excellent correlation (0.88 to 1,00) in 
both areas, (fig. 2), indicates that hexavalent chro-
mium is the predominant form of dissolved chro-
mium in natural waters. 

The contamination of groundwater by Cr(VI) that 
was found in the majority of groundwater samples 
in Asopos valley has been related to the wide-
spread industrial activity for the last 40 years and 
the usage of hexavalent chromium in various proc-
esses. In the water samples from the Mavrosouvala 
wells both the hexavalent and total chromium were 
found below detection limit.  

The discrimination between water samples form 
the Asopos valley and from the Mavrosouvala 
wells according to the differences of their chemical 
composition are presented by the triangular plots 
of Mg-Si-Ca (Fig. 2a) and Mg-Cr-Ca (Fig. 2c).  

The water samples from Mavrosouvala wells were 
characterized by higher Ca/Fe and Ca/Mg ratios 
compared to those coming from the rest of the 
Asopos valley. The different mineralogy and the 
chemistry of the rocks that hosts the aquifers might 

Table 1. Concentrations of chemical constituents (in μg.L-1 ) and other physical and chemical pa-
rameters of water samples of central Euboea. 
  E1 E2 E3 E4 E5 E6 E7 E8 E9 
Cr 100 51 111 <2 <2 3 15 12 25 
Cr(VI) 98 49 97 <4 <4 <4 12 10 24 
Ca 17610 31870 63800 46220 53360 43650 98680 121820 65300 
Mg 81160 76210 103180 7780 11000 9790 51660 28710 69760 
Ni 4,1 4,9 3,4 1,4 <.2 0,7 9,5 31 2,1 
Mn <.05 0,9 <.05 <.05 <.05 <.05 1,49 0,51 0,4 
Zn 2,1 0,5 0,5 <.5 <.5 1,1 48 45 0,5 
Si 19760 16860 17490 5640 6700 6430 23240 14240 26440 
Na 72610 37590 40250 14270 15290 14060 22340 18690 22580 
K 12320 1650 4840 1120 620 480 480 475 550 
B 140 36 63 11 10 12 24 21 15 
Li 6,6 3,9 5,6 1,1 2 0,7 2,4 2,2 2,6 
As 0,6 0,8 0,9 1.8 0,7 <.5 <.5 <.5 <.5 
Cd <.05 <.05 <0.5 <.05 <.05 <.05 0,06 <.05 <.05 
Co 0,14 0,11 0,23 0,07 0,02 0,06 0,22 0,12 0,06 
Cu 1,1 0,5 0,8 0,2 0,2 0,3 5,8 1,3 0,4 
P <20 <20 <20 <20 <20 <20 35 36 32 
Pb <.1 <.1 <.1 <.1 <.1 <.1 10 0,2 <.1 
S 40000 27000 70000 8000 6000 6000 25000 11000 5000 
Se 1,5 1,1 2,3 0,5 0,7 0,5 1,7 1,2 1,1 
V 2,9 2,3 2,9 1,2 1,3 0,8 1,6 0,8 0,8 
Fe 16 12 <10 48 <10 25 428 481 238 
pH 7,23 7,48 7,72 7,35 7,25 7,06 7,28 7,10 7,71 
Eh (mV) -30 -38 -52 -31 -25 -15 -25 -15 -49 
CND(mS/cm) 1,30 1,99 1,43 0,53 0,53 0,83 0,88 0,76 0,80 
TDS (g/lt) 0,69 1,06 0,76 0,28 0,28 0,44 0,44 0,39 0,40 
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be the cause for this difference. The marle and the 
clay rocks of Asopos valley are containing miner-
als with high Fe and Mg compounds such as chlo-
rite [(Mg,Al,Fe)12(Si,Al)8O20(OH)16], micas 
[(K,Na,Ca)2(Al,Mg,Fe)4-6(Si,Al)8O20(OH,F)4], smec-
tites [(Na,Ca)0.5Al2(Si3.5Al0.5)O10(OH)2·n(H2O)], e.t.c. 
In contrast, the limestone is composed mainly by 
calcite [CaCO3]. The absence of hexavalent chro-
mium in the samples from the Mavrosouvala wells 
might be interpretated by the insignificant indus-

trial activity in the surrounding area of the wells 
and by the fact that the aquifer has different hydro-
geological characteristics: it is hosted in a karstic 
limestone formation with tremendous water poten-
tial and the source of groundwater recharge is the 
thick Parnis Mountain limestone formation at the 
southwest of the basin. 

4. Conclusions 
Concentrations over the maximum acceptable level 
of total Cr in drinking water and high Cr(VI) val-
ues have been found in both central Euboea area 
and Asopos valley as well. 

The presence of a few tens of g.L-1 in majority of 
the groundwater samples from central Euboea, 
may be linked to the ultramafic rocks and the Ni-
Fe laterites of the area.  

 
Fig. 3. Ternary diagrams for the water samples on the 
basis of their chemical compounds. a. Mg-Si-Ca trian-
gular plot for the ground water samples from Asopos 
valley. b. Mg-Si-Ca triangular plot for the ground water 
samples from central Euboea. c. Mg-Cr(total)-Ca trian-
gular plot for the ground water samples from Asopos
valley. d. Mg- Cr(total)-Ca triangular plot for the
ground water samples from central Euboea. e. Cr(total)-
Mg-Si triangular plot for the ground water samples from 
Asopos valley and central Euboea. f. Fe-Mg-Ca triangu-
lar plot for the ground water samples from Asopos val-
ley and central Euboea.

 
Fig. 2. Correlation coefficients and trend line plots of
Cr(total), Cr(VI), Mg and Si of the ground water sam-
ples from Asopos valley and central Euboea: a. Asopos
area, groundwater samples with Cr(VI) < 50 μg.L-1

(n=23*), b. Asopos area, groundwater samples with 
Cr(VI) > 50 μg.L-1 (n=10*), c. Euboea’s groundwater 
samples with Cr(VI) < 50 μg.L-1 (n=26**), d. Euboea’s
groundwater samples with Cr(VI) > 50 μg.L-1 (n=5**), 
(*)additional data from Vasilatos et al. (2008) 
(**)additional data from Megremi (2010)  



352 
 

However the high concentrations of Cr(VI) in both 
areas (>50 g.L-1), and even the lower coconcetra-
tions in Asopos valley are mainly linked to anthro-
pogenic impact. The triangular plots of Mg-Si-Ca, 
Mg-Cr(total)-Ca, Cr(total)-Mg-Si and Fe-Mg-Ca, 
have been successfully used for the discrimination 
and the identification of the origin of the water 
samples from the studied areas. 
Moreover, according to their Ca, Mg, Si and Cr 
content, there is a geochemical discrimination 
within the water-group from Asopos valley, be-

tween the groundwater samples from the karstic 
aquifer of the Mavrossouvala wells, which are free 
of Cr(VI) and the samples from the clay - marle – 
limestone porous aquifer in the rest of the basin, 
which has higher Cr(total) and Cr(VI) values. Fig-
ure 4 presents the spatial distribution of the 
hexavalent chromium contamination of groundwa-
ters according to its value. 

In addition to the fact that the Cr(VI) compounds 
are much more soluble, than the major Cr(III) ox-
ides under natural conditions, the ratio of Cr(VI)/ 

 
Fig. 4. Map presenting the suggested origin of Cr(VI) in the aquifers at Eastern 
Sterea Hellas. Lower: Asopos Valley, Upper Central Euboea (additional data
from Vasilatos et al, 2008, and Megremi, 2010) . 
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Cr(total), has been assessed close or up to 1, and 
the excellent correlation of Cr(VI) to Cr(total), in-
dicate that hexavalent chromium is the predomi-
nant form of dissolved chromium in groundwaters. 
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Abstract: In the Madan Pb-Zn deposits three morphogenetic types of ore bodies are recognized – steep 
simple veins and complex disseminated stockworks, as well as gently sloping marble-hosted skarn-ore 
bodies. Their formation is structurally controlled by the ore-controlling fault systems, and lithological 
variety of the host Rhodope metamorphic complex. The replacement ore bodies reveal complex mor-
phology according to the number, thickness and position of the host marble layers, shifts along the fault 
structures and local physicochemical parameters. Among the well presented morphological types – bed-
like, mushroom-like, columnar or irregular, single or multilayered replacement bodies occur. The ore 
textures are indicative for crystallization in open space or metasomatic growth in solid state. Infill ore 
textures like cutting veinlets, layered textures, druses, crustifications and breccias are formed by crystal-
lization in open space. Typical for the vein and stockwork mineralization, they are observed as well as 
in the dissolution cavities formed by “hydrothermal karst” in the replacement ore bodies. In the latter, 
characteristic are the textural varieties inherited by the primary skarns in the processes of alteration and 
overprinting. Radiate and spherulitic, concentric, conical, massive, porous, rhythmic-banded textures 
typically occur. Ore impregnations and nests, pseudomorphs and interstitial formations complete the 
textural diversity. Certain zonal distribution in the minerals and textural characteristics is determined. 
The main mechanisms of ore deposition include boiling, intensive fluid/rock interaction, retrograde al-
teration of skarns performed generally by convection and diffusion.  

Key words: vein and replacement ore bodies, mineral textures, crystallization mechanisms, Madan Pb-
Zn deposits, Central Rhodopes 

 
1. Introduction 
Skarn deposits, especially those in which sulphide 
minerals dominate, may have set of indicative tex-
tures that record useful information on primary and 
overprinting processes. Understanding the mineral 
textures and their paragenetic implications is the 
basis for all ore deposits studies (Ciobanu and 
Cook, 2004). The knowledge of ore bodies’ mor-
phology, ore textures, factors determining the ore 
deposition, and mechanisms of crystallization is 
fundamental to unraveling the genesis of an ore 
deposit, which in turn allows exploration and min-
ing geologists to build their conceptual models of 
the deposits (Taylor, 2009).  

Base metal vein and metasomatic sulphide ores are 
a major part of the economically important Terti-
ary (~30 Ma) mineral province of the Central 
Rhodopes, especially in the large Madan ore dis-
trict. The ore-bearing skarns are part of the eco-
nomically important vein and replacement deposits 

of Bulgaria. The replacement ore bodies are pref-
erably hosted in early manganoan skarns, which in 
turn were affected by vein-related hydrothermal 
replacement of marble interbeds between high-
grade gneisses (Bonev, 2003). The Madan deposits 
comprise the largest region producing Pb-Zn ores 
in Bulgaria. They are and among the largest Pb-Zn 
deposits of particular type associated with Mn-rich 
skarns (Einaudi et al., 1981). 

Some of the most spectacular and imposing min-
eral polyhedral crystals of galena, sphalerite and 
chalcopyrite and their aggregates from the hydro-
thermal Madan deposits are well known worldwide 
(Kostov and Kostov, 1999). This contribution pre-
sents generalized information about the features of 
the vein, stockwork and replacement ore bodies 
and characteristic types of textures as well as the 
factors controlling the ore deposition in the Madan 
district. 
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2. Geological Background 
The Madan Pb-Zn deposits are hosted in the high-
grade metamorphic Rodope massif (Dimov et al., 
2000; Vassileva et al., 2005). The lower part of the 
massif is composed of migmatised gneisses in the 
core of the Central Rhodope dome. The upper, 
overtrusted parts, Madan and Startsevo alloch-
thones, developed in the western and eastern 
slopes of the dome, are composed of gneisses, am-
phibolites, mica-schists and marbles (Kolkovski et 
al., 1996). One to three marble horizons are known 
in the different parts of the area, hosting the me-
tasomatic skarn-ore mineralization. Four main ore 
districts are known: Madan, Laki, Davidkovo, and 
Ardino (Fig. 1a). The slightly sloping marble-
hosted skarn-ore bodies are related to systems of 
steep to subvertical ore-bearing faults with no visi-
ble direct link to magmatic rocks. In the largest 
Madan district, the main ore-controlling system is 
controlled by large, up to 10-15 km long, NNW 
trending subvertical zones which include well-
mineralized veins. The skarn-ore bodies are lo-
cated in the three available marble horizons along 
the veins. The marbles are white, massive, fine- or 
medium-grained, composed almost entirely of cal-
cite, with insignificant amounts of MgO, MnO and 

FeO. The replacement ores are included into the 
contours of the primary skarn bodies and follow 
their complex morphology. 

The reduced exoskarns consist of radiate aggre-
gates of the highly manganoan clinopyroxenes be-
longing to the hedenbergite-johannsenite series. 
The retrograde alteration of these skarns leads to 
the formation of manganoan silicates (pyrox-
enoids, amphiboles, manganilvaite, chamosites, 
andraditic garnets) and carbonate minerals (Vas-
sileva and Bonev, 2003) in the process of lowering 
the temperature and pH of the hydrothermal solu-
tions, which favors the precipitation of rich Pb-Zn 
ores.  

3. Hydrothermal mineralization 
Three main mineralization stages have been di-
vided on the basis of temporal and spatial mineral 
relationships and microthermometry study on fluid 
inclusions (Vassileva et al., 2009a and references 
therein). 
3.1 Skarn stage 
The earliest stage is connected with the formation 
of distal infiltration exoskarns in the marble layers, 
composed by highly manganoan clinopyroxenes 

 
Fig. 1. Schematic drawings of: a – geological map of the ore districts in Central Rhodopes; b – representative sec-
tion of vein and metasomatic ore bodies in the Madan deposits; c – generalized mineral and textural zoning in the 
replacement ore bodies. 
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and later overprinted by manganoan pyroxenoids. 
Temporally, these skarns are clearly pre-ore, with-
out any primary sulphide formation. The skarns 
exhibit well expressed zonation defined by the dif-
ferent Mn/Fe ratio across lateral and vertical direc-
tion (Vassileva, 2004). In comparison to the other 
skarn types (Meinert et al., 2005), manganoan 
skarns are formed at relatively lower temperatures. 
According to Vassileva et al. (2009a) the Th of 
fluid inclusions is 420-400oC.  

3.2. Main ore stage 
The sulphide mineralization is uniform in both the 
veins and the metasomatic ore bodies. Galena, 
sphalerite, pyrite and chalcopyrite are the main ore 
minerals, deposited in three main ore parageneses: 
quartz-pyrite, quartz-galena and quartz-sphalerite-
galena. Subordinate ore minerals are arsenopyrite, 
tennantite–tetrahedrite, pyrrhotite and sulphosalts 
of Ag and Bi. The formation of sulphide paragene-
sis according to the fluid inclusion data is rela-
tively high T: 350-300-280oC (Kolkovski et al., 
1996; Kostova et al., 2004; Kotseva et al., 2008; 
Vassileva et al., 2009a). The major sulphide depo-
sition in replacement bodies is utilized and coin-
cides with the retrograde alteration after the man-
ganoan clinopyroxenes (Vassileva and Bonev, 
2003). The acid wallrock alteration in the silicate 
rocks is of quartz-sericite type. 

3.3. Late post-ore stage 
Deposition of late gangue minerals includes car-
bonates, quartz and chalcedony, barite, together 
with few scarce sulphides and sulphosalts within T 
interval 260-180oC (Bonev and Kouzmanov, 2002; 
Vassileva et al., 2009a). The stage is contempora-
neous with intensive inter-ore tectonic movements, 
leading to complex morphology of the ore bodies.  

Physical chemistry of the hydrothermal fluids was 
obtained by detailed fluid inclusion studies in ore 
minerals (Piperov et al., 1977; Bonev and Kouz-
manov, 2002) and quartz, calcite, barite etc. (Ko-
stova et al., 2004; Kotseva et al., 2008; Vassileva 
et al., 2009a). The ore-precipitating fluid is diluted, 
slightly acid (pH near 6.5) and reducing (Fe2+ and 
Mn2+  0.3 g/l) Cl-Na-K aqueous solutions with sa-
linities of 4-6 wt. % NaClequiv. δ34S of sulphides 
varies from 0 to 7‰. The composition of stable 
isotopes of the fluids reveals values for δD in the 
range from -40 to -80‰ (mean -55‰) and δ18O 
from 0 to -10‰ indicating predominantly meteoric 
origin of waters (Bonev et al. 2000). 87Sr/86Sr iso-
topes of barite are in the range 0.71126-0.70946 

and Pb isotope ratios of galena are 206Pb/204Pb 
18.68-18.75; 207Pb/204Pb 15.66-15.70; 208Pb/204Pb 
38.86-39.05 (Marchev and Moritz 2006). 

4. Morphogenetic types of ore bodies 
The main morphogenetic types of ore bodies in the 
Madan Pb-Zn deposits can be subdivided into: 
simple ore veins, complex stockworks systems and 
replacement bodies. These types often co-exist in 
one deposit, showing close connection and transi-
tions from one type to another (Fig. 1b, Vassileva 
et al., 2009b). 

Veins comprise regularly-shaped, simple, single, 
steeply-dipping mineralized bodies, parts of the 
ore-bearing NNW fault zones. Their thickness var-
ies between 20-40 cm and 1-2 m to several meters, 
sometimes tens of meters. The contacts with the 
embedding gneissic rocks are sharp, often clearly 
tectonic. Appophyses are common, generally join-
ing the main vein in depth. The upper parts of the 
veins are often splitting to form horse-tail-like 
structures (Kolkovski et al., 1996). The vein infill-
ing is composed by intergrowth of quartz-sulphide 
mineralizations. Sometimes, the ores reveal banded 
(layered) structure. In such cases the separate 
bands have different mineral composition, depos-
ited one after another in the open space. The quan-
tity of galena often prevails that of sphalerite, de-
fining the Pb/Zn ratio of 1.2-2.0. Large base metal 
veins are representative for the deposits of 
Strashimir, Spoluka, Kroushev Dol, Pshenichishte, 
Shoumachevski Dol, Shadiitsa, Goliam Palas.  

Stockwork zones are closely spatially connected to 
the veins, characteristic for the relatively deeper 
levels of the deposits, where the steep ore-bearing 
faults are marked by strong alteration of the 
gneisses. Large areas of intensive water/rock inter-
action around the fault zones determine the unclear 
contacts between the stockworks and the embed-
ding rocks. The irregularly-shaped discordant ore 
mineralization is presented as disseminated thin 
sulphide veins and veinlets, impregnations and 
breccias. Their width is 1-2 to 10 m, rarely up to 
20 m and up to 1-2 km in length. The Pb/Zn ratio 
of 0.8-1 is characteristic. Stockworks are typical 
for the deposits of Ribnitsa, Stratiev Kamuk, 
Pechinsko, Enyovche.  

Rich replacement skarn-ore bodies are formed at 
the intersections of the ore-bearing faults with cer-
tain marble layers by the way of infiltration-driven 
metasomatism. The main minerals are sphalerite, 
galena, pyrite, johannsenite, rhodonite, carbonates 
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and quartz. The general width of the bodies is 30-
60 m, sometimes even more. Their thickness de-
pends on the host layer thickness reaching 4-5m, 
rarely 20-25 m.  
Several morphological types skarn-ore bodies have 
been observed: single and multi-layered beds and 
ledges with a complex shape, column- and mush-
room-like in cross section ore bodies within thick 
(15-20 m) or several thin marble horizons. These 
bodies are developed around large single or sub-
parallel adjacent veins, or around non-mineralized 
faults (Vassileva et al., 2009b).  
The variable morphology, size and mineralogical 
characteristics of the skarn-related ore bodies are 
controlled by a complex of lithological and struc-
tural factors: number, thickness, and position of the 
host marbles layers; number, size and position of 
the ore- controlling faults; shifts along the control-
ling faults, etc. 
A lateral primary zoning is characteristic for the 
pyroxene skarn bodies with Mn/Fe ratio increasing 
towards the metasomatic front with the marbles. In 
distal parts often almost pure johannsenite occurs 
(Fig. 1c). Rhodonite, appearing in the outermost 
zone is always a later reaction product after jo-
hannsenite. More complex is the secondary zoning, 
due to retrograde alterations of skarns and sulphide 
overprinting with variable mineralogical, quantita-
tive and textural relationships. Since the Mn-
members of the hedenbergite-johannsenite series 
are considerably more stable in the sulphidation 
environment, the Fe-containing skarn pyroxenes in 
the proximal zones, along the veins, are nearly 
fully replaced by rich sulphide ores, whereas in the 
distal outermost zones the highly-Mn pyroxenes 
and rhodonite often remain unchanged. In some 
cases manganilvaite also occurs. In this way the 
generalized mineral zonation considering the tex-
tural diversity in the skarn-ore bodies is: ore vein – 
massive sulphide ore – banded ore – altered skarn 
with scarce sulphide impregnations – unaltered Mn 
pyroxene skarn – marble (Fig. 1c).  
A general trend of vertical zoning in skarn miner-
alization may be outlined, especially with respect 
to the pyroxene/pyroxenoide relationships. At the 
upper mine levels (elevation 1000-900 m) rho-
donite is intensively presented, in rare cases even 
prevailing over johannsenite. At mean levels (800-
500 m) it is subordinate but still well preserved; 
while at deeper levels (< 400 m) it is sporadic or 
missing, sometimes being replaced by wollaston-
ite. Bustamite, manganilvaite (Bonev et al., 2005) 

and andradite are locally developed, mostly in the 
proximal areas of some skarn bodies. 

5. Textures of the mineral aggregates 
The ore mineralization in most of the Madan de-
posits is practically uniform, and is represented by 
galena, sphalerite, pyrite and chalcopyrite. The 
studied textural characteristics are also applicable 
to the other ore districts in Central Rhodopes. 

The remarkable variety of ore textures in the de-
posits of Madan district is indicative for the mode 
and local conditions of deposition: open space fill-
ing or replacement and like in all natural systems 
also the interweaving exists in some degree.  

5.1. Crystallization in open space 
Important and widespread ore textures are formed 
during the processes of crystallization in open 
spaces forming cutting veinlets, layered textures, 
druses, crustifications and breccias (Fig. 2a, b). 
The infill textures occur in the vein and stockwork 
mineralization, as well as in the replacement ore 
bodies, especially presented in the dissolution cavi-
ties formed by “hydrothermal karst” processes. 
The veins and veinlets with different mineral com-
position (quartz, sulphides and carbonates) are 
formed under similar processes with open space 
crystallization under structural tectonic control. 
Ore breccias are recognized as fragments of earlier 
sulphide mineralization contained within later car-
bonate cement.  

“Hydrothermal karst”. The massive, coarse-
grained metasomatic sulphide ores are character-
ized by high porosity. A system of open space 
cavities are often developed within the skarn bod-
ies as a result of selective dissolution mainly of the 
carbonates formed by the retrograde metasomatic 
processes. It includes: uniform isometric pores of 
mm-size; concentric shell-like concave and convex 
vugs, result of replacement and dissolution of con-
centric-zoned primary pyroxene aggregates (Fig. 
2c); radial and cone-like vugs of selective dissolu-
tion of carbonates, large flat cavities, roughly fol-
lowing the primary bedding of marbles; large iso-
metric and irregular cavities reaching up to several 
m in size. Other textures connected with the cav-
erns and vugs of the “hydrothermal karst” are 
gravitational, crustifications, bottom clays, druses 
and geodes. Performing a system of channelways 
for fluids the “hydrothermal karst” is favourable 
space for direct open space druse crystallization of 
sulphide minerals, carbonates and quartz.  
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Rare peculiar textures. In rare cases sphalerite and 
galena stalactites and tube-like textures can be ob-
served, as well as ore ‘sands’ (loose grainy pyrite). 
Also, bilateral epitaxic (Fig. 2d) and autoepitaxic 
overgrowths and other mutual relationships are 
typical for the metasomatic textures.  

Dissolution forms. Locally, selective natural disso-
lution of main sulphides and gangue minerals oc-
curs (Atanassova 2009). Rounded corrosion sur-
faces resulting from the processes of hydrothermal 
dissolution are typical for single or twinned galena 

and sphalerite crystals. The predominantly oval 
faces and edges of large cubo-octahedral galena 
crystals (Fig. 2e), solid inclusions in paragenetic 
quartz crystals and post-dissolution deposition of 
hydrothermal minerals (calcite, quartz, chalcopy-
rite, tetrahedrite and others) are clear evidence that 
the final state of the sulphide surfaces is accom-
plished by natural dissolution process. 

Sometimes “open cuts” from previous thin-platy 
calcite in quartz crystals are observed, characteris-
tic for the crystallization in open space.  

 
Fig. 2. Macro photographs of representative mineral textures from the Pb-Zn Madan deposits. a – galena-sphalerite 
druse; b – tetrahedrite crust over hydrothermally dissolved galena; c – peculiar concentric-zoned shell-like texture, re-
sulting from “hydrothermal karst” after primary pyroxene aggregates; d – bilateral epitaxic growth of quartz over thin-
platy calcite; e – dissolution forms of cubo-octahedral galena crystals; f – radiate skarn pyroxene-rhodonite aggre-
gates; g – galena-sphalerite aggregate, inheriting the radial pyroxene texture; h – nests of manganilvaite, galena and 
sphalerite, carbonates and quartz in skarns; i – massive rhythmic-banded texture composed by galena and sphalerite in 
carbonate matrix; j – porous sphalerite and pyrite aposkarn rhythmites; k – conical, coral-like late fibrous Fe-Mn do-
lomite; l – pyrite pseudomorphs after altered skarns, with interstitial quartz. Scale bars refer to 2 cm.  
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5.2. Metasomatic textures 

The replacement skarn ore bodies are connected 
with the processes of metasomatic crystallization, 
where alteration and overprinting of primary tex-
tures are observed. The overprinting textures are 
typical for the process of ore deposition in the 
main sulphide stage in the Madan base metal de-
posits. The skarn clinopyroxenes in the marbles 
form radiate-columnar and spherulitic textures 
(Fig. 2f), which are complicated during the subse-
quent alteration and overprinting of the ore miner-
als. Most alteration minerals (manganoan fine-
fibrous amphiboles; pyroxenoids) exhibit an in-
credible degree of textural inheritance from their 
host pyroxenes.  
Pyroxenoids, sulphides and carbonates formed by 
metasomatic crystallization in anisotropic medium 
with inheritance of skarn textural features occur as 
radiate (Fig. 2g) and spherulite aggregates with 
concentric-zoned and conical textures. The main 
sulphides are observed as massive, porous and 
banded aggregates, as well as ore impregnations 
and nests (Fig. 2h). Typical for the replacement 
bodies are the rhythmic-banded, massive and 
vuggy textural varieties (Fig. 2i, j) resulting from 
periodic crystallization in quasi-izotropic medium 
(Bonev 2001). Peculiar conical, coral-like textures 
are formed in anisotropic medium with inheritance 
of skarn features (Fig. 2k). A rare case of me-
tasomatic pyrite {100} euhedral crystals and tabu-
lar (100) galena is connected with crystallization in 
soft clay matrix. Also, elongated, skeletal and an-
gular interstitial mineral formations are character-
istic. Crystal and aggregates pseudomorphs after 
primary pyroxenes are often developed (e.g. rho-
donite, sulphides, Fig. 2l, carbonates and quartz).  

6. Mechanisms and factors of ore deposition 
The ore deposition in the hydrothermal system is a 
result of several physicochemical mechanisms of 
neutralization of acid fluids, which transport the 
metals as highly-soluble chloride complexes. This 
neutralization is achieved specifically in the differ-
ent morphogenetic types of ore bodies (Bonev et 
al., 2000). Boiling of solutions in the upper parts of 
the simple ore veins is an important mechanism for 
deposition of rich ores. This process takes place 
above the critical hypsometric level (Bonev and 
Piperov, 1977; Kotseva et al., 2008). Intensive 
fluid/rock interaction and intensive quartz-sericite 
alteration of the host gneisses is specific for the 
stockwork zones. The disseminated ores deposited 
by convection and diffusion processes, are rela-

tively poor. In the metasomatic ores, the neutrali-
zation of acid fluids with alkaline infiltration py-
roxene skarns results in retrograde alteration of the 
skarns, and deposition of ores (Bonev, 2003). The 
Mn-Fe clinopyroxenes are highly reactive in sul-
phur-containing high-temperature fluids and al-
tered into a retrograde silicate-carbonate mineral 
assemblage (Vassileva and Bonev, 2003). 

The most important factors could be generalized as 
follows: 
- Channelways and hydrodynamics of the ascend-

ing fluids, porosity, permeability and intergranu-
lar space, anisotropy/isotropy of the host medium 
and role of the impermeable silicate screens.  

- Physicochemical parameters of the hydrothermal 
fluids: T, P, pH, Eh, sulphur and metal activities; 
supersaturation. 

- Phase composition of skarns and their retrograde 
alterations products, leaching of the skarn prod-
ucts and “hydrothermal karst” formation. 

- Nucleation: single, multiple, periodic; growth. 
- Processes of boiling and heterogenisation of flu-

ids (in the open space). 
- Flotation, convection, gravitation. 

The metal transport is accomplished by chloride 
complexes stable in acid conditions and destructed 
by their neutralization after fluid/rock interaction. 

7. Discussion and conclusions 
The ore bodies in the Madan Pb-Zn deposits, Cen-
tral Rhodopes,  comprises two types of steeply 
dipping zones, simple ore veins, and mineralized 
stockwork zones, as well as sloping bed-like and 
irregular replacement bodies. Marble-hosted man-
ganese skarns are a favorable environment for 
deposition of high-grade metasomatic ores accom-
panying large ore veins. Fault and fracture struc-
tures are decisive factor controlling both, the ways 
of movement of ascending fluids, and arising of 
open space favoring the ore deposition. 

The variety of the mineral specimens is determined 
not by variety in the mineral composition, but by 
the different textures and morphology of the crys-
tals and aggregates, due to combination of local 
physicochemical processes and crystallization 
mechanisms. The metasomatic ore textures often 
inherit the textural pattern of the skarns. Part of the 
ores is deposited by free drusy crystallization in 
open cavities of post-skarn “hydrothermal karst”. 
The highly variable external and internal morphol-
ogy of crystals also reflects the crystallization con-
ditions and their temporal changes. The complex 
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history of ores in the Madan deposits includes two 
main crystallization mechanisms: 1. metasomatic 
growth in solid medium realized by solid-state 
topotaxic ion-exchange reactions or reconstructive 
dissolution/precipitation processes; and 2. crystal-
lization in open space.  
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Abstract: The aim of the study is to identify specifically temporal and spatial patterns of the interme-
diate seismic activity in Vrancea seismic zone using new approaches. We study the influences of the 
principal lunar semidiurnal tidal component M2 on intermediate seismic activity in Vrancea (Romania) 
sub-crustal region from 1934 to 2009 with a special regard for the time series of events from 1980 to 
2009. The constituent is assigned by HiCum stacking method according to the earthquake occurrence. 
“Schuster” and “Permutation” independent tests are applied to distributions found by stacking. Null hy-
pothesis between seismic activities and selected tidal periodicities is rejected when the statistical p-
values obtained by the two tests are less than 5% level of confidence in term of statistics. The stacking 
function is applied to time series of events belonging to windows shifted in time and space, respectively, 
to evaluate the variability of correlations in both cases. In the case of 3D shifting domain, a specific al-
gorithm, called “statistical tidal tomography”, is described. The results reveal important issues: a). There 
is a specific temporal footprint of the p-values around the larger earthquakes; b) A Fast Fourier Trans-
form on the n-order polynomial least squares fit (LSF) of the p values variations emphasizes a long-term 
period about 17 – 18 years; c) Following the 3-D distribution of p<5% values in different sliding time 
windows we observe a certain pattern confirmed by the CN algorithm for the earthquake prediction and 
the future strong Vrancea events monitoring; d) the statistical tidal tomography of M2 component has 
similar patterns with the analysis of seismicity patterns introduced by Radulian et al. 2007 for the 
Vrancea seismic region.  

Keywords: statistical tidal tomography, Vrancea seismic zone, earth-tide, HiCum method, Shuster’s 
and Permutation tests, sliding windows  

 
1. Introduction 
Geophysical study of the Vrancea area is very im-
portant because it is a highly active seismic zone 
where millions of people live. Recent earthquakes 
of magnitude Mw larger than seven (1940 and 
1977) have been devastating for Bucharest and for 
the epicentre area (Constantinescu and Enescu, 
1984). The relative frequency of such events in 
Romania is around 30-40 years. 

Many authors have investigated the possible corre-
lation between seismic activity in some areas and 
earth-tides (Knopoff, 1964; Heaton, 1975; Klein, 
1976; Tanaka et al., 2002, etc.), but the description 
of mechanisms by which earth-tides could be in-
volved is not established. The processes of energy 
accumulation in a seismic zone are complex and 
diverse, but remain strongly linked to the geology 
and the tectonics of the region. Geophysics as-

sumes that earth-tides could induce effects on pa-
rameters at different scales like atmospheric pres-
sure, fluid flow (water, lava, etc.), thermo-
mechanical or tectonic phenomena (Enescu and 
Enescu, 1996). 

At the depth of intermediate (60km < 300km) and 
deep (focal depth > 300km) earthquakes, the Earth 
tides are the main outside force with very deep 
modulation depending of the solar and lunar orbital 
parameters which could affect, with periodicities 
as short as 24 hours (diurnal band) or 12 hours 
(semi-diurnal band), the dynamic of the Earth 
(Melchior, 1978).  

Accordingly, we took into account the couplings 
between the semidiurnal M2 component and earth-
quake occurrences (Tanaka et al., 2006, Cadi-
cheanu et al., 2007). 
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2. Methodology: HiCum spectral analysis 
and statistical tests  

Each event Ei occurred at time ti is characterized 
by a phase αi defined in the interval 1°–360° corre-
spondingly to the phase of a selected harmonic 
signal (Fig.1). For this work, we choose the M2 
main tidal component with its original phase fixed 
from astronomical data. The stacking analysis 
method named HiCum (for Histogram Cumulat-
ing) (van Ruymbeke et al., 2003; Cadicheanu et 
al., 2007) consists to adjust a cosine function to the 
histogram of the αi. The amplitude and phase of 
this cosine show the links, in terms of modulation, 
between the stacked events and the semidiurnal 
tidal component M2. 

Fig. 1. Time series partition into selected time period T. 
An event Ei occurring at time ti is defined by an angle αi 
(Cadicheanu et al., 2007) 

The stacking function is applied in sliding 
windows in the time domain and in the space 
domain. We validate statistically the hypothe-
sis of the correlation between the M2 compo-
nent and earthquake occurrences using classi-
cal approach of the Schuster’s test (Schuster, 
1897) applied largely (Heaton, 1975; Tsuruoka 
et al., 1995; Tanaka et al., 2006). The test 
evaluates the statistical p -value: 

)
2

exp(
N

Dp De      (1) 

where N is the number of earthquakes and D repre-
sents the length of the vectorial sum of all unit 
length vectors defined by their angle phase. 

To avoid the risk of spurious conclusions, we in-
troduce another statistical test (Cadicheanu et al., 
2007) named permutation test, well-known among 
biologists and geneticists (Pitman 1938). We con-
sider that the null hypothesis of a significant rela-
tionship between seismic activities and selected 

M2 tidal periodicities is rejected when the statisti-
cal p-values obtained by the two tests are less than 
5% level: 

for Aj>A0 (j=0,1,2…….m);  p=m/n     (2) 
where Aj represents the amplitude of the sinusoids 
obtained for every permutation in the HiCum ini-
tial distribution (A0 is the amplitude of the initial 
seismic event distribution), n is the number of 
permutation, m≤n. The results are validated by se-
ries of applications to synthetically series of ran-
dom events 

The results are validated by comparison with the 
application of the same algorithms to synthetically 
generated random events series (Cadicheanu et al., 
2007, 2008).  

3. Analysis of the Rom Plus Vrancea earth-
quakes catalog. Results 

The National Institute for Earth Physics-Bucharest 
has made available to us the RomPlus catalog of 
Vrancea earthquakes for the period 1934-2009 
(May inclusive) (Oncescu et al., 1999). Our selec-
tion from January 1st, 1980 to May 29th, 2009 se-
lection includes only earthquakes (Mw≥2.5) which 
presents a valuable completeness and homogeneity 
for data with a large number of events (about 2755 
main events at intermediate depth). The after-
shocks sequences are eliminated by Kossobokov-
Romashkova criteria (Kossobokov and Romash-
kova, 2006). 

Main goal of our research is to check the variabil-
ity of correlation factors obtained with sliding 
windows which are defined in the time domain or 
in the space domain one. 

3.1. Temporal sliding windows 
We introduce the temporal variability of the two 
statistical coefficients p applied on two kinds of 
temporal sliding windows defined respectively 
with constant time intervals (one year) shifted by 
one and thirty days, and windows containing con-
stant number of events and shifted by one and ten 
events, respectively (Fig.2). 

In the first step, the one year window is long 
enough to obtain a sufficient number of quakes 
sufficient to apply p-tests. In addition, the annual 
periodicity effects induced by climatic parameters 
are rejected. However, the non-repetitive number 
of events in each window could generate spurious 
effects influencing p-values modulations. We con-
firm conclusions by comparison of previous results 
with results obtained by analysis of sliding win-
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dows defined with constant number of one hundred 
quakes.  

From analysis of the four graphs, comparative re-
sults of the variability of the p-values for the seis-
mic events time series from 1980 to 2009 present 
coherent conclusions between the statistical coeffi-
cient p obtained with the two statistical tests ap-
proach. These common results with such highly 
differentiated sampling validate the significance of 
conclusions. 

For all the four cases proposed in the figure 2 we 
observe a similar pattern. The time interval be-
tween 1991 and 1996 which has no quakes with 
magnitude larger than five is characterized by a 
quasi null hypothesis. Inversely, large events oc-
currence seems to be related to the p-values modu-

lation. 

The figure 3 shows p-values modulation obtained 
for the complete data bank covering the period 
from 1934 to 2007 with 365 days windows shifted 
by 50 days steps. A systematic ~16 year oscillation 
appears.  

A spectral analysis of the p-values revealed a long 
period oscillations of about 16 years possibly re-
lated with different long periodicities existing in 
the tidal modulation (elliptic or declinational com-
ponents). 

In addition to the temporal sliding windows, we in-
troduce the concept of “3-D statistical tidal tomo-
graphy” (Cadicheanu et al., 2008, Cadicheanu, 
2008, Latychev et al., 2009).  

Sliding windows of 365.24 days 
One day sliding 

 

30 days sliding 

 
Sliding windows of 100 events 

One event sliding 

 

10 events sliding 

 
Fig. 2. Statistical coefficient p for Schuster's test (in blue) and permutation test (in red), marked with circles for p 
<5%. Earthquakes with magnitude Mw> 5.0 are represented with black squares. The upper graphs show results for 
the sliding windows defined by the fixed time interval (365.24 days) shifted by 1 day (left) and 30 days (right). The 
lower graphs correspond to sliding windows with fixed number of events (100 seismic events) shifted with a fixed 
number of events of one event (left) and 10 events (right). 
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Fig. 3.Temporal variation of the statistical coefficient p 
obtained by Schuster's’ test (in blue) and Permutation 
test (in red) from 1934 to 2007 time interval. Circles are 
for the p-values smaller than 5%. We fit the curve with 
a sinusoidal function of about 16 years period. Black 
and green squares representing the main shocks with the 
magnitude Mw ≥ 6.0. 

For Vrancea seismic activity, the p-coefficients are 
calculated for events sited in standard parallelepi-
ped volumes defined at the figure 4. Only more 
than 20 events series are considered. 

3.2.  3-D sliding windows 
Finding some specific areas of the coupling earth 
tides - seismic activity in the seismic slab seems to 
be related to a high heterogeneous structure of the 
seismic region and of the slab itself. Seismic to-
mography of the Vrancea zone (Martin et al., 
2006), the heat flow models (Tumanian, 2008), 
and the attenuation analysis of seismic waves to-
wards Transylvania Basin and Carpathian foreland 
(Popa, 2005), confirm the existence of a lateral 
heterogeneous structure depending of the depth. 
The heterogeneous structures of different nature 
(e.g., density, viscosity, rigidity, heat flux, etc) 
have an important role in reinforcing the effects of 
gradient and phase differences in response to dif-
ferent points of the seismic zone. They are implic-
itly linked to enhance the effects of earth tides in 
terms of stress variation, important parameter in 
the triggering of the earthquakes (Stavinschi and 
Souchay, 2003). 

The statistical tomography referred to earth-tides, 
has a different meaning than tomography of the 
earth-tides deformations introduced by Wang 
(1991). This tomography is based on the 3D distri-
bution of statistical coefficient p in the area of in-
teraction between a component of the earth tides 
(M2) and seismic activity (Fig.5). It allows the 
space-time study of the earth tides effects bringing 

information related to the structure and seismic 
zones on the distribution of stress in the studied area. 

In the case of statistical tidal tomography with 
semidiurnal M2 earth-tides component, two areas 
of distinct intermediate seismic activity are high-
lighted between 70-90 km and 110-170 km (Fig.5).  
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Fig. 5a. Statistical tidal tomography of the seismic activ-
ity for different layers, using semidiurnal M2 earth-tides 
period. Small white squares represent the positions of 
the elementary volumes in which p <5%. 

 

Fig. 4. The “statistical tidal tomography” map of p sta-
tistical coefficients is obtained when stacking function 
is applied to 3-D geometry following the epicentre dis-
tribution. The calculations are carried out for 12x12x20 
km³ windows covering the entire epicentre area between 
the East longitudes 26° to 27°, North latitude 45° to 46° 
for 20km layers with depth between 60- 170km. The 
sliding steps are respectively 4 by 4 km horizontally and 
10km vertically, respectively. 



367 
 

 

The results obtained by statistical tidal tomogra-
phy, (Cadicheanu et al. 2008) using semidiurnal 
wave components M2 of the lunar tide and S2 of the 
solar tide, are partly confirmed by comparison with 
the result of seismicity patterns (Radulian et al., 
2007) (Fig. 6). 
The figure 7 shows the relation between the tem-
poral sliding windows and 3D sliding windows in 
which p < 5%. 
We could observe some tendencies for the com-
mon events of the two types of sliding windows at 
different depth when we draw the finding number 
into corresponding time window at corresponding 
depth layer (magenta bars). Figure 7 shows when 
this number characterizes only the low part of the 
seismic slab and in a small measure or not at all the 
upper part; it suggests an increase of major event 
risk in the near future. First, this observation 
should be confirmed by the same kind of analysis 
applied to the similar seismic regions. After that, 
this common number of events could represent ad-
ditional information to the research of precursory 
factor.  

4. Discussion 
We applied the HiCum method on the RomPlus 
Vrancea data bank (1934 - 2007). From homoge-
neities and completeness reasons related to the 
seismic catalogue, we detailed in our analyses the 
1980 – 2007 time intervals of events. It confirms 
the modulation of the seismic activity induced by 
the principal earth-tides lunar component M2 
(Fig.5a).  
A systematic temporal pattern of the p-values pre-
ceding and following the occurrence of Mw ≥ 5.0 
earthquakes was also observed. A possible geody-
namical scenario could be described in function of 
the coupling between rock boundaries and fluid 
flow patterns. Heterogeneity of rigidity in the 
cracks could enlarge their tidal deformation. After 
a large quake we have a compaction of rocks with 
a decrease of fluid flow. Under tectonic action, de-
formation of medium induces new micro cracks in 
the medium allowing fluid flow to restart.  Dis-
equilibrium of medium under flow allows small 
quakes influenced by tidal stain to release local 
stress (small quakes activity). At a critical level of 
fractures opening, fluid flow becomes a “without 
delay” process due to an enlargement of pipes sec-
tion. Tidal admittance starts to decreases. Global 
synchronized process becomes an important proc-
ess of strain accumulation until the relaxation by 
larger quake which restarts the cycle.  

 
Fig. 5b. 3-D view of statistical tidal tomography. 
Squares are the elementary volumes with p-value <5%. 
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A "statistical tidal tomography" map for the 
Vrancea intermediate-depth seismic zone is ob-
tained when stacking function is shifted in 3D ge-
ometry following the epicentre’s distribution. Pos-
sibly, tidal tomography patterns of the represent 

reaction of regional tectonic structure to the earth-
tides. Especially for Vrancea, the tidal tomography 
of M2 component has similar patterns with the 
analysis of seismicity patterns introduced in 
(Radulian at al., 2007).  

 

 
Fig. 6. Two specific zones are obtained by seismicity pattern analysis (Radulian et al. 2007) (left of the 
figure) and also by statistical tidal tomography with semidiurnal M2 (blue squares), respectively S2 (yellow
squares) waves (center of the figure). Squares are the elementary volumes with p-value <5%. We observe
relatively larger density volumes of the synchronization between seismic activity and the two kind of se-
midiurnal tidal frequencies for the two intermediate-depth seismic areas (80-100 km and 140-160 km). In 
the right part of the figure are represented the distribution of the all hypocenters from 1980 to 2009. 

 
Fig. 7. Common number of events of the spatial sliding windows and temporal sliding windows 
characterised by the p<5%. Earthquakes with magnitude Mw> 5.0 are represented with black 
squares in the upper part of the figure. 
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For example, we observe a great density of ele-
mentary volume of correlation with p<5% (Figs. 
5.b and 6) in the upper part of the seismic slab (60 
– 80 km). No similar correlation exists in the 80 – 
100 km layer. This fact demonstrate the potential-
ity of our method to constrain hypothesis about 
rheological patterns determined by other geophysi-
cal techniques like seismic wave velocity, ground 
deformation, magnetism, self potential, etc. 

The possible physical consequences of the tidal ef-
fect reveal by observed small p-values, can con-
strain the hypothesis in the research on the seismic 
source characteristics and its dynamical patterns.  

5. Conclusions 
The parallel analysis of temporal and 3D variation 
of two kinds of statistical tests coefficients p in the 
Vrancea seismic zone shows unusual fingers of 
this parameter. 

The results prove a temporal and spatial selection 
of the coupling between the M2 tidal component 
and intermediate-depth seismic activity in the 
Vrancea zone: 
1. Different signatures of the p variation for rela-
tively medium and long time (from some weeks to 
a few years) in the neighbourhood of the stronger 
seismic events. 
2. A long term tendency with a periodicity from 
about 16 years.  

The relationship between seismic activities and 
tidal periodicities could be important to understand 
some characteristic of the seismic zone analyzed 
(Cadicheanu et al., 2008). In addition, the statisti-
cal coefficient p could have a potential capacity of 
a precursor factor (Bernard, 2001). 
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Abstract: Permeability, the most important reservoir property of rock can be directly measured on sam-
ples and determined using various statistical relationships between petrophysical parameters. We tested 
usefulness of Swanson parameter obtained from the mercury porosimetry results and T2 relaxation time 
from the Nuclear Magnetic Resonance (NMR) to find adequate formulas to improve permeability de-
termination. We used the Devonian carbonates and the Carboniferous mudstones from the Western Car-
pathians and the Rotliegend sandstones from the Foresudetic Monocline in Poland. New factors as 
Swanson parameter or T2 relaxation time in NMR are effective in creating empirical relations describ-
ing reservoir parameters of rocks. Precision of measurements and features of rock decide about quality 
of the relations and their effectiveness. 

Key words: permeability, nuclear magnetic resonance, NMR, mercury porosimetry 
 
1. Introduction 
Permeability belongs to a group of rock properties 
which are very difficult to determine. It can be di-
rectly, precisely measured in labs with permeame-
ters or calculated on the basis of effective porosity 
or dynamic porosity (FFI) and irreducible water sa-
turation including other parameters like: specific 
surface, tortuosity of porous channels, radii and 
shapes of pores, and viscosity of porous media.  
Petrophysicists and log analysts can find many po-
sitions in the literature dealing with permeability 
determination. We want to point out papers of Ko-
zeny (1927) and Carman (1937), Timur (1968), 
Coates & Dumanoir (1974), Coates et al. (1999) 
and Zawisza (1993) and the last paper from 2008 
by Xiao et al. The common element of all these 
works is searching for adequate quantities and pa-
rametrization of them for getting the best correla-
tion between permeability and other properties 
easy to be measured.  
In the presented paper T2 relaxation times record-
ed at NMR lab measurements were combined with 
Swanson parameter (Swanson, 1981, Glover et al., 
2005) defined on the basis of mercury porosimetry 
results in shaly sandstones, mudstones and carbo-
nate formations.  

2. Methods 
Porosimetry results are presented among others 
like plots of cumulative intrusion of mercury on 
the horizontal axis in linear scale vs. pressure on 
the vertical axis in logarithmic scale. Regression 
line between the mentioned mercury porosimetry 
data in two-logarithmic scale plot is a hyperbole. 
At the point of inflexion of the hyperbole Swanson 
parameter is defined (Xiao et al., 2008) as a ratio 
of pressure to volume of intruded mercury. It well 
correlates to factor describing hydraulic ability of 
rock formation, i.e. square root of ratio of permea-
bility and porosity, named here perm/poro factor. 
This factor is well related with Fluid Zone Index, 
FZI, used by various authors as a good tool for di-
viding rock formation to units of similar hydraulic 
ability (Amaefule et al., 1993, Prasad, 2000, Bała 
and Jarzyna, 2004, Jarzyna and Ha Quang Man, 
2009). Swanson parameter also well correlates to 
geometric mean of T2 relaxation time (Xiao et al., 
2008). T2 relaxation time belongs to standard re-
sults of NMR measurements both in lab and well-
logging investigations, so we present the method 
of scaling permeability measurements with NMR 
outcomes.  
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Three methods - mercury porosimetry measure-
ments and FZI calculation and NMR measurement 
are based on movement of water or hydrocarbons 
in porous space. Mentioned methods have various 
physical phenomena as the basis but all of them 
provide porosity (effective or dynamic – FFI) re-
lated to absolute permeability.  

3. Data for analyses 
In the research rock samples form the Western 
Carpathians (R3, L7, J2k wells, Poland) and from 
the Wolsztyn Ridge, Foresudetic Monocline, (CG5 
well, Poland) were used (Fig. 1). 

The Carpathian samples, numbers 7861-65, from 
the Ja2k well belong to the Upper Carboniferous 
profile from the interval 3464-3469 m. Hard mud-
stones, hard sandstones with silica binder and 
shaly mudstones and sandstones laminated with 
mudstones are present in this interval. Carbonates 
and coal debris happen in the examined samples. 
The group of 7876-80 samples from the R3 well 
contains rocks of the Upper and Middle Devonian 
from the interval 1300-1309 m. They are dolo-
mitic, organogenic reef-type limestones. Near the 
bottom dolomitic limestones change into limy 
dolomites. In the upper and middle parts of the ex-
amined depth interval numerous cracks and frac-
tures occur. Wide and passable fractures prevail. 
On the basis of horizontal and vertical cracks and 
stylolithic sutures caverns are developed. In the L7 
well samples come from the interval 2826-2839 m.  
They belong to the Upper Devonian, the Frasnian. 
They are hard limestones, locally with clay mate-

rial encrustations, with singular cracks, usually 
filled with clay material. No caverns exist in the 
upper interval.  The 7890 and 91 samples represent 
limestones with clay material.  

In the CG5 well the Rotliegend (P1) formation in 
the depth interval  2665.4 – 2797.6 m was ana-
lysed. Upper fine and medium grained sandstones 
with limey or limey-argillaceous cements revealed 
good and very good porosity. Lower conglome-
rate-sandstone formation consisted of sandstone, 
mudstone and claystone clasts and pieces of vol-
canic rocks. Clasts are disordered in the mudstone-
sandstone mass with calcite aggregations. The 
conglomerate-sandstone formation is hard, of very 
low porosity.  

Lab measurements of bulk density, matrix density, 
effective porosity, resistivity and permeability on 
the rock samples were done in Oil and Gas Insti-
tute in Cracow, Poland.  T2 relaxation times of 
NMR were measured for all samples using Maran 
Ultra 23 MHz Spectrometer at AGH UST in Cra-
cow, Poland and Maran Ultra 7 MHz Spectrometer 
at Oil and Gas Institute. Autopore 9220 equipment 
was used for porosimetry measurements.  

4. Results of measurements and mutual re-
lations between parameters 

Mercury porosimetry results were presented in the 
template enabling Swanson parameter determina-
tion (Figs 2, 3). We observed that rocks of various 
lithology and different type of porous space can be 
distinguished due to different route of plots, but in 
all cases the inflection points were distinctly visi-
ble. Sample no 7880 is a carbonate (mix of limes-
tone and dolomite) with numerous cracks and fis-
sures. Sample no 7890 is a cracked limestone with 
clay material. At the same level of pressure only 
9.9% of porous space is filled with mercury in 
sample no 7880 while as many as 73,5% in sample 
no 7890 (Fig. 2a). Such result shows greater ability 
to media flow in the sample no 7890. Tight mud-
stones and hard sandstones with silicon cement and 
clayely mudstones and sandstones with mudstone 
laminas in the Ja2k well reveal heterogenity. In 
pressure up to circa 1000 psi sample no 7861 
shows lower ability to penetrate porous space than 
sample no 7865. Only under high pressure both of 
them keep similarly (Fig. 2b).   

Plots of cumulative intrusion of mercury vs. pres-
sure in the Rotliegend terrigene rocks in the CG5 
well are also various (Figs 3a-3b). Each curve has 
its own curvature related to the type of porous 

 
Fig. 1. Location map of regions of investigation against 
the background of map of Poland 
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space, especially to that part of pores responsible 
for the media flow.  

Plots of the cumulative NMR signals for the con-
glomerate-sandstone formation and sandstone for-
mation completed the information from the CG5 
well (Fig.4). Similar courses of the cumulative 
NMR curves (Fig. 4) and porosimetry plots (Figs 
2-3) reveal that media flow is crucial for both me-
thods.  
T2 relaxation time distributions (Fig. 5) inform if 
hydrogen nuclei in the media in porous space are 
most free and fluids can be exploited (KP3), or 
they are closed in the capillary type pores (KP2) or 
they are included in the layered-ribboned structure 
of clay minerals as inter-packet water or hydroxilic 
groups, -OH, (KP1) (Coates et al. 1999, Klaja et al. 
2008). Maxima in plots enable interpreter to make 
cut offs and divide the plot into parts related to hy-
drogen in water or hydrocarbons located in various 
part of rocks.  
Maxima in the plot in figure 4a show that free flow 

media dominate in the net of cracks and fissures in 
the rock in the sample no 7880. In sample no 7890 
water occurs as irreducible medium in porous-
fractured space (maximum is located between 1ms 
and 10 ms). In the CG5 well for the sandstone 
sample no 4656 two maxima have almost the same 
amplitudes pointing out that the similar volume of 
water is closed in capillary type pores (maximum 
over 1 ms) and can realize free flow (maximum 
over 30 ms). In the plot illustrating media flow in 
the sample no 4652 one can observe several max-
ima, from which the first (about 0.5 ms) is related 
to water involved in the layered-ribboned structure 
of clay mineral (KP1), the second (about 50 ms) – 
to water closed in the capillary type pores (KP2) 
and the lasts are related to free flow media (KP3). 

To combine the information from porosimetry and 
NMR measurements Swanson parameter was cor-
related to median of T2 relaxation time (Fig. 6). 
The division of T2 relaxation time distribution into 
parts corresponding to pore size and status of hy-
drogen nuclei in process of relaxation was made 
(Fig. 7). It is worth to point out the variability of 
the curvature of T2 relaxation time distribution in 
parts related to irreducible water (KP1), capillary 
water (KP2) and free water (Fig. 5a).  

Fig. 2. (a) Pressure vs. volume of intruded mercury for 
the Devonian limestone samples from the R3 well and
L7 well; arrows show points for readings to calculate 
Swanson parameter, (b) Pressure vs. volume of intruded 
mercury for the Upper Carboniferous mudstone and 
sandstone samples from the Ja2k well; arrows show 
points for readings to calculate Swanson parameter. 

Fig. 3. (a) Pressure vs. volume of intruded mercury for 
the Rotliegend conglomerate – sandstone formation in
the CG5 well, (b) Pressure vs. volume of intruded mer-
cury for the Rotliegend sandstone formation in the CG5 
well. 
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A special factor characterizing ability of rock for 
media flow was defined as a square root of per-

meability [mD] and porosity [%] similarly to defi-
nition of Flow Zone Index, FZI. Swanson parame-
ter was correlated to this factor, here named 
perm/poro and it was a method to scale results of 
NMR vs. permeability (Figs 8-9). High determina-
tion coefficients between the correlated quantities 
show that the method can be used as routine pro-
cedure in industry practice. Both in terrigene and 
carbonate lithology determination coefficients can 
be considered as satisfactory (Figs 8-9). Thanks to 
the proposed methodology the expensive and de-
structive porosimetry investigations can be limited 
up the necessary minimum and exchange into non-
invasive NMR measurements to provide with exact 
information on reservoir parameters of terrigene 
and carbonate rocks. Results of laboratory mea-
surements of other parameters well correlate with 
reservoir parameters and complete NMR results 
(Fig. 10).  

5. Conclusions 
Investigations of adequate relations between per-
meability and porosity and other quantities de-
scribing geometry and media flow of porous space 
are still a subject of research since the beginning of 
20th century. New factors as Swanson parameter or 
T2 relaxation time in NMR are effective in creat-

 
Fig. 4. (a) Cumulative NMR signals of samples from the 
Rotliegend conglomerate-sandstone formation in the 
CG5 well, (b) Cumulative NMR signals of samples 
from the Rotliegend sandstone formation in the CG5 
well. 

 
Fig.6. Median of T2 (full signal) vs. perm/poro factor; 
the Rotliegend sandstone samples. 

 
Fig. 7. Median of T2 (low time part of signal-KP1) vs.
perm/poro factor; the Carpathian samples; limestone 
and mudstone with a system of small fissures  - smaller
ellipse, dolomite – greater ellipse.   

 
Fig. 5. (a) T2 relaxation time distributions of the Devo-
nian limestone in the R3 well and the Ja2k well, (b) T2 
relaxation time distributions of the Rotliegend sandstone 
formation in the CG5 well. 
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ing empirical relations describing reservoir para-
meters of rocks. Precision of measurements and 
features of rock decide about quality of the rela-
tions and their effectiveness. Further research are 
necessary to include influence of clay content (sha-
liness) and specific surface into relations describ-
ing permeability and porosity. Considerations 
should be lead separately for selected parts of por-
ous space occupied by irreducible water, capillary 
water and free fluid flow. 
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Abstract: We have estimated the quality factor, Qβ for shear-waves for western and central Slovenia for 
five frequency bands centred at 0.8 Hz, 1.5 Hz, 3.0 Hz, 6.0 Hz and 12.0 Hz. We used 150 high quality 
broadband waveforms, from 15 shallow (depth < 8km) aftershocks of the 2004 (Mw 5.2) Krn Mountain 
earthquake sequence in NW Slovenia. Magnitudes (ML) range from 2.5 to 3.5 and epicentral distances 
from 16 to 138km. Our results show that Qβ varies with frequency f according to the power law 

0.8083Q f� �  or 80.01 012.0 �� � fQ� . Comparing our results to those previously obtained for the re-
gion of Friuli-Venezia-Giulia in the Southern Alps, both show high values of seismic wave attenuation 
that is typical of seismogenic active regions and among all sets of data we can observe a good agree-
ment. 

Keywords: attenuation; S-waves; Q factor; Slovenia; Southern Alps 
 
1. Introduction  
Seismic waves attenuate – decrease in amplitude – 
as they propagate. A cause for such behaviour is 
the reflection and transmission of seismic waves at 
discrete discontinuities. In addition, geometric 
spreading, scattering, multipathing and anelasticity 
are processes that can reduce wave amplitudes as 
well. The first three are elastic processes, whereas 
anelasticity (or else intrinsic attenuation) refers to 
the reduction of seismic wave amplitudes due to 
conversion of seismic energy to heat. Attenuation 
of seismic waves is usually expressed in terms of 
the dimensionless quality factor Q (Q=2πE/ΔE) or 
Q-1 with ΔE representing the dissipated energy per 
cycle. Large energy loss means low Q and vice 
versa, i.e., Q is inversely proportional to the 
attenuation values.  

We chose to study the attenuation of S-waves 
based on fact that S-waves compared to the P-
waves are more destructive. The amplitudes of 
shear waves are about five times larger compared 
to the amplitudes of longitudinal waves and their 
periods are longer by at least a factor of 3 . These 
facts arise from differences in wave propagation 

velocities and the related differences in the corner 
frequencies of the P - and S – wave source spectra. 
Thus, the study of the attenuation of shear waves 
has important engineering implications. Attenua-
tion of direct S-waves (Aki, 1980; Rautian and 
Khalturin, 1978) contains the combined effect of 
intrinsic loss and scattering. Attenuation as in-
ferred from the decay rate of coda (Aki and 
Chouet, 1975; Rautian and Khalturin, 1978) is also 
the combined effect of scattering and intrinsic at-
tenuation.  

Within this study we determined the quality factor, 
Qβ for shear-waves for the area of western and cen-
tral Slovenia, using high-quality digital records 
from the stronger aftershocks of the 2004 Krn 
Mountain earthquake sequence in NW Slovenia. 
We estimate Qβ for five frequency bands centred at 
0.8 Hz, 1.5 Hz, 3.0 Hz, 6.0 Hz and 12.0 Hz and we 
mainly follow the procedure described in Polatidis 
et al. (2003).  

2. Regional seismotectonic setting  
The studied region (Fig. 1) belongs to two regional 
structural units. The western and north-western 
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sectors belong to the unit of Southern Alps, while 
the central and southern parts lie in the structural 
unit of the Dinarides. The most prominent struc-
tures in the unit of Southern Alps are the thrust and 
reverse faults, trending in an E-W direction with an 
accompanying N-S oriented shortening. In NW 
Slovenia, these E-W striking faults interact with 
NW–SE trending faults that belong to the Di-
narides and which display dextral strike-slip kine-
matics. Two moderate size earthquakes with Mw = 
5.6 (Bajc et al., 2001) and Mw = 5.2 (Živčić et al., 
2006), occurred in 1998 and 2004, respectively, 
along a NW-SE trending fault and both main 
shocks displayed strike-slip kinematics (Kastelic et 
al., 2008; Bajc et al., 2001; Ganas et al., 2008). 
The epicentral area of these earthquakes, and espe-
cially of the 2004 event which is located more to 
the NE, lies in the area of interaction between E-W 
and NW-SE striking faults. This is evident also 
from the focal mechanisms of aftershocks of the 
2004 event that exhibit thrust fault plane solutions, 
showing N-S shortening on E-W striking faults. 
Both main shocks and the aftershocks occurred in 
the shallow parts of the crust with hypocenters not 
exceeding 8 km in depth, while a number of after-
shocks occurred at very shallow depths between 2 
and 3 km (Bajc et al., 2001; Kastelic et al., 2006). 
According to well (Placer et al., 2000) and geo-
physical data (Behm et al., 2007) the lithology at 
these depths corresponds to limestone, in the first 
few kilometres below surface, and to magmatic 

rocks in greater than 6 km depths. The geological 
units at the surface display multiple tectonic phases 
and the density of faults and other structures is 
high. These faults act as heterogeneities within the 
crust, which affect the nature of wave propagation.   

 Previous work related to the attenuation of seismic 
waves in this part of Southern Alps and Dinarides, 
is limited and the published work mainly refers to 
northern Italy, specifically to the region of Friuli-
Venezia-Giulia. Console and Rovelli (1981) esti-
mated Q(f) = 80f 1.1 for the frequency range of 0.1–
10 Hz for the Friuli region using strong motion ac-
celerograms at distances up to 200 km, from the 
1976 Friuli earthquake sequence. Castro et al. 
(1996) computed the relation of Q(f) = 20.4f 1.1 for 
S waves attenuation in the frequency range 0.4 to 
25 Hz, using earthquake data from the same se-
quence. Govoni et al. (1996) used coda waves of 
local moderate size earthquakes in the frequency 
band between 1 to 25 Hz, to obtain Q(f) = 79f 0.96. 
For an area of 200 � 200 km extending from 
Friuli-Venezia Giulia towards Slovenia, Malagnini 
et al. (2002) in the range of 0.5 to 14 Hz, using 
ground velocity time-histories from distances 20 to 
200 km, obtained a regional propagation model de-
scribed as Q(f) = 260f 0.55. For the central part of 
Slovenia Q values have been determined for P 
waves using local earthquake recordings. Estima-
tions were done for different time intervals in the 
frequency bands of 1 to 21 Hz and computed val-
ues for lapse time interval of 25 – 45 s give rela-
tion of  Q = 123f 0.69 (Ravnik and Živčić, 2000). 

Fig. 1. Regional tectonic framework of Slovenia and 
neighbouring regions. PAF (Periadriatic fault), FF (Fella 
fault), SF (Sava fault), SAF (South Alpine thrust front), 
IF (Idrija fault), RF (Raša Fault), ŽF (Žužemberk Fault), 
DF (Drava Fault). The thick line in the inset represents a 
rough position of the Adria microplate. The studied area 
is shown in the rectangle. The asterisk shows the loca-
tion of the 2004 Krn mountain sequence, near Julian 
Alps, lying in the interaction between Southern Alps 
with E-W trending major tectonic features and Di-
narides with NW-SE prevailing structures.   

Fig. 2. Geometry of the permanent seismic stations 
(black triangles) operated by to the Environmental of 
the Republic of Slovenia, Seismology and Geology Of-
fice. The inset depicts the spatial distribution of the 15 
stronger aftershocks of the Krn Mountain 2004 earth-
quake sequence, whose waveforms were analysed in 
this study. 
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3. Data  
We retrieved the broadband waveforms from the 
15 stronger aftershocks of the 2004 Krn Mountain 
earthquake sequence (Table 1), and we compiled a 
set of 150 waveforms, in total, from the two hori-
zontal components. The data come from the data-
base of the Seismology office of the Environ-
mental Agency of the Republic of Slovenia, part of 
the dataset of the permanent network of the Seis-
mic network of the Republic of Slovenia. The 
equipment of permanent stations consisted of 
broadband 3-component Guralp CMG-40T seis-
mometers and Quanterra Q730 acquisition unit 
(Sinčič et al., 2006). The geometry of the station 
network (Fig. 2) samples parts of western and cen-
tral Slovenia. Epicentral distances range from 16 to 
138 km, ML values range from 2.5 to 3.5 and 
depths of aftershocks do not exceed the upper 8 km 
of the crust. Due to the location of the sequence 
and the geometry of the network, records from dis-
tances in the range 50 to 80 km (Fig. 3) were not 
available.  

We checked the quality of each record based on 
the signal/noise ratio, by taking the noise spectrum 
from a time window before the P arrival and the 
same window over for S-wave (e.g. fig. 4). All re-
cords have signals at least a factor of 2 over the 
noise for a given fc.  The velocity records from the 
N-S (HHN) and E-W (HHE) components were 
baseline corrected, to remove long-period biases, 
by subtracting the mean and the effect of the in-

strument response was removed. The records were 
then band-pass filtered using a Butterworth filter in 
the frequency range of 0.1 to 20 Hz. Initially, we 
selected the S-wave time window long enough to 
include the S-wave train (fig. 5). We applied a 
10% cosine taper to both ends of the data and then 
the Fourier transform was calculated. Then we cal-
culated the corner frequency, fc using equation (1) 
of Andrews (1986): 

Table 1. Parameters of the 15 stronger aftershocks of the Krn Mountain 2004 earth-
quake sequence the broadband records of which were analysed in this study. 
No. Date Time Latitude Longitude Depth ML 

 YYYY-MM-DD HHMM (ON) (OE) (km)  
1 2004-07-12 1626 46.3321 13.6122 3.33 2.8 
2 2004-07-12 2025 46.3208 13.5877 3.66 2.6 
3 2004-07-13 0552 46.3179 13.6054 5.00 2.9 
4 2004-07-13 1532 46.3181 13.6011 4.12 2.9 
5 2004-07-14 0437 46.3192 13.5898 3.63 3.5 
6 2004-07-14 1226 46.3293 13.6141 2.63 2.6 
7 2004-07-14 1538 46.3180 13.6093 4.77 2.5 
8 2004-07-15 1858 46.3295 13.6109 2.97 2.7 
9 2004-07-17 1918 46.3304 13.6061 3.24 2.9 
10 2004-07-21 0950 46.3247 13.5846 3.69 2.7 
11 2004-07-23 1352 46.3223 13.5716 3.63 2.8 
12 2004-08-01 0011 46.3282 13.5644 2.83 2.5 
13 2004-08-03 0923 46.3264 13.5604 2.76 2.7 
14 2004-08-18 1424 46.3211 13.5893 3.63 3.1 
15 2004-11-06 1709 46.3091 13.6203 4.12 2.8 

 
Fig. 3. Distribution of data in magnitude and distance. It 
is evident that due to the location of the 2004 Krn earth-
quake sequence and the geometry of the network we 
have gaps in our distance sampling. We managed to re-
solve this by averaging the amplitudes over certain dis-
tance ranges (see text for details). 
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where 2 ( )V f  and 2 2 2( ) ( ) /(2 )D f V f f�� refer 
to the squared velocity and to the squared dis-
placement power spectra, respectively, calculated 
for the S-wave train considered.  This initial value 
of fc was then used to calculate the signal duration, 
Td of the S-wave strong ground motion using the 
formula of Hermann (1985): 

1 0.05� �d
c

T R
f

    (2) 

where R is the epicentral distance in km. The 
ground motion duration thus obtained was used to 
select an S-wave time window equal to this dura-
tion (as obtained from eq. 2) and the Fourier trans-
form was again calculated. The calculated S-wave 
durations were in good agreement with those visu-
ally selected from the original records. In this way 
the S-wave time windows analysed were between 
1.8 and 7.5 s and the corner frequencies calculated 
were between 1.8 and 7.5 Hz. Averages of the S-

wave amplitude were taken over one  octave fre-
quency bands centred at 0.8, 1.5, 3.0, 6.0 and 12.0 
Hz.  

4. Method of analysis 
We used empirical functions that describe the 
observed trends of the spectral amplitude decay 
with distance using a nonparametric method 
(Anderson and Quaas, 1988; Castro et al., 1990, 
1999, 2002; Anderson and Lei 1994, see also the 
application in Polatidis et al., 2003). The 
dependence of the S-wave spectral amplitudes U 
on hypocentral distance R for a given frequency f 
was modeled as: 


 � 
 � 
 �, ,� �i iU f R S f A f R    (3) 

where Ui(f, R) is the observed spectral amplitude of 

 
Fig. 4. Example of earthquake spectra for signal (top 
trace, in red) and noise (bottom trace, in black) for fre-
quency bands between 0.01 and 20 Hz. This analysis 
was performed for all aftershocks and for all records. 
For each record, we checked the frequency ranges for 
which the signal/noise ratio was higher than 2. 

 
Fig. 5. Example of the procedure followed to calculate 
the duration Td for the S-wave train, which was included 
in the spectral analysis. The top record depicts the ini-
tially selected time window we used for corner fre-
quency determination. For Td we used equation of Td =
1/fC + 0.05R to calculate the corresponding time for the 
S-wave train at the epicentral distance of R is the epi-
central distance for used event and seismic station is 
40.55 km  km that gave the value Td = 2.3 s (lower im-
age). Using this duration time we again selected the ap-
propriate time window to calculate its Fourier trans-
form. 
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event i, A(f, R) is the empirically determined 
attenuation function that describes the distance 
decay trend, and Si(f) is a scalar (one for each 
earthquake i at frequency f) that depends on the 

size of the earthquake. A(f, R) contains the effects 
of both the geometrical spreading and the quality 
factor Q but is not limited to a particular functional 
form. The attenuation function A(f, R) using a ho-
mogeneous attenuation model, is further param-
eterized as: 


 �, exp( )
( )

n fRA f R R
Q f
�

��

�� �    (4) 

where f  is the frequency, β is the velocity of S-
waves taken equal to 3.4 km/sec and R-n is the geo-
metrical spreading function. The attenuation func-
tions, A(f, R) were obtained empirically in the fre-
quency band of 0.6 to 16 Hz by fitting the spectral 
amplitude decay of the records. Using (3) equation 
(4) becomes:  


 � 
 �, exp( )
( )

n
i i

fRU f R S f R
Q f
�

��

�� �    (5) 

and taking the logarithm of (5) and rearranging we 
get: 


 � 
 � 
 �log , log log log
( )i i

fU f R n R S f e R
Q f�

�
�

� � �   (6) 

For the distances used here (R<138 km) we assume 
a decay rate of 1/R (n=1), which implies body 
wave propagation and spherical geometry. In fact, 
all epicentral distances are within 100 km, only 
one of the stations used exceeded 100 km, but was 
still in the range for direct S-waves arrivals. Cor-
recting the observed spectral amplitudes for the ef-
fects of geometrical spreading and plotting 
{ 
 �log , log�iU f R n R } versus R, for each after-
shock and frequency range, the value of 


 �log
( )

fe
Q f�

�
�

�  corresponds to the slope b of 

the line of the least squares fit. To calculate Qβ 
values, for each designated centre frequency, f we 

simply used the form: 

 �log

( )
e f

Q f
b�

�
�

�
� .  

5. Results       
We show an example (Fig. 6) of the procedure fol-
lowed to estimate Qβ(f)  for a single event (No. 9 in 
Table 1). As described previously Qβ was deter-

mined for the five centre frequencies as a relation 
between logarithmic values of amplitude and epi-
central distance, R. The slope of the least squares' 
fit, the Qβ values and correlation coefficient of the 
regression, are also included in the plots. The fre-
quency dependence of Qβ, for this specific event, is 
approximated as: 0.75( ) 49� �Q f f . 

Table 2 lists the Qβ( f)  values for all the 15 events 
used in this study, for each centre frequency, and 
for each horizontal component, separately. It also 
lists the mean Qβ values and their frequency de-
pendence, for each component separately and for 
both. One observation from the mean results listed 
in Table 2 is the large variation of Qβ values for 
individual events, reflected in the standard devia-
tion of the mean. This was also observed in similar 
studies (Hatzidimitriou, 1995; Polatidis et al., 
2003; Baskoutas et al., 2004) for other regions and 
was mainly attributed to the fact that the amplitude 
decrease due to geometrical spreading can be more 
than R-1.    

At a next step we normalized spectral amplitudes 
to a reference earthquake of magnitude ML=2.8 
(the maximum likelihood estimate of the data dis-
tribution) and we have recalculated Q values using 
the normalized data set (fig. 7). To improve the 
quality of the regression we have included the data 
from both components and we have also calculated 
average spectral amplitudes for average distances 
for six distance ranges, which we determined 
based on the distribution of data in distance (see 
also fig. 3). More specifically for the distance 
ranges 15 to 20km, 21 to 39km, 40 to 44km, 45 to 
100km, 101 to 104km and 105 to 138km we have 
calculated average spectral amplitudes and average 
distance. These average values (standard deviation 
of distances ~1.25 km and ~0.24 in spectral ampli-
tudes) were used in the regression (Fig. 8), con-
straining the regression better, improving the fit 
and we chose to adopt these results as our pre-
ferred fits. The results 0.80( ) 83Q f f� � show 
strong frequency dependence (included in Table 3).   

6. Conclusions   
Data from 150 broadband waveforms belonging to 
15 aftershocks of the 2004 Krn Mountain earth-
quake sequence were analysed to study the fre-
quency dependence of direct S-wave attenuation in 
western and central Slovenia. The epicentral dis-
tances of the events range from 16 to 138 km and 
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the ML magnitudes from 2.5 to 3.5. The focal 
depths of the events are confined within the upper 
5 km of the crust. The region of study geody-
namic-cally lies in the transition between the units 
of Southern Alps and Dinarides. Julian Alps and 
Friuli region belong to the part of the Alpine oro-
gen with the highest seismic activity. This is the 
region of occurrence of the strong 1976 MW= 6.4 
(Barbano et al., 1985; Slejko et al., 1999; Pondrelli et 
al., 2001), and of the moderate magnitude earthquake 

sequence of the 1998 Mw= 5.6 (Bajc et al., 2001) and 
of the 2002 MW= 4.9 (Bressan et al., 2007) and the 
2004 MW= 5.2 (Živčić et al., 2006) events. 

In the frequency band of 0.6 to 16 Hz, and for dis-
tances from 16 up to 138 km, the frequency de-
pendence of Qβ can be approximated as 

0.8083Q f� �  or 80.01 012.0 �� � fQ� . We obtained 
values Qβ separatelly for HHN and HHE channels 
with   calculated   values   of   QβHHE  = 54f 0.80   and    

Table 2. Qβ values of all earthquakes for the five centre frequencies and correlation coefficient, r of the least square 
fit, are shown separately for both horizontal channel components. Values 0 for r and Qß values in parenthesis 
represent low corellation, thus data were excluded from the summation to obtain the mean Qß  for each centre fre-
quency. Blank lines in two cases for the HHN channel represent poor quality data that were not used in the analysis. 

Date ML 0.6 - 1.0 Hz r 1.0 - 2.0 Hz r 2.0 - 4.0 Hz r 4.0 - 8.0 Hz r 8.0 - 16.0 Hz r 
YYYY-MM-DD  Centre frequency  Centre frequency  Centre frequency  Centre frequency  Centre frequency  

  0.8 Hz  1.5 Hz  3.0 Hz  6.0 Hz  12.0 Hz  
HHE channel  Qß  Qß  Qß  Qß  Qß  
2004-07-12 2.8 27 0.91 75 0.82 135 0.90 194 0.95 326 0.96 
2004-07-12 2.6 39 0.63 84 0.82 169 0.97 222 0.85 335 0.93 
2004-07-13 2.9 42 0.59 (101) 0 (176) 0 204 0.79 446 0.90 
2004-07-13 2.9 40 0.65 81 0.94 122 0.92 280 1.00 370 0.97 
2004-07-14 3.5 45 0.63 74 0.81 124 0.98 209 0.87 381 0.94 
2004-07-14 2.6 26 0.76 66 0.71 113 0.81 177 0.92 304 0.97 
2004-07-14 2.5 56 0.48 (99) 0 (177) 0 187 0.81 330 0.84 
2004-07-15 2.7 29 0.94 74 0.83 122 0.92 142 0.97 325 0.91 
2004-07-17 2.9 38 0.91 75 0.93 110 0.91 171 0.90 325 0.89 
2004-07-21 2.7 40 0.64 83 0.71 152 0.92 271 0.82 363 0.94 
2004-07-23 2.8 30 0.64 86 0.54 143 0.52 207 0.80 357 0.88 
2004-08-01 2.5 53 0.85 90 0.82 316 0.54 317 0.86 417 0.97 
2004-08-03 2.7 37 0.90 73 0.91 208 0.94 231 0.91 410 0.96 
2004-08-18 3.1 34 0.70 76 0.70 167 0.96 196 0.88 354 0.93 
2004-11-06 2.8 52 0.55 123 0.70 156 0.98 252 0.89 402 0.91 
HHE Average Qβ Qß = 39+9  Qß = 82+14  Qß = 157+55  Qß = 217+46  Qß = 363+41  
HHE Power fit Qß = 54f 0.80 

HHN channel  Qß  Qß  Qß  Qß  Qß  
2004-07-12 2.8 30 0.96 60 0.76 114 0.87 195 0.88 298 0.94 
2004-07-12 2.6 57 0.74 116 0.66 218 0.93 301 0.80 402 0.95 
2004-07-13 2.9 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
2004-07-13 2.9 36 0.70 97 0.77 191 0.84 227 0.97 370 0.97 
2004-07-14 3.5 99 0.78 104 0.85 197 0.96 282 0.92 429 0.99 
2004-07-14 2.6 45 0.72 68 0.66 126 0.77 217 0.88 345 0.93 
2004-07-14 2.5 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
2004-07-15 2.7 37 0.93 62 0.73 93 0.86 208 0.81 334 0.89 
2004-07-17 2.9 32 0.95 56 0.75 93 0.62 181 0.91 318 0.91 
2004-07-21 2.7 53 0.69 (128) 0 234 0.72 285 0.84 391 0.95 
2004-07-23 2.8 45 0.67 71 0.73 178 0.90 352 0.81 468 0.97 
2004-08-01 2.5 31 0.62 113 0.53 191 0.86 376 0.66 439 0.98 
2004-08-03 2.7 29 0.64 89 0.66 165 0.87 238 0.84 403 0.90 
2004-08-18 3.1 54 0.66 95 0.59 199 0.88 272 0.78 372 0.94 
2004-11-06 2.8 48 0.72 (203) 0 200 0.67 307 0.73 426 0.95 
HHN Average Qβ Qß = 46+19  Qß = 85+22  Qß = 161+46  Qß = 265+60  Qß = 384+50  
HHN Power fit Qß = 60f 0.79 

Both components  
Average Qβ 

Qß = 42+14  Qß = 83+18  Qß = 158+50  Qß = 239+57  Qß = 373+46  

Both components  
Power fit Qß = 57f 0.80 
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QβHHN = 57f 0.80.  The small difference between the 
HHE and HHN spectral decay is within the 
statistical uncertainties of the estimates, suggesting 
that Q anisotropy is negligible. However, only 
considering high frequencies bands (f = 4-8 and f = 
8-16 Hz), we observed values of Qβ HHN  which are 
significantly above the values for QβHHE. Comparing 
our results to those previously obtained (Fig. 8) for 
the region of Friuli-Venezia-Giulia in the Southern 
Alps we can observe a good agreement. The only 
relation directly applicable to Slovenia (No. 2 in 
Fig. 8) shows the attenuation of P-waves and com-
pares well with our relation (No. 3 in Fig. 8) which 
describes the faster attenuation of S-waves in Slo-

Table 3. Qß normalized are the Qβ(f) values calculated when 
all spectral amplitudes have been normalized to a refer-
ence ML=2.8 earthquake. 

f Qß normalized Qß normalized Qß normalized 

(Hz) HHE 
 component 

HHN  
component 

Both         
components 

0.8 58 64 60 
1.5 122 123 124 
3 231 232 232 
6 356 340 342 
12 543 564 546 
 Qß = 81f 0.81 Qß = 85f 0.79 Qß = 83f 0.80 

 
Fig. 7. Variation of spectral amplitudes with distance for 
each centre frequency. All spectral amplitudes have 
been normalized to a reference magnitude ML=2.8. 
Amplitudes were averaged for certain distance ranges in 
order to better constrain the regression. In this plot, we 
have used all data from both horizontal components. 

 
Fig. 6. Example of Qß determination for the five centre 
frequencies selected for earthquake No 9 (Table 1). 
Values of the slope, b, and correlation coefficient, coef,
of the linear least squares fit and the computed Qß val-
ues are also included in the plots. 

 
Fig. 8.  Comparison of attenuation relations – mainly for the
region of Friuli-Venezia Giulia and our results for S-wave
attenuation in Slovenia (No. 3). Note that the only relation
applicable to Slovenia describes P-wave attenuation (No. 2).
Our results indicate faster attenuation of S-waves in Slovenia
compared to the P-wave attenuation.  
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venia. Our results are comparable to worldwide  
Qβ

-1 values for the lithosphere (Sato et al., 2002), 
which predict that Qβ

-1 is of the order of 10-2 at 1 
Hz and decreases to the order of 10-3 at 20 Hz. As 
coda waves are composed of S waves (Aki, 1992) 
and that the attenuation mechanism of coda waves 
is similar to that of the direct S waves (Aki, 1980), 
at a first approximation, we may assume that our 
results describe coda wave attenuation in western 
and central Slovenia, as well.  
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Abstract: Skeletonization has been a part of morphological image processing for a wide variety of ap-
plications. The skeleton is important for object representation in different topics, such as image retrieval 
and computer graphics, character/pattern recognition and analysis of biomedical images. The purpose of 
the present work is to apply a sequential skeletonization algorithm on geophysical images, resulting 
from shallow depth mapping of archaeological sites. The accurate identification of curvilinear structures 
in geophysical images plays an important role in geophysical interpretation and the detection of subsur-
face structures. Experimental results on real data show that skeletonization comprises an important tool 
in image interpretation. 

Keywords: Image analysis, sequential algorithm, filtering, magnetic images 
 
1. Introduction 
The interpretation of linear features in geophysical 
imagery resulting from mapping of archaeological 
sites is of considerable importance since they can 
correspond to underlying relics and architectural 
structures. Practical decisions are often made based 
on the images of the subsurface obtained through 
the inversion of the original geophysical data. The 
accurate representation and interpretation of the li-
near features is mainly a function of the spatial 
resolution of the images, the sampling of the mea-
surements and the interpolation algorithms, the 
signal to noise level of the data, the prior informa-
tion regarding the expected targets and the ability 
to model the measured quantities appropriately.  

The necessity of designing skeletonization algo-
rithms dates back to the early years of computer 
technology, in the 1950s. It was realised that in 
some applications (such as character recognition), 
it is sufficient to consider a reduced amount of in-
formation instead of the whole image, which is 
usually in the form of a line-drawing. The basic 
idea was to "peel" the original picture by itera-
tively removing certain contour points. This proce-
dure is the so-called skeletonization process, 
through which a line-like shape (the skeleton) is 
created in order to ease the execution of any fur-
ther analysis and processing of the images. The 
skeleton contains less information to process and it 

enhances shape analysis analysis procedures. To-
day, skeletonization is applied in a very wide range 
of topics such as the analysis of blood cells or 
chromosome shapes in medical science or the iden-
tification of signatures and fingerprints. 

In morphology (Serra, 1982, 1988), the most 
commonly used algorithms are the parallel ones 
(Vincent, 1990, 1991; Couprie, 2006). Their prin-
ciple is based on the modification of the value of 
the current pixel p of an input image (n-
dimensional array of pixels) according to the val-
ues of the pixels in a given neighborhood of p. The 
new value of p is then written in an output image 
different from the current one, so that the order in 
which pixels are scanned has no influence on the 
result. Further scannings can then be performed, 
until a given criterion is fulfilled (e.g., a certain 
number of scannings is achieved, or stability is 
reached). These algorithms are conceptually very 
easy in their implementation and they are well 
suited to specialized hardware systems. On the 
other hand, they usually require a large number of 
complete image scannings, so that their interest on 
classical architectures-like workstations or per-
sonal computers-remains limited, due to prohibi-
tive computation time. This is particularly true 
when complex transformations like watershed or 
skeletons are considered. 
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For this reason, another family of algorithms was 
introduced in 1966 the so-called sequential or re-
cursive algorithms (Rosenfeld and Pfaltz, 1966; 
Lay, 1987) aiming towards the reduction of the 
number of image scannings required to compute a 
given transformation. Like parallel ones, sequential 
algorithms do not require sophisticated data struc-
tures or scanning techniques. They differ from par-
allel algorithms in that they use well-defined scan-
ning orders (usually video or anti-video) and that 
the new value of the current pixel p, determined 
from the values of the pixels in its neighbourhood, 
is exported in the image being processed. So, the 
value of an already scanned pixel may have an in-
fluence on the value of the subsequent scanned 
pixel. 

This study tries to document the approach of skele-
tonization on geophysical images and their contri-
bution to the interpretation of the features that are 
contained in them.  The particular technique was 
applied on real magnetic data obtained from high 
resolution (0.5m or 1m) measurements of the ver-
tical magnetic gradient employing a Geoscan 
FM36 fluxgate gradiometer. For our experiments 
we used a Core 2 Duo laptop at 1.5 GHz. The 
computational complexity of the proposed scheme 
is O(N•M), where N denotes the number of pixels 
in the given image and M the number of filters. A 
typical processing time for the execution of the 
proposed scheme is about 15 seconds for a typical 
image of 0.25 MP (500 x 500) and 24 filters. 

2. Methodology 
Prior the application of skeletonization the geo-
physical images were smoothed using a wavelet 
decomposition and a step filter convolution, in or-
der to reduce noise levels and enhance the curvili-
near structures to be detected.  

Different types of zero mean filters can be used for 
curvilinear structures enhancement. The proposed 
step filter models a line of specific orientation and 
width. Figure 1 illustrates the proposed step filter 
model of 45o orientation, which has been used for 
curvilinear structures enhancement. Let F(a,w) be 
a zero mean filter of orientation angle a and width 
w. The filter was constrained to be zero mean and 
to have total energy equal to 1, so that it would 
yield zero response on constant structures and the 
responses of different angles and widths would be 
comparable, respectively. 

The preliminary goal of skeletonization is to classi-
fy Im pixels into three classes C1, C2 and C3 with la-

bel numbers 1, 2 and 3, respectively: 

C1: The pixels that (surely) belong to curvilinear 
structures.  

C2: The pixels that they are uncertain if they 
belong to curvilinear structures.  

C3: The pixels that (surely) do not belong to 
curvilinear structures.  

The proposed classification is inspired by hysteri-
sis thresholding technique (Canny, 1986). Hysteri-
sis thresholding has been successfully used on 
edge detection problem (Canny edge detector). The 
edge detection process serves to simplify the 
analysis of images by drastically reducing the 
amount of data to be processed, while at the same 
time preserving useful information about object 
boundaries. According to hysterisis thresholding, 
two thresholds Tl (low), Th (high) are used for ini-
tial classification (three classes). A pixel is de-
tected if it is either greater than Th (or greater than 
Tl and connected to a pixel that is greater than Th). 
The advantage of this type of thresholding is that it 
allows the abstention of some connected point 
groups (Kermad and Chehdi, 2002).  

In the proposed scheme, the thresholds Tl and Th 
are automatically estimated. Let Med to denote the 
median value of Im. Then, Tl  is given by the mean 
value of Im pixels that have a value lower than 
Med, whereas Th  is given by the mean value of Im 
pixels that have a value higher than Med. Let Bi be 
the image of initial pixel classification into classes 
C1, C2 and C3. Let Im(p) and m to denote the value 
of image Im on pixel p and the median value of 9 
pixel-neighborhood of pixel p in Im, respectively.  
Then, if Im(p) ≥ Th  and Im(p) > m, p is classified to 
C1, since its value is very high comparing with the 
image (Im(p) ≥ Th) and with its neighborhood (Im(p) 
> m). If Im(p) ≥ Th  or (Im(p) > Tl  and Im(p) > m), p 
is classified to C2  class. If the pixel value is high 
compared with the image, but it is not high enough 
compared with its neighborhood or reversely, then 
it is labeled to an unknown class. Otherwise, p is 
classified to C3 class.  
Finally, a region growing based method is exe-
cuted providing the final pixel labeling into classes 
C1 and C3. So, the goal of this method is to classify 
the pixels of class C2. Let Bf be the image of final 
pixel classification into classes C1 and C3. Accord-
ing to the method, the pixels of C2 class are classi-
fied to C1 if they are connected to a pixel of C1, 
otherwise they are classified to C3 class. 
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Thin curvilinear structure detection (Bt) is provided 
if we change the rule of classification to class C2 
removing the case of Im(p) ≥ Th.  

Figure 2 illustrates the results skeletonization, us-
ing as input the geophysical image of Figure 1(a). 
Im response using polynomial filters is shown in 
Figure 2(b). The initial and the final pixel labeling 
results are illustrated in Figure 2(c) and (d), respec-
tively. The white, gray and black pixels correspond 
to classes C1, C2 and C3, respectively. Finally, Fig-
ure 2 (e) indicates the outcome of the thin curvilin-
ear structure detection, projected on the original 
image Figure 1(a), with colour lines. The colour of 
the lines is related to the curvilinear structure en-
hancement image Im (red for high values and blue 
for low values). The method sufficiently recog-
nizes all curvilinear structures under various orien-
tations and scales.  

3. Results and Discussion 
A lot of algorithms have been developed and im-
plemented during the past ten years to find the 
skeletons of different images. It is very difficult to 
measure the "goodness" of such a method quantita-
tively. The analytical comparison of the methods is 
very sophisticated, since they are based on differ-
ent models. That is the reason why the skeletoniza-
tions are compared according to the results they 
produce in the practice. There are papers about the 
technical parameters of these algorithms (like 
computation speed, memory requirement, etc.) and 
there are observations based on the resulting skele-
tons produced by the various algorithms. A possi-
ble way to classify the algorithms is to examine if 
the resulting skeletons meet the following (natural) 
conditions (Fazekas and Hajdu, 1996): 

Fig.1. A sample of the step filter used for signal en-
hancement of the geophysical signals. 

 

 

 

 

 
Fig. 2. Results of pixel labelling. (up, α) original image;
(b) Im, curvilinear structure enhancement; (c) Bi , initial
pixel labelling; (d) Bf , final pixel labelling; (down, e) Bt,
thin curvilinear structure detection. 
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1. The skeleton should accurately reflect the shape 
of the original image. 

2. The topological properties (homotopy) of the 
object and the background should be preserved.  

3. The thickness of the skeleton should be one 
pixel. 

4. The skeletonization should preserve symmetry. 

5. The skeletonization process should be immune 
to noise. 

Figures 3, 4 and 5 illustrate results of the proposed 
method for different geophysical images. The 
processing of the particular images was carried out 
using 2 different widths and twelve different orien-
tations (15o angle step), resulting good curvilinear 
structure enhancement in any of the above orienta-
tions.  

In the example of Figure 3 (a), the given geophysi-
cal image resulting by measurements of the verti-
cal magnetic gradient above a roman structure in 
Sikyon, is mainly prevailed by linear subsurface 
structures, well detected (Fig. 3b, c, d) using the 
pre-mentioned algorithm. The example of Figure 4 
(a) was selected, in order to demonstrate the effi-
ciency of the presented algorithm in detecting cur-
vilinear structures. The relics of a church (Byzan-
tine Basilica) prevail in this image. The shape (Fig. 
4b, c, d) of the church is well specified after the 
application of skeletonization. Secondary struc-
tures around the church, weakly observed in the 
original image, are also detected after the applica-
tion of skeletonization. 

Figure 5 (a) shows the original image of the verti-
cal magnetic gradient acquired above a Roman-
Byzantine complex in Nikopolis. The shape of the 
subsurface linear and curvilinear structures is more 
complex in this image. The efficiency of the ap-
plied algorithm is also proved by the results of 
Figures   5 (b), (c), (d).  
The most significant factor constraining the 
matching of skeletons is the skeleton’s sensitivity 
to an object’s boundary deformation; little noise or 
a variation of the boundary often generates 
redundant skeleton branches that may seriously 
disturb the topology of the skeleton’s graph. This 
is also observed in the presented examples. 
However, the stability of the algorithm is also 
connected to the data quality. Well preserved 
subsurface structures producing a strong magnetic 
response within a relative low noise background, 

 

 

 

 
Fig. 3. Results of the proposed method on magnetic data 
acquired above a Roman structure in Sikyon (area A). 
(up, a) Original image (units in nT/m); (b) Linear 
structure enhancement; (c) Thin linear structure 
detection; (down, d) The skeleton of the studied area. 
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such as the church in Figure 3, are well detected 
and presented by the applied algorithm. 

 

 

 

 

 

 
Fig. 4. Results of the proposed method on magnetic data 
acquired above a Byzantine Basilica church in Sikyon 
(area B); (up, a) Original image (units in nT/m); (b) 
Curvilinear structure enhancement; (c) Thin curvilinear
structure detection; (down, d) The skeleton of the 
studied area. 

 

 

 

 
Fig. 5. Results of the proposed method on magnetic data 
acquired above a Roman-Byzantine complex (probably 
paths) in Nikopolis. (up, a) Original image (units in 
nT/m); (b) Linear and curvilinear structure 
enhancement; (c) Thin linear and curvilinear structure 
detection; (down, d) The skeleton of the studied area. 
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4. Conclusions 
In this paper a fast, effective method for the en-
hancement of curvilinear patterns of geophysical 
images is proposed. The algorithm efficiently 
combines a rotation and scale invariant filter pro-
viding a detection of subsurface curvilinear struc-
tures. The proposed method has been applied to 
recognize patterns in archaeological sites which 
may be correlated to architectural relics. Experi-
mental results with real geophysical images indi-
cated the reliable performance of the proposed 
scheme.  

As future work we plan to overcome skeleton’s in-
stability of boundary deformation by applying 
skeleton pruning (i.e., eliminating redundant skele-
ton branches). 
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Abstract: The modeling is a method well supporting seismic research during projecting, processing and 
interpretation of seismic data. In the presented paper, the multivariate seismic modeling was used for 
evaluation of influence of changing structure of Carpathian flysch on the seismic image of Upper Juras-
sic (Malm) rocks. This research investigated Podgrodzie structure in the marginal part of the Outer Car-
pathian fold-and-thrust-belt. The gas deposits in this area are localized on tectonic uplifts, bounded by 
thrust dislocations.The complex structure and tectonics of the Carpathian flysch makes the interpretation 
of seismic image of the reservoir Upper Jurassic carbonates somewhat difficult. The poor recognition of 
velocities of flysch sequences makes this interpretation even more difficult. The multivariate seismic 
modeling is necessary in this situation. It allows evaluation of influence of selected model elements of 
the originating wavefield. It is possible finding the model correctly approximating investigated orogen 
by matching registered and theoretical field. The Outrider (Divestco Inc.) and Omega (WesternGeco) 
system were used for offset and zero-offset modelings. The performed modeling shows that influence of 
changing velocity and geometry of reflecting boundaries on underlying stratigraphic stages is insignifi-
cant. This influence is only significant in the zones of steep dipping flysch layers where large horizontal 
contrast of velocity significantly influences the seismic image of Jurassic rocks. Outside these zones the 
seismic image of the top of Jurassic reliably restores the real boundary. The obtained results show that 
the multivariate seismic modeling is a method, which can be used with good results, under the complex 
seismogeological conditions. The modeling could be also helpful evaluating the reliability of register 
seismic data.  

Keywords: Jurassic, Carpathians, structure, seismic modeling 
 
1. Introduction 
The problems of identification and correlation of 
lithostratigraphic boundaries exists in the complex 
structural regions, like Polish Carpathians and their 
foredeep. The multivariate seismic modeling is a 
valid method to solve these problems (Pietsch et al. 
2007a, Frankowicz et al. 2008a). Changing possi-
ble basic seismogeological model and calculating 
theoretical field for modified models allows eva-
luating influence of selected model elements on 
originating theoretical field as well as finding most 
probable model correctly approximating investi-
gated orogen by matching registered and theoreti-
cal field. This modeling is very important in explo-
ration and production of hydrocarbons in the mar-
ginal part of Polish Carpathians (Pietsch et al. 
2004, 2007b, 2008; Kobylarski et al. 2007). The 

proper modeling of seismic images helps locating 
oil and gas deposits in the Mesozoic basement un-
der thrust allochthonous flysch sequences. This re-
search investigated marginal part of the Outer Car-
pathian fold-and-thrust-belt southeast of Krakow in 
the Polish Oil and Gas structure Podgrodzie, 
Kamyk – Niepołomice area.  

2. The geological background 
The oldest rocks in the area southeast of Kraków 
are represented by Precambrian phyllites covered 
by Lower Cambrian sandstones and mudstones, 
Lower Devonian clastics, Middle and Upper De-
vonian carbonates, Lower Carboniferous carbo-
nates, Upper Carboniferous coal-bearing series and 
Permo-Triassic red beds. Lower Jurassic rocks are 
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represented by clastics, mainly claystones and 
mudstones with intercalations of sandstones. The 
Middle Jurassic claystones, mudstones, marls and 
sandstones with coaly layers are covered by Upper 
Jurassic carbonates, 200 - 400m thick. The Oxfor-
dian limestones and dolomites with cherts belong-
ing to Łękawica and Borzęta formations (Golonka 
1978), pass into calcareous-marly Oxfordian-
Kimmeridgian Niwki Formation and Tithonian 
Pilzno and Ropczyce formations composed of or-
ganodetrical, organogenic, oolitic, detritical, pelitic 
limestones, dolomites and marls (Moryc and Mo-
rycowa 1976; Golonka 1978; Moryc 2006a; Maty-
ja 2009). The Upper Jurassic carbonates are often 
fractured and cavernous, this features enhance their 
reservoir properties (porosity and permeability). 
The Lower Cretaceous rocks are missing in this 
area. The development of Upper Cretaceous depo-
sits depends upon the post-Jurassic morphology, 
formed by tectonic and erosional processes. The 
Cenomanian glauconitic sandstones and near-coast 
conglomerates fill erosional depressions reaching 
110m in thickness. Turonian and Senonian limes-
tones with cherts, marly limestones and sandy li-
mestones with sandstones are more widespread, 
their thickness varies from 0 to 90 m. They were 
removed by latest Cretaceous- Paleogene erosion. 
The Miocene molasse 300 – 1000m thick complex, 
covering Mesozoic, contains Badenian (Serrava-
lian – Langhian) clastics and evaporites (Florek et 
al. 2006). 

The Carpathian orogen is thrust over the Miocene 
complex. It is composed of three imbricated tec-
tonic units (nappes). The Zgłobice unit is built of 
Neogene folded formations representing Carpa-
thian foredeep molasse (Florek et al. 2006; Ślączka 
et al. 2006). The 27 – 595 m thick Sub-Silesian 
Nappe is composed of Lower Cretaceous – Paleo-
gene, pelagic, and flysch, mainly shaly deposits. 
The uppermost Silesian Nappe is built of few ki-
lometers thick flysch represented by Lower Creta-
ceous Hradište, Veřovice, and Lhoty Formations, 
Upper Cretaceous Godula and Istebna Formations, 
Paleogene variegated shales, Hieroglyphic Beds 
(Rožnov Formation), Globigerina Marls, Menilitic 
Beds and Krosno Formation.  

Miocene and Mesozoic rocks constitute an inter-
esting hydrocarbon exploration target in the Carpa-
thian/foredeep area southeast of Krakow. Mud-
stone-claystone deposits with sandstone intercala-
tions form main Miocene reservoir horizon. The 
Cenomanian sandstones, often together with up-

permost part of Upper Jurassic cavernous limes-
tones and dolomites build Mesozoic reservoirs. 
Deposits occur on tectonic uplifts connected with 
thrust dislocations. Upper Jurassic carbonates and 
Cenomanian rocks were partially uprooted and 
thrust during Late Cretaceous-Paleogene times. 
The Miocene claystones and Carpathian nappes 
form seals. The thrust dislocations within Meso-
zoic and Miocene often close deposits. The Łąkta 
deposit, located on 400 – 500m high elevation 
caused by thrust dislocations, contains 950 mln m3 
of natural gas (Florek et al. 2006). 

3. Construction of seismogeological models  
3.1. Geological and geophysical data 
The seismic survey of area 2D Kamyk – 
Niepołomice (2004), was performed by Geofizyka 
Kraków Ltd. The oldest profiles were made in 
1978 and the newest were made in 2007 (Fig. 1). 
40 boreholes were drilled in the area. Unfortunate-
ly only 6 of them have full logging sets (velocity, 
density, porosity, permeability, lithology solu-
tions). 

3.2. Seismic-boreholes ties  
The solution of geological problems by seismic 
modeling required, in first place, construction of 
seismogeological models precisely depicting in-
vestigated orogen. Necessary petrophysical para-
meters characterizing lithological layers were ob-
tain from well logging. Layers geometry was ob-
tain from structurally interpreted seismic cross-
sections after migration tied synthetic seismograms 
SS. LogM – GeoGraphix (Landmark Graphics 
Corp.) program for boreholes with velocity, densi-
ty, GR and lithological solutions was used to ob-
tain ties. 

The top of Upper Jurassic carbonates (J3) consti-
tutes explicitly tied seismic boundary (Fig. 2). This 
horizon, visible in the seismic record as strongest 
positive reflection, is connected with significant 
increase of velocity and density on the boundary 
between Jurassic carbonates and Miocene clastics. 
Quite good tie and similar reflection structure in 
SS record is visible for undisturbed Miocene sand-
stones-claystones M1 boundary – top of the oldest 
Miocene strata as well as M2, M3, M4 and M5 
boundaries were marked on sandstone-claystone 
contact. The theoretical-recorded seismic correla-
tion is poor for Carpathian flysch. It is caused by 
step-dipping flysch reflections. It was possible, 
however, correlating the following horizons: FLsp 
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– bottom of Carpathian flysch, F1 – top of Upper 
Cretacaeous sandstones and shales, F2 – Top of 
Cenomanian and Senonian sandstones and mud-
stones, F3 – Top of Cenomanian and Senonian 
lower shales, F4 – Top of Senonian and Paleocene 
sandstones and claystones, F5 – top of Paleocene 
Istebna Sandstones. Paleocene and Eocene varie-
gated shales lay above the F5 boundary. F3a, F3b, 
F5a constitute intralayer boundaries, marked for 
construction of seismogeological model.  

The seismic-boreholes ties allowed lithostrati-
graphic correlation of registered seismic profiles 
and construction of seismogeological model, 
which provided base for multivariate seismic mod-
eling. 

3.3. Structural interpretation of seismic data 
Multivariate seismic modeling of A-A profile, di-
rected S – N (Fig. 1) lead to evaluation of influ-
ence of flysch sequences variability on the seismic 
image of the top Jurassic strata and reliability of 
seismic image of important hydrocarbon deposit. 
The strongly deformed flysch sequences reach sub-
Quaternary surface in the southern part of investi-
gated profile (Fig. 3). Hard to investigate intraf-
lysch boundaries were correlated with the surface 

geological map. The near horizontal Miocene stra-
ta reach sub-Quaternary surface in the northern 
part of profile. The seismic image is significantly 
disturbed in the G-5 and N-2 boreholes area, in the 
middle part of the profile. The gas, accumulated in 
the Miocene sandstones and mudstones, causes 
slight increase of amplitude and significant (on the 
northern side) change of phase. The Upper Jurassic 
rocks (J3) constitute the Miocene basement. High 
amplitude reflexes on the Jurassic top allows in-
vestigations of this boundary along the entire pro-
file under the thick flysch complex (F1, F2, F3, F4, 
F5 and F6 horizons) and thin layer of oldest Mi-
ocene (M1). This top boundary (J3) is strongly cut 
by faults. The Łąkta thrust fault, first from south, 

with 50 ms displacement, is cutting Mesozoic 
basement, Miocene (M1), and reaching Cretaceous 
flysch shales and sandstones (F1). The other small 
faults in this area disturb only Mesozoic basement. 
Further northward, thrust faults that uplift the Pod-
grodzie structure show greater displacements. The 
uplifted zone is located directly under steep-
dipping flysch formations. As a result of poor 
seismic records in that zone, the localization of the 
interpreted faults is not certain. The southern fault, 
which limits the Grabina–Nieznanowice graben, is 

 
Fig. 1. Map of the Polish Carpathians south of Krakow with location of seismic profiles. 
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of great importance to oil prospecting. The multi-
variate modeling was performed in this zone. Its 
goal was to check the influence of steep-dipping 
flysch formations on the seismic image of Jurassic 
rocks. 

3.4. Construction of velocity models 
The two-dimensional model of P-valves velocity 
along the A-A profile (BASIC profile) was con-

structed in the GeoGraphix system, using 
STRUCT program. The Hampson-Russell program 
was used for seismic inversion.  

The following data were used for input: correlated 
and interpreted stratigraphic well data, velocity 
logs in boreholes, seismic boundaries obtained us-
ing geological interpretation of A-A seismic pro-
file and average wavelet extracted from seismic 
data, approximately matching zero-phase Ricker 
28Hz signal. 

The Model Based Hampson-Russell program uti-
lizing method for inversion was used because of 
poor quality of seismic record and lack of bore-
holes along the A-A profile. The velocity was cal-
culated from the acoustic impedance obtained from 
inversion (Fig. 4), assuming the density changes 
according to Gardner dependence. 

The velocity image of Miocene shows its undis-
turbed, layered structure. Velocities increase with 
depth from about 2200m/s in shallowest (M5) 
layer up to about 3500m/s in deepest Miocene 
layer (sandstone series M1). The obtained layout 
of velocities reconstructs generalized structure of 
Miocene rocks. The velocity image of flysch 
shows its layered structure and compatibility of ve-
locity layers with structural scales. The lower 
shales show the highest velocities from above 
4500m/s in the southern, deepest part to above 
2200m/s in the outcrop zone. The sandstone-
mudstone beds display velocities about 3000m/s. 
Another low velocity (about 2500m/s) occurs with-
in Istebna Sandstones. The uniform 5500m/s. ve-
locity was assumed for the entire complex below 
top of Upper Jurassic J3. This velocity was used 
for staring inversion model. 

 
Fig. 2. Correlation of seismic data with stratigraphy, li-
thology and well-logging data. Borehole G-1. 

 
Fig. 3. Interpreted S-N seismic profile A-A, through G-5, G-2 N-5 and N-4 boreholes. Horizons abbreviations ex-
plained in text. 
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The construction of velocity models were per-
formed in GeoGraphix system, in STRUCT mod-
ule and in Outrider (Divestco Inc.) system. Seismic 
boundaries, interpreted in time section, as well as 
layers velocities obtained from well logging and 
seismic inversion, constituted input data.  

4. The multivariate seismic modeling 
The theoretical wavefield calculations were per-
formed using Outrider (Divestco Inc.) program, 
based on ray theory of seismic wave’s propagation 
(Marzec et al. 2004). Both offset and zero-offset 
modelings were carried out. The Ricker signal with 

 
Fig. 4. Inversion velocity time model. Profile A-A.  

 
Fig. 5. Basic seismogeological time model. 
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28Hz frequency served as an elementary signal 
used for modeling.  

The zero-offset modeling was done in Normal In-
cidence version. The offset modeling was carried 
out according to acquisition parameters of the A-A 
profile. It allowed obtaining the same range of off-
sets and multiplication of profiling. The obtained 
seismic records required farther processing using 
Omega system (WesternGeco). The processing se-
quence was similar to one used in registered data. 
The after FX migration theoretical seismic section 
constitutes final results.  

4.1. Seismic modeling for basic model 
The basic seismogeological model in time (Fig. 5) 
and depth version (Fig. 6) was supported by A-A 
profile (Fig. 3), going close to N-2 and -4 (without 
acoustic velocity logging) and G-2 and -5 bore-
holes, which have one measured and one synthetic 
ΔT logs. Univocal correlation of top of Jurassic al-
lows identification of two distinctive fault zones. 
The Łąkta thrust fault zone is located at the S end 
of profile. Further northward the uplift limits the 
Grabina–Nieznanowice graben from south. The 
constant velocity, corresponding to the velocity in 
the Jurassic rocks was assumed for the entire com-
plex below the top of Jurassic.  

The reliability of the basic seismogeological model 

in depth version was checked by comparison of 
registered wavefield (Fig. 3) with theoretical wave-
field after FX migration calculated in the offset 
version (Fig. 7). The boundary, restored in the 
theoretical wavefield, corresponding to the top of 
Jurassic, is fully reliable. It is consistent in geome-
try and amplitude value. The wave image of the 
other complexes is not identical. The reflection ar-
rangement is chaotic in some fragments of the pro-
file and correlation of continuous seismic bounda-
ries is not possible. These differences result from 
the lack of interfering waves in the theoretical 
wave field  as well as from assumption of the con-
tinuity of boundaries and lack of thin layers in the 
model. Lack of v near-surface layer, displaying 
very variable thickness and velocity, is especially 
important in the model. Regardless of this differ-
ence, the arrangement of the seismic boundaries in 
the theoretical wavefield well restores structure of 
flysch and Miocene rocks, especially undisturbed 
Miocene strata. Summing up this stage of model-
ing, it was assumed that the elaborated model ap-
proximates well the structure of orogen in the in-
vestigated region, so it was acknowledge as a basic 
model.  
4.2. Seismic modeling of alternative models  
The analysis of influence of flysch sequences va-
riability on the seismic image of the top Jurassic 

 
Fig. 6 .Basic seismogeological depth model. 
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was the goal of this investigation. According to the 
assumption, the performed analysis was based on 
the multivariate seismic modeling. The modeling  
used modification of the time model within the 
Carpathian flysch (Fig. 5).  

The comparison of field calculated for the basic 
depth model (Fig. 7) with the theoretical fields 
computed for the modified time models show as 
follows: 

The change of velocity of steep-dipping flysch lay-
ers in the near-surface zone, the lack of continuity 
of Jurassic boundary is well visible, regardless of 
lower amplitudes of top of Jurassic (see Pietsch et 
al. 2008). On the other hand, the change of veloci-
ty in the internal layers results in the change of 
seismic record. Increase of velocity (Figs. 8a and 
8b) causes reinforcement of internal flysch boun-
daries and decrease of their tome thickness while 
decrease of velocity (Figs. 9a and 9b) causes dis-
tinctive decrease of amplitude of reflections. In 
both cases, significant decrease of legibility of Ju-
rassic reflection was visible, especially in the zone 
of southern uplift bounding Grabina-Nieznanowice 
graben that is in the outcrop zone of steep-dipping 
flysch boundaries. 

 The change of velocity of gentle-dipping flysch 
layers in the near-surface zone only insignifi-
cantly influences seismic image of the entire 
orogen (see Pietsch et al. 2008). 

 The change of velocity in the internal layers re-

sults in the distinct change of seismic record. 
Increase of velocity (Figs. 8a and 8b) and its 
decrease (Figs. 9a and 9b) causes significant 
decrease of legibility of Jurassic reflection. It is 
especially visible in the zone of southern Pod-

grodzie uplift bounding Grabina-Nieznanowice 
graben. This zone is concordant with very steep 
dipping surface of the Carpathian thrust and 
steep dipping flysch boundaries coming to this 
surface.  

5. Conclusion 
The main goal of this investigation was checking 
the influence of flysch sequences variability on the 
seismic image of the top of Upper Jurassic using 
analysis of multivariate seismic modeling. Accord-
ing to this goal, the seismogeological basic model 
(Fig. 6) was changed within flysch. The agreement 
of computed theoretical wavefield (Fig.7) with reg-
istered seismic section (Fig. 3) confirms the cor-
rectness of basic model  

The theoretical field was computed for two mod-
ified models. In the first one (see Pietsch et al. 
2008b) only velocities were changed in the outcrop 
zone of flysch and in the Lower Cretaceous shales 
(highest velocities within flysch). In the second  
model, the intra-flysch boundaries were changed 
with analogous change of velocity (Figs. 8, 9).  

The multivariate seismic modeling show that in-
fluence of changing distribution of velocity and 
geometry of reflecting boundaries on lower flysch 

 
Fig. 7. Theoretical wavefield after FX migration calculated according to basic depth model. 
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complexes and Miocene strata is small, but visible. 
The biggest changes along the Jurassic boundaries 
are visible in the zone of very steep dipping sur-
face of the Carpathian thrust and steep dipping 
flysch boundaries coming to this surface. The large 
horizontal velocity changes are also related to this 
structure. The observed changes are not large 

enough to entirely change the J3 boundary as well 
as location of cutting thrust faults.  

The obtained results show the validity of the mul-
tivariate seismic modeling method under complex 
seismogeological conditions. This method can be 
effectively utilized interpreting seismic record and 

Fig. 8. (a) Modified seismogeological depth model – increase of velocity in internal layers of thrust-
sheet, (b) Theoretical wavefield calculated according to model on Fig. 8a.  
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evaluating reliability of the registered seismic data. 
In first case, with the consistency of theoretical 
wave field with registered seismic record, the 
constructed seismogeological model approximate 
well the geological structure. In the second case, 

analysis of theoretical wavefield, computed for the 
assumed variants of model, shows univocal influ-
ence of individual model elements on the wave-
field. 

 

 
Fig. 9. (a) Modified seismogeological depth model – decrease of velocity in internal layers of thrust-
sheet, (b) Theoretical wavefield calculated according to model on Fig. 9a.  
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Abstract: Earthquakes hazard probabilities were performed for the broader area of the gulf of Corinth.
Related parameters, characteristic of the seismic history of the examined area, were obtained. The prob-
abilities of strong and catastrophic earthquakes with magnitudes Mw>5.5 and Mw>6.0, within 20- and
50- year period were also determined. For this purpose the whole area is divided in cells 0.2oX0.1o. The
obtained results show that there is a very dangerous zone (high probabilities), which starts from the city
of Patras and ends to the gulf of Itea, where the estimated probabilities are either very high or high. The
highest values observed in cell 39, where for 20-years period and for Mw>5.5 the probability is 77%,
while for the same time period and for Mw>6.0 the probability is 42%. Moreover for the time period of
50-years and for the corresponding magnitudes the probabilities are 97% and 74%, respectively.

Keywords: earthquake hazard, probabilistic occurrence, combine information Corinth gulf, central
Greece

1. Introduction
The broader area of the gulf of Corinth (central
Greece) is one of the most seismically active areas
in Greece. The whole area experienced destructive
earthquakes since historical era and cities like
Helike (373 B.C.) (Guidoboni, et. al. 1994; Am-
braseys and White, 1997; Papazachos and Pa-
pazachou, 1997; Papadopoulos, 1998) or Corinth
(1858) have been totally destroyed. Later on
(1928) the city of Corinth collapsed down again
from another destructive earthquake with magni-
tude M=6.3 (Ambraseys and Jackson, 1990; Pa-
pazachos and Papazachou, 1997; Papadopoulos,
2000).

Based on the geodynamic model of the Aegean,
the tectonic forces of the area are horizontally ten-
sional in a N-S direction. As a result normal faults
of E-W direction are predominant. Most of them
belong to the Quaternary age and mainly are dis-
tributed in the margins of the gulf of Corinth form-
ing in this way an intense relief (Armijo et al.,
1992; Papazachos and Kiratzi, 1992; Taymaz et
al., 1991). The same tectonic regime extends up to
the east Saronikos gulf (Makris et al., 2004; Draka-
tos et al., 2005). Observations in field work show
that in many cases these faults are reactivated

(Pantosti et al., 1996; Pavlides et al., 2004; Chat-
zipetros et al. 2005; Valkaniotis et al., 2008). A
north-south extension of the Corinth gulf resulted
450-700 mm displacement (Ambraseys and Jack-
son, 1990), taken into account events with surface
magnitude Ms>5.8 between 1890 and 1988. Simi-
lar results were estimated by Papazachos and
Kiratzi (1992) for the area, as well.

The paper confines itself to the estimation of
earthquake hazard parameters in the broader area
of the Corinth gulf. In addition the probability of
occurrence of strong (with magnitudes Mw>5.5 and
Mw>6.0) earthquakes within a 20- and 50- year pe-
riod was obtained.

2. Data and method used
Information about the Greek seismicity have been
reported since 550 BC. These events were reported
based on the shake-ability and the damages caused
in populated areas. The broader area of the Corinth
gulf experienced, since historical epoch, 46 large
events of magnitude M>6.0. The earthquake data
was mainly taken from the data bank of the Geo-
physical Laboratory of the University of Thessalo-
niki (Papazachos et al., 2000) and from Makropou-
los et al (1989). The events up to 2007 were ex-
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tracted from the monthly bulletins of the same in-
stitute. The earthquake magnitude is given on a
scale equivalent to the moment magnitude (Pa-
pazachos et al., 1997). For additional information
and especially for the historical period events we
also considered the works of Papazachos and Pa-
pazachou (1997), Papadopoulos (2000), Guidoboni
et al. (1994). The present study is restricted only
on shallow (h<60 Km) earthquakes.

The examined area is bounded between 37.60o -
38.60o N and 21.60o–23.20o E. The area is divided
in a cellular manner, 0.2oX0.1o (fig. 1) in order to
present the regional variation of the estimated pa-
rameters in details. Completeness was assessed by
dividing the whole period into five subperiods and
observing the rate of change of the cumulative
number of reported earthquakes (seismicity),
above a threshold magnitude, with respect to time.
The time subperiods for which the catalog used is
complete and the corresponding lower threshold
magnitude are: a) 1911-2007 M>5.3, b) 1943-2007
M>5.0, c) 1975-2007 M>4.7, d) 1982-2007 M>4.0
and e) 1995-2007 M>3.0. The complete data are
depicted in Figure (2a). The earthquakes occurred
before 1911 considered as historical events and are
taken into account for further processing.

In figure (2b) the 46 large events with magnitudes
Mw>6.0 are illustrated. From a first inspection, we
observed that the epicentres of these earthquakes,
and more precisely those occurred before the 20th

century, are poorly defined. For example, the
earthquake of 23 A.D., with magnitude 6.3, has its
epicentre on 38.30oN and 22.10oE. In this way we

shall include this shock in our computations 4
times, because it will also appear in the neighbour
calls. So, there is a necessity for relocation of these
46 large earthquakes. Moreover some of these
earthquakes appear to have exactly the same epi-

Fig. 2. The geographic distribution of the earthquakes in
the examined area: a, up) complete data with Mw≥3.0,
b) events with Mw≥6.0 as extracted from the data bank
used and c, down) earthquakes with Mw≥6.0 after their
relocation.

Fig. 1. The spatial deviation of the Gulf of Corinth and
its adjacent area in 0.2o X 0.1o cells. Some cities experi-
enced large earthquakes and the most dangerous cell 39
(Eratini) are illustrated, as well.
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center. For instance earthquakes of 1785
( obsM max =6.4) and 1804 ( obsM max =6.4) seems to have
occurred spatially in the same coordinates (38.23o

N and 21.72o E). A technique called the centroid

of energy release (Burton et al., 1984, Manakou
and Tsapanos, 2000) is applied. This technique ap-
plies weights, wi, to the epicentre coordinates
which are equal to the earthquake energy, Ei,

Table 1. The 46 large (Mw>6.0) earthquakes which have occurred since historical epoch in the
broader area of the gulf of Corinth. The epicenters ((Lat. and Long.) show the relocated sites of
the earthquakes. The symbol (-) in the first column means that the earthquake generated B.C.
Numbers in column 1 indicate the numbers of the large shocks in Fig. (2c).

No Year Month Day Lat Long. Mw
1 -373 38.24 22.17 6.8
2 -303 38.00 22.74 6,6
3 -279 38.36 22.38 6.8
4 23 38.28 22.12 6.3
5 61 38.28 22.08 6.3
6 74 6 20 37.94 22.84 6.3
7 361 38.42 22.61 6.9
8 521 37.97 22.87 6.3
9 543 37.98 22.80 6.2
10 551 38.42 22.65 7.0
11 551 38.27 21.72 6.5
12 580 37.97 22.81 6.3
13 996 38.33 22.39 6.8
14 1402 6 38.15 22.45 7.0
15 1580 38.45 22.31 6.8
16 1660 3 38.32 22.39 6.4
17 1703 2 38.38 21.82 6.1
18 1714 7 29 38.35 21.71 6.3
19 1725 37.93 22.93 6.0
20 1742 2 21 38.08 22.59 6.7
21 1748 5 25 38.27 22.25 6.6
22 1753 3 6 38.13 22.51 6.2
23 1756 10 20 38.39 21.89 6.8
24 1769 38.37 21.99 6.8
25 1775 4 16 37.92 22.88 6.4
26 1785 2 9 38.24 21.71 6.0
27 1785 2 10 38.23 21.71 6.4
28 1794 6 11 38.32 22.38 6.7
29 1804 6 8 38.24 21.72 6.4
30 1806 1 23 38.23 21.71 6.2
31 1817 8 23 38.28 22.13 6.6
32 1858 2 21 37.87 22.88 6.5
33 1861 12 26 38.25 22.16 6.7
34 1870 8 1 38.48 22.55 6.8
35 1876 6 26 37.87 22.87 6.1
36 1887 10 3 38.23 22.65 6.5
37 1888 9 9 38.23 22.11 6.3
38 1909 5 30 38.44 22.14 6.2
39 1917 12 24 38.35 21.71 6.0
40 1928 4 22 37.94 22.98 6.3
41 1930 4 17 37.78 22.99 6.0
42 1965 7 6 38.27 22.33 6.3
43 1970 4 8 38.36 22.53 6.2
44 1981 2 24 38.22 22.92 6.7
45 1981 2 25 38.14 23.09 6.4
46 1995 6 15 38.37 22.15 6.4
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(wi=Ei). Thus, from a geographic grid-point center
we determined cells of energy release centroid.
The technique ensures correlation of the seismicity
with the largest and potentially more damaging
earthquakes which are more likely associated with
significant tectonic features. The replaced epicen-
tres are presented in Figure (2c) and the parameters
(magnitudes, relocated epicenters, etc.) of each one
of the 46 earthquakes are listed in Table (1).

In the present study the maximum regional magni-
tude was estimated by using the Bayesian exten-
sion of the Kijko-Sellevoll estimator (Kijko and
Sellevoll, 1989), which has been obtained for the
doubly truncated Gutenberg-Richter relationship.
Kijko (2004) derived the estimator of Mmax, that
is:

Δ+= obsreg MM maxmax (2)

where obsM max is the largest magnitude observed
during the time span T of the available records.
In equation (2), Δ denotes the following:
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The approximate variance of the estimator is ex-
pressed as:

22
max )var( Δ+≈ M
regM σ (5)

where is the variance of the random error in
the determination of the largest observed earth-
quake magnitude. A detailed explanation of the
methodology can be found in Kijko and Graham
(1998) with a detailed methodology of the assess-
ment of Mmax in Kijko (2004).

3. Results and Conclusions
The probabilities for earthquake occurrence in the
broader area of Corinth gulf in undertaken in the
present study. For this purpose we firstly evaluated
the maximum regional magnitude regM max , the seis-

mic activity rate, λ, and the parameter b of the 
known Gutenberg-Richter relation. All these pa-
rameters, as well as the maximum observed magni-
tude for each cell are listed in Table (2). These
three parameters were characterized for each area
and were evaluated for each individual 0.2oX0.1o

cell across the examined area, producing in this
way effective maps. Thus, it is possible to compare
the estimated quantities and allow analysis of the
localized parameters. The size of the cells is in ac-
cord to the faults of the area which do not exceed
the length of 20 Km (Valkaniotis, 2009).

Old events (especially those before 20th century)
are relocated in order to adopt reliable data. A
large zone which includes cells 34-42 with high

regM max values, was revealed. Almost all of them ex-
perienced large (Mw>6.0) earthquake during the
historical epoch. During the same era the large
events in cells 25-28 occurred, as well. Special in-
terest appears in cells 13 and 14 which are closely
related with the two catastrophic earthquakes from
which Corinth collapsed down twice. In some of
the cells (e.g. 27) the obsM max and regM max values co-
incided.

The parameter b shows low values in cells 34-40.
Low b-values are connected with high stress values
in an area. An exception exist for cell 38 where the
earthquake of Egio in 1995 with obsM max =6.4 has
occurred. We re-assessed the b-value in this cell
considering that the year of the evaluation ends in
1994. We found low b-value in this case. This is
one more paradigm that low b-values are associ-
ated with high stresses in an area. The seismic ac-
tivity rate seems to be higher in north part of the
gulf of Corinth and we conclude that this is related
to the tectonics of the area.

In figures (3a and 3b) the probabilities for future
earthquakes occurrence estimated for both strong
(M>5.5) and large (M>6.0) events, respectively
and for a time period of 20 years, while in figures
(4a and 4b) the same probabilities evaluated for the
same magnitudes, for the time period of 50 years.
The general conclusion is that cells 34 to 40 show
high probability to be the next prone sites for
strong and/or large earthquakes generation. Given
that we already had one successful occurrence (cell
34) we can conclude that strong and/or large
events will generate again in the area in the next 20
and/or 50 years. The cell 39 (Eratini) shows the
highest probabilities for both magnitudes and time
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periods to be the next site of a large earthquake oc-
currence.

The probabilistic maps for future earthquake oc-
currence are useful for both theoretical and practi-

Table 2. The results of the determination of the maximum regional earthquake, regM max , the parameter,
b and the seismic activity rate, λ, with their standard deviations σ. The maximum observed magnitude, 

obsM max is listed, as well. The symbol (h) denotes that obsM max is extracted from historical events.
Cell obsM max

regM max + regM max
σ b + bσ λ + λσ

10 5.0 5.20 0.28 1.00 0.07 0.13 0.05
11 4.7 4.73 0.35 1.00 0.05 0.67 0.30
12 5.3 5.40 0.22 0.95 0.06 0.33 0.09
13 6.5 (h) 6.70 0.28 0.68 0.05 0.26 0.06
14 6.3 6.40 0.22 0.89 0.07 0.22 0.05
15 5.8 5.90 0.21 0.95 0.05 0.29 0.21
17 4.7 4.87 0.29 0.94 0.07 2.12 0.32
18 5.6 5.76 0.17 0.89 0.07 2.27 0.41
19 4.8 5.11 0.23 0.93 0.06 2.58 0.36
20 5.4 5.50 0.14 0.90 0.04 0.38 0.07
21 5.5 5.63 0.24 0.82 0.06 0.55 0.08
22 5.3 5.51 0.23 0.67 0.06 1.14 0.17
23 4.8 4.85 0.13 0.90 0.07 0.95 0.21
24 4.7 4.78 0.12 0.96 0.05 0.86 0.25
25 6.8 (h) 6.88 0.18 0.95 0.07 0.20 0.06
26 6.7 (h) 6.83 0.29 0.86 0.06 0.66 0.12
27 6.5 (h) 6.51 0.18 0.99 0.07 0.72 0.13
28 6.6 (h) 6.70 0.32 0.78 0.04 0.88 0.14
29 5.3 5.50 0.28 0.84 0.06 0.90 0.14
30 4.8 5.00 0.22 0.90 0.04 1.18 0.23
31 6.7 6.86 0.28 0.83 0.03 1.09 0.22
32 4.8 4.90 0.14 0.98 0.04 1.14 0.19
33 4.7 4.74 0.17 1.01 0.06 6.77 0.64
34 6.5 (h) 6.57 0.21 0.73 0.03 1.61 0.14
35 6.8 (h) 6.85 0.19 0.95 0.05 1.90 0.15
36 6.8 (h) 7.02 0.24 0.58 0.03 2.35 0.16
37 6.3 (h) 6.32 0.12 0.59 0.04 3.98 0.21
38 6.8 (h) 6.81 0.14 0.83 0.03 10.73 0.61
39 6.6 (h) 6.69 0.12 0.66 0.04 6.50 0.54
40 6.8 (h) 6.86 0.13 0.73 0.05 1.73 0.20
41 5.9 6.16 0.24 0.84 0.06 0.74 0.13
42 6.2 6.41 0.23 0.85 0.04 0.93 0.18
43 5.4 5.61 0.26 0.83 0.05 1.19 0.19
44 5.0 5.31 0.21 0.81 0.06 9.42 0.89
45 5.2 5.62 0.38 0.92 0.07 0.65 0.14
46 6.4 6.48 0.28 0.94 0.04 0.72 0.12
47 4.7 4.80 0.14 0.96 0.05 0.96 0.15
49 5.7 5.83 0.18 0.73 0.06 2.74 0.31
50 5.6 5.88 0.22 0.61 0.05 0.92 0.11
51 5.3 5.86 0.39 0.85 0.06 1.25 0.12
52 5.5 5.62 0.21 0.87 0.03 1.39 0.17
53 5.6 5.97 0.42 0.83 0.05 1.62 0.14
54 6.2 6.33 0.18 0.77 0.03 1.14 0.16
55 5.3 5.56 0.22 0.81 0.04 1.02 0.13
56 6.8 (h) 6.86 0.13 0.75 0.05 2.43 0.34
57 5.6 5.81 0.27 0.96 0.07 1.78 0.31
58 6.8 (h) 7.01 0.23 0.99 0.04 0.24 0.06
59 5.4 5.61 0.26 0.97 0.06 0.12 0.04
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cal reasons. We believe that is very useful for en-
gineers and planners allowing the designation of
priority areas for earthquake resistant designs.
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Abstract: Atmospheric instability indices are routinely used in operational forecasting for identifying 
the possibility of convective storm activity. This study focuses on the long- term temporal assessment of 
Showalter Index, SWEAT Index, K- Index and CAPE at three coastal (Athens, Istanbul and Brindisi) 
and at one inland station (Sofia) of southeastern Europe. The indices are calculated from daily archived 
radiosonde observations for a 36-year period, from 1973 to 2008. In order to identify meaningful tem-
poral trends, a two phase methodology is applied. The first step contains the assessment of the monthly, 
seasonal and yearly averages. The yearly trends of Showalter and SWEAT indices indicate an increase 
of atmospheric instability mean values for Athens, Brindisi and Sofia after mid 1990s. The second step, 
which is the primary focus of this study, is the assessment of index extremes.  After the selection of in-
dex threshold levels, index extremes are studied in terms of threshold exceedences. The analysis reveals 
long term trends for some combinations of indices and stations.  

Keywords: Radiosonde observations, Instability Indices, Showalter, SWEAT, K-Index, CAPE, Climate 
 
1. Introduction 

Severe weather phenomena are related to atmos-
pheric instability and include thunderstorms, hails-
torms, tornadoes and heavy precipitation. The fre-
quency and the intensity of such events can be 
modified by climate changes. Regions of atmos-
pheric instability have organized patterns and a 
change in Earth’s climate may lead to a change in 
the regions of convection and its intensity (Betz et 
al. 2009).  Instability indices are used by forecas-
ters since late 1940s to assess the possibility of 
convective phenomena and are calculated from the 
vertical distribution of temperature, humidity and 
wind from radiosonde observations. In this study 
the Showalter Index, the Severe Weather Threat 
Index (SWEAT), the K – Index and the Convective 
Available Potential Energy (CAPE) are examined 
as climatological variables based on their long – 
term temporal statistical trends. The scope of this 
work is to identify changes in the temporal distri-
bution patterns of atmospheric instability, as this is 
expressed by instability indices and detect any re-
lated long-term climate signals from radiosonde 
observations.   

2. Materials and Methods 
The area of study is the Balkans peninsula at the 

southeastern part of Europe. This work aims to 
identify temporal changes in routinely used insta-
bility indices derived from radiosonde observations 
from four upper air monitoring stations situated at 
Athens, Istanbul, Brindisi and Sofia (Fig.1).  

Fig. 1. Area of study and location of stations. 

Radiosondes are launched twice daily at 00UTC 
and 12UTC, providing measurements of the vertic-
al distribution of pressure, temperature, relative 
humidity and wind speed and direction. In this 
study, archived radiosonde data from January 1973 
to December 2008 are used. For the study area, the 
convective phenomena are better described from 
the 12UTC radiosonde observations thus the study 
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is limited in the analysis of the instability indices at 
12UTC. The overall completeness for each station 
for 00UTC and 12UTC, along with the missing 
daily observations at 12UTC are presented in fig. 2.  

The overall data availability for all stations at 
12UTC is higher than 85%. Limited availability is 
observed for the Istanbul station for 1979, with 
missing observations reaching up to 80.5%, for the 
Sofia station for the period 1997-2000 and for 
Athens station for 2008. The available data for 
these years are not included in the study.   

3. Instability Indices 

Instability indices have been developed to quantify 
atmospheric instability based on radiosonde obser-
vations. Showalter Index (Showalter, 1953) is 
based on the potential instability concept and it is 
calculated from the difference of the temperature at 
500hPa (T(500 hPa)) and the temperature of an air 
parcel, lifted from 850hPa to 500hPa (T’

(850hPa → 

500hPa)).  
SSI = T(500 hPa)  - T’

(850hPa → 500hPa)   (oC) 

The commonly applied thresholds for SSI are: 

1<SSI<3: probability of showers and some thun-
derstorms 
-3<SSI<0: unstable, increased possibility of thun-
derstorms 
-6<SSI<-3: very unstable, heavy thunderstorm po-
tential 
SSI<-6: extremely unstable, strong thunderstorm 
potential.  

Showalter index is a measure of convective insta-
bility when values are less than zero. 

The SWEAT Index assesses severe weather poten-
tial and is used to discriminate between ordinary 
and severe thunderstorms. It incorporates thermo-
dynamic and kinetic effects and is calculated from 

the following formula (Haklander and Van Delden, 
2003):  
SWEAT =12Td(850hPa) + 20(TT – 49) + 2WS(850hPa) +  

WS(500hPa) + 125(S + 0.2) 

 where Td(850hPa):  Dew-point temperature at 850hPa 
(oC), TT: Total Totals Index = (Td(850hPa) – T(500hPa)) 
+ (T(850hPa) – T(500hPa)) in (oC), WS(850hPa): Wind 
speed at 850hPa in knots, WS(500hPa): Wind speed at 
500hPa in knots and S: S = sin[(WD(500hPa) – 
WD(850hPa)], where WD is the wind direction.  

The proposed thresholds for SWEAT index are: 
SWEAT  > 300 : potential of severe thunderstorms 
SWEAT > 400 : potential of tornadoes.  

George (1960) proposed the K-Index as a measure 
of thunderstorm potential: 

K = (T(850hPa) – T(500hPa)) + Td(850hPa) – (T(700hPa) – 
Td(700hPa)) 

The first term is a lapse rate term, while the second 
and third are related to the moisture between 
850hPa and 700hPa. The critical values for the K-
Index are the following: 
 
K < 15 : 0%                                
15 < K < 20 : 20%   
21 < K < 25 : 20 - 40%  
26 < K < 30 : 40 – 60%    thunderstorm probability 
31 < K < 35 : 60 – 80%  
36 < K < 40 : 80 – 90%  
K > 40 : near 100%  
 
CAPE is the amount of energy of a parcel, lifted 
from the level of free convection (LFC) to the level 
of equilibrium – neutral buoyancy (LBN).  

LBN

LFC e

ep dz
(z)Τ

(z)T - (z)Τ
g  CAPE  

where Tp(z): the temperature profile of an air par-
cel lifted moist adiabatically, Te(z): the tempera-

Fig. 2. Dataset completeness at 00UTC and 12UTC (a), and missing daily observations at 12UTC (b). 
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ture profile of the environment and g: the gravity 
acceleration. The recommended thresholds for 
CAPE (DeRubertis, 2006) are the following: 

CAPE = 0 Jkg-1 : stable 
1000<CAPE<2500 Jkg-1: moderately unstable 
CAPE >2500 Jkg-1: very unstable, possible strong 
convection.  

For the purpose of this study, a two-phase metho-
dology is applied. Firstly, the long-term temporal 
statistical properties of the indices are examined, 
based on their mean monthly, seasonal and annual 
time series. Their trends are examined and subse-
quently the instability indices extremes are studied, 
based on the exceedences of a selected set of thre-
sholds. Finally, the temporal distributions of the 
stability indices threshold exceedences are dis-
cussed for each station and index. 

4. Results and Discussion 
The selected stability indices share the common 
scope of evaluating the potential for convective 
storm activity in a region. Their temporal and spa-
tial correlation is examined at each station and for 
each index, based on the correlation coefficient 
(Tab. 1 and Tab.2). For every station, the higher 
correlation is observed among the Showalter and 
the K-Index, with values ranging from -0.72 for 
Athens to -0.85 for Sofia, although the two indices 
are based on different approaches. Showalter relies 
on the lifted parcel theory while the K-Index is 
solely based on the lapse rate and mid-level mois-
ture observations. They are negative correlated be-
cause Showalter, in contrast with K-Index, de-
creases with instability increase.  

Regarding the spatial correlation of indices for the 
selected stations (Tab. 2), SWEAT, K-Index and 
CAPE are uncorrelated for each station pair. Very 
limited correlation is observed for the Showalter 

index among the stations of Athens and Istanbul. 
This fact reflects the local character of the convec-
tive phenomena along with the limited spatial re-
presentativeness of radiosonde observations.  

5.1. Monthly, Annual and Seasonal Patterns 
The annual distribution of the monthly averages of 
the selected indices is calculated in order to identify 
the seasonality of atmospheric instability (Fig. 3).  

As it is expected, a clear annual cycle is observed, 
with increased instability during the warm period. 
The Showalter and the K-Index distributions share 
a common pattern, where Athens, Istanbul and 
Brindisi stations have comparable value ranges 
while the Sofia station exhibits a much higher 
range (higher instability during the summer and 
lower during winter). For the SWEAT index and 
for Brindisi station an annual cycle is not evident, 
while for Sofia station a sharp increase in the mean 
monthly index value is observed from April to 
June, where the index reaches its maxima. Athens 
and Istanbul stations have a common pattern with 
maximum values during July and August. Each 
station exhibits a different pattern for CAPE 
monthly averages. A symmetrical distribution is 
observed for Sofia with a maximum during June, 
while the maximum for Brindisi station is observed 
during August. Athens station exhibits a rather 
smooth increase reaching its maxima in mid-
summer, a trend which is observed for all indices 
and it is attributed to the dry northern etesian 
winds. Istanbul station exhibits a sharp increase 
starting on May and retains high mean monthly 
CAPE values for all summer months. The coastal 
stations (Athens, Istanbul and Brindisi) exhibit 
higher monthly averaged values during autumn 
compared to spring due to the influence of the 
warmer sea basin.  
 

Table 1. Correlation of indices for each station for the complete dataset 
Athens Istanbul 

  Showalter SWEAT K CAPE    Showalter SWEAT K CAPE  
Showalter 1,00 -0,53 -0,72 -0,25 Showalter 1,00 -0,54 -0,76 -0,24 
SWEAT -0,53 1,00 0,39 0,25 SWEAT -0,54 1,00 0,42 0,21 

K -0,72 0,39 1,00 0,16 K -0,76 0,42 1,00 0,19 
CAPE  -0,25 0,25 0,16 1,00 CAPE  -0,24 0,21 0,19 1,00 

Brindisi Sofia 
  Showalter SWEAT K CAPE    Showalter SWEAT K CAPE  

Showalter 1,00 -0,55 -0,76 -0,35 Showalter 1,00 -0,60 -0,85 -0,23 
SWEAT -0,55 1,00 0,36 0,26 SWEAT -0,60 1,00 0,53 0,29 

K -0,76 0,36 1,00 0,26 K -0,85 0,53 1,00 0,20 
CAPE  -0,35 0,26 0,26 1,00 CAPE  -0,23 0,29 0,20 1,00 
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The analysis and interpretation of temporal 
changes and trends in the yearly averaged se-
quences of indices values (Fig. 4) is used as a de-
scriptive tool to demonstrate long term evolution 
of index values. These averages should not be 
compared with thresholds since these thresholds 
are defined for single soundings. Furthermore, av-
eraged index values tend to dilute the meaning of 
each index and information related to increased in-
stability, due to the fact that stations record a stable 
atmosphere on most days (DeRubertis, 2006).    

Regarding Showalter index, all stations fall within 
the same value ranges and remain rather constant 
until 1993. A decreasing trend is observed for the 

rest of the studied period for Athens, Brindisi and 
Sofia. Istanbul station doesn’t follow this trend, 
reaching its yearly averaged maximum at 2003. 
The sequences of the yearly averaged SWEAT 
values follow a decreasing trend until 1993 and an 
increasing trend thereafter. This is more evident at 
Brindisi and Sofia stations. Athens station exhibits 
a rapid decrease from 1973 to 1984, remain con-
stant until 1993, with the exception of 1986 - 1987, 
and an increase to the 1973 levels thereafter. The 
mean yearly averaged K-Index series imply some 
long term spatial dependence between Athens and 
Brindisi stations which follow a similar evolution. 
Both stations exhibit a decrease until 1986 and 
1985 respectively, a sharp increase until 1987 and 

Table 2. Spatial correlation of stations for each index for the complete dataset 
Showalter SWEAT 

Athens Istanbul Brindisi Sofia   Athens Istanbul Brindisi Sofia 
Athens 1,00 0,43 0,34 0,39 Athens 1,00 0,22 0,15 0,17 
Istanbul 0,43 1,00 0,21 0,39 Istanbul 0,22 1,00 0,11 0,18 
Brindisi 0,34 0,21 1,00 0,39 Brindisi 0,15 0,11 1,00 0,16 

Sofia 0,39 0,39 0,39 1,00 Sofia 0,17 0,18 0,16 1,00 
K Index CAPE 

  Athens Istanbul Brindisi Sofia   Athens Istanbul Brindisi Sofia 
Athens 1,00 0,22 0,15 0,17 Athens 1,00 0,04 0,06 0,05 
Istanbul 0,22 1,00 0,11 0,18 Istanbul 0,04 1,00 0,07 0,07 
Brindisi 0,15 0,11 1,00 0,16 Brindisi 0,06 0,07 1,00 0,10 

Sofia 0,17 0,18 0,16 1,00 Sofia 0,05 0,07 0,10 1,00 

 
Fig. 3. Annual distribution of monthly averages of Showalter (a), SWEAT (b), K-Index (c) and CAPE (d). 
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a stable evolution thereafter. Regarding the evolu-
tion of the CAPE values, a general decreasing 
trend until the early 1990s is observed for all sta-
tions and a rather stable evolution is exhibited for 
the rest of the studied period. Especially for the 
Athens station a similar evolution of CAPE and 

SWEAT values is observed until 1993. Istanbul 
station exhibits for all indices an irregular distribu-
tion without any meaningful trend.  

The seasonal averages of each year are calculated, 
focusing on the summer months, where increased 
instability is observed (Fig. 5).  

The evolution of the summer averages shares some 
common features with the evolution of the yearly 
averages. Showalter index, for Athens and Brindisi 
after the early 90’s, exhibits a slow decrease, a 
trend which might be present for the Sofia station 
but cannot be verified due to the data incomplete-
ness for 1997 – 2000. All of the stations reach their 
minima (maximum instability) after 2000. The in-
creasing instability after 1993 is observed for the 
Athens and Brindisi stations at the evolution of the 
SWEAT index. In contrast with the yearly aver-
ages a decreasing trend until the early 90’s is ob-
served only for the Sofia station. The yearly evolu-
tion of the K-Index summer averages for Athens 
and Brindisi are similar, with a decreasing trend 
until 1985 for Brindisi and 1986 for Athens, a 

sharp increase for both stations until 1987, and a 
rather stable evolution until 2000, where another 
sharp increase is observed. Sofia station for the 
whole study period retains high K-Index values 
without any significant trend, differentiating from 
the rest of the stations. Regarding CAPE, the trend 

of the yearly summer averages is less evident with 
some sharp increases mainly during 1986-87 and 
1995.   
5.2. Exceedences assessment  
The study of the frequency of the exceedences in-
volves the identification of threshold levels for 
each index. Threshold values are defined in the li-
terature from index values during days with con-
vective events. These thresholds are not the same 
with the proposed by the definition of indices (de-
scribed in the Instability Indices section). In north-
ern Greece the majority of hailstorms occur for K 
index values ranging from 24.1 to 36, while the 
36.8 % and the 25.6% of hail corresponds to Sho-
walter values ranging from 0.1 to 3 and -3.1 to 0 
respectively. (Sioutas and Flocas, 2003). In north-
ern Italy severe convective events occur for K in-
dex values greater than 30, CAPE values ranging 
from 700 to 2500 Jkg-1 and SWEAT index values 
ranging from 250 to 300 (Costa et al. 2001). A re-
view of various threshold levels applied in Europe 
can be found in Siedlecki (2009). This study fo-

 
Fig. 4. Yearly averaged distributions of Showalter (a), SWEAT (b), K-Index (c) and CAPE (d). 
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cuses on index extremes and thus the selected set 
of thresholds is derived from the assessment of the 
frequency distributions of the index values along 
with those proposed by the literature. A uniform 
strict set of thresholds is selected which corres-

ponds to increased atmospheric instability in the 
region. Showalter values below 0, describe the left 
tail of the Showalter values distribution at the four 
stations while SWEAT values greater than 250, K-
Index greater than 30 and CAPE greater than 

 
Fig. 5. Annual summer averages of Showalter (a), SWEAT (b), K-Index (c) and CAPE (d). 

 
Fig. 6. Frequency distributions of Showalter (a), SWEAT (b), K-Index (c) and CAPE (d) for Sofia station. 
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600Jkg1, the right tail of the distributions at the 
four stations. The frequency distributions for the 

station of Sofia are illustrated in figure 6. It is 
noted that for the frequency distribution of CAPE, 
only values greater than 0 Jkg-1 are used.  
The numbers of days in which thresholds are ex-
ceeded along with the mean index value for these 
days are presented for each station in table 3. High 
frequency of thresholds exceedences is noted for 
the Sofia station for Showalter and K-Index and 
for Brindisi station for CAPE.  

The number of daily exceedences in Athens is 
much lower compared to the rest of the stations. 
The differences in the number of days among the 
compared stations partly results from an applica-

tion of uniform threshold levels in conjunction 
with the different atmospheric conditions at the 

four stations. Furthermore, especially in an ex-
treme value analysis, the quality of the radiosonde 
data is of great importance. Although as atmos-
pheric instability increases so does the likelihood 
of severe weather, the threshold exceedences 
should not be interpreted as an occurrence of con-
vective phenomena. A statistical analysis of the 
occurrence of thunderstorms in Athens (611 cases 
reported at Helliniko station by the Global Surface 
Summary of the Day database of NCDC) results to 
a wide range of index values with many cases 
where the values of indices from the 12UTC radi-
osonde do not favor convective phenomena.   

The monthly frequencies of threshold exceedences 
for each station for K-Index and CAPE are illu-
strated in figure 7. The majority of the exceedences 
are observed as expected during the summer 
months. Furthermore, for the stations of Athens, 
Istanbul and Brindisi and during transitional pe-
riods, the autumn exceedences are more frequent 
than in spring. For these stations the maximum of 
the threshold exceedences is observed during Au-
gust or July, while for Sofia station the maximum 

Table 3. Number of days in which stability index thre-
sholds are exceeded and mean index value  

  
Showalter  

< 0 
SWEAT   

> 250 
K Index    

> 30 
CAPE     

> 600Jkg-1 
  Days Mean Days Mean Days mean days mean 

Athens 266 -2,23 186 360,7 295 43,97 281 1379 
Istanbul 393 -2,41 323 338 538 39,73 603 1294 
Brindisi 373 -2,19 453 333,4 408 42,86 932 1232 
Sofia 1242 -1,83 373 340,6 1693 38,16 697 1313 

 
Fig. 7. Monthly frequency of threshold exceedences for K index (a), and CAPE (b).  

 
Fig. 8. Yearly threshold exceedences at Athens. 
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is observed earlier in the summer, during June or 
even in May.  

The yearly evolution of the exceedences of all in-
dices at Athens, Istanbul, Brindisi and Sofia are 
presented in figures 8, 9, 10 and 11 respectively.  
In Athens, for all indices and during 1986 and 
1987 an increase in threshold exceedences is ob-
served. Regarding the Showalter and the K indices, 
an increasing trend is observed after 1995. 
SWEAT index threshold exceedences for the 
whole period don’t have any meaningful trend and 
CAPE threshold exceedences after a gradual in-
crease until 1995 (with the exemption of 1986-

1987 period), exhibit a slow increase during the 
last decade.  

The evolution of threshold exceedences for Istan-
bul station doesn’t indicate any noticeable trend for 
any of the studied indices. Regarding Brindisi sta-
tion and for all indices an increase in the number 
of threshold exceedences is observed after 2000. 
After a sharp increase during 2002, the threshold 
exceedences remain relatively high compared to 
the rest of the studied period. While the excee-
dences of Showalter, SWEAT and K-Index until 
2001 remain relatively stable, the CAPE threshold 
exceedences have a decreasing trend until 2001.   

 
Fig. 9. Yearly threshold exceedences at Istanbul. 

 
Fig. 10. Yearly threshold exceedences at Brindisi. 

 
Fig. 11. Yearly threshold exceedences at Sofia. 
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Sofia station’s threshold exceedences are examined 
in two time frames, due to the incompleteness of 
the dataset for 1997-2000. Before 1997 a decreas-
ing trend is observed for the exceedences of Sho-
walter and CAPE thresholds, while a relatively 
stable evolution is observed for SWEAT and K-
Index. For the 2001 – 2008 time frame the thre-
shold exceedences of Showalter and K-Index have 
higher values compared to late 90’s and a relative-
ly stable distribution.   

6. Conclusions  
In this study atmospheric instability indices are 
calculated and treated as climatological variables 
in order to identify any climatological temporal 
changes from 1973 to 2008 at four stations in Sou-
theastern Europe. An increasing instability trend is 
identified after mid 1990s for the yearly averages 
of Showalter and SWEAT indices at Athens, Brin-
disi and Sofia. This trend is also evident for the 
annual summer averages of Showalter index at 
Athens and Brindisi. The yearly averages of CAPE 
index for all stations exhibit a decreasing trend un-
til the early 1990s and a stable evolution for the 
rest of the studied period. K-Index yearly and an-
nual summer averages follow a similar evolution at 
Athens and Brindisi with a decreasing trend until 
1985, a sharp increase until 1987 and a stable de-
velopment thereafter.  Regarding the frequency of 
index extremes and after applying a uniform strict 
group of thresholds, which results to increased at-
mospheric instability, a temporal assessment of 
threshold exceedences is carried out.  Threshold 
exceedences are observed mainly during the warm 
period and an increased frequency of autumn ex-
ceedences compared to spring is observed for the 
coastal stations. Athens station exceedences are 
much smaller compared to other stations and an 
increasing instability trend after 1993 is evident for 
Showalter and SWEAT threshold exceedences. Is-
tanbul exceedences do not impose any significant 
trend, while in Brindisi an increased number of ex-
ceedences is observed after 2000 for all indices.  

 

 

 

 

 

 

 

Sofia station shows an increase compared to 90’s 
values in the number of exceedences for Showalter 
and CAPE for the time frame 2001 - 2008. Further 
research is proposed in identifying different thre-
shold levels for every station and identifying 
changes in the instability patterns and their intensi-
ty in relation to climate change.  
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Abstract: The Republic of Moldova is among several Balkan countries affected by extreme drought.
Some districts in the country suffer from severe droughts approximately once every 3rd year, with seri-
ous consequences for the agricultural and food sectors. Any contribution to understanding and predict-
ing drought conditions will be a step toward minimizing drought impacts. Droughts in Moldova were
evaluated using meteorological data since 1955 and/or a long time series (1891–2009) recorded at
Moldova’s State Hydrometeorological Service. Evolution of drought severity for the 118-year and/or
54-year time series is based on the Si-m drought index, using temperature and precipitation series for the
calculations. In addition to meteorological data, the crop yields for corn (Zea mays L.), a crop widely
grown in Moldova, were used to demonstrate drought impact. The Si-m shows an increasing tendency
toward more intensive and prolonged severely dry and extremely dry summer months. The analysis
shows that 86% of the lower yield years were recorded for corn when drought occurred during April and
July–August. Corn yield is also highly sensitive to the occurrence of a short drought spell in August
(e.g., 1994, 1999, 2003 and 2007). Finally, the negative regression coefficient for corn yield indicates
that corn is most vulnerable to extremely droughts during April. This was the second cause for poor
yields, and particularly in southern districts during 1946, 1947, 2000 and 2009. In these dry steppe ar-
eas, extremely dry Aprils may explain 38% of the variability in corn yield.

Keywords: Si-m index, drought, dry, corn, variability, yield.

1. Introduction
The recent economic crisis has sent shock waves
over Europe, reaching all sectors of the agricultural
system. In addition, recent severe European
droughts (e.g., 2003 in Central Europe, 2005 in
Western Europe, 2007 almost throughout Europe,
and 2009 in southern and southeastern Europe)
have underscored just how significant can be the
impact on European economies (Potop et al., 2008;
Livada and Assimakopoulos, 2007; Loukas and
Vasiliades, 2004; Vicente-Serrano and Cuadrat-
Prats, 2007). The case of the Republic of Moldova,
which had severe drought in 2007, presents a re-
cent illustration of how a country can be affected
by, and respond to, the dual challenge of extreme
drought events and high international cereals
prices. Aggregate yields of winter and summer
crops fell by 63% for that year, thus reducing crops
production overall (FAO, 2007). A severe spring
drought was seen across Moldova, beginning as a
consequence of poor winter snowfall and little
spring rain. From October 2006 until July 2007,

rainfall was just 50% to 75% of the long-term av-
erage. In the south of the country, it reached only
25%. Then, during the summer months, drought
affected 80% of Moldova’s territory (Potop and
Soukup, 2009). For the entire period of meteoro-
logical observations in Moldova, similar extreme
events occurred only at the end of the 19th century
(in 1892) and in the mid-20th century (1946 and
1947). The 2007 drought was due to an almost
continuous persistence of tropical heat waves, such
that two summer months, June and August, were
the warmest in 120 years. Additionally, in July
2007, the heat was linked to persistent anticyclonic
situations favoring the advection of dry air masses.
The synoptic at the 500 hPa isobaric area was
characterized by a prevalence of tropical continen-
tal air from North Africa and a movement of warm
air into the inferior troposphere (Bogdan et al.,
2008).

The objective of this study is to provide an over-
view of a methodology for assessing drought in
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Moldova. The main aim is to propose usage of the
Si drought index and to discuss its potential use for
studying the evolution of drought severity in
Moldova. To be used for drought characterization,
the Si index must meet requirements that it (a) can
be calculated using data available from actual data
collection systems, (b) has a direct relationship
with vulnerable agriculture systems; and (c) can be
used for predictions and early monitoring systems.

A climate diagram provides a convenient way to
summarize much information about the drought
condition of a locality. This paper focuses also on
the graphical method of representing drought
spells, which serves for modeling the time aspect
of such an event. In particular, we have applied
Walter and Lieth climate diagrams in monitoring
and analyzing droughts. This method is very useful
in studies describing dryness and drought spells in
forest steppe and/or steppe regions (Bogdan and
Niculescu, 1999; Potop and Soukup, 2009, Potop,
2009). In these regions, we used Walter and Lieth
diagrams while assuming that a ratio of tempera-
ture/precipitation of 1:2 represented drought spells
and that of 1:3 represented dryness spells.
Moldova is located in a region of insufficient pre-
cipitation and has limited water resources. Average
annual precipitation is 370 mm in the south and
560 mm in the north. Rainfall events, and espe-
cially 80% is abundant ones, are highly variable in
time and space. A predominantly rural country,
76% of Moldova’s total area is agricultural land
while 9.6% is under forests. More than 20% of cul-
tivated land is under irrigation.

2. Data and methods
Droughts in Moldova have been evaluated while
taking into consideration either meteorological
data since 1955 and/or a long time series (1891–
2009) recorded by the National Fund of Hydrome-
teorological Data at the State Hydrometeorological
Service in the Republic of Moldova. Evolution of
drought severity for the 118-year and/or 54-year
time series is based on the Si-m drought index us-
ing temperature and precipitation series in the cal-
culations. The Chisinau station (the central part of
the Republic of Moldova) is the site with the long-
est uninterrupted series of air temperature and rain-
falls records in the Republic of Moldova, dating
back to 1891. For 14 meteorological stations the
statistical sequence covers the interval from 1955
to the present (Fig. 1). In addition to meteorologi-
cal data, the yields for corn (Zea mays L.), a crop
widely grown in Moldova, were used to demon-

strate drought impact. Agricultural databases con-
taining the yield series for 1955–2007 were avail-
able for individual districts as reported by the Na-
tional Bureau of Statistics of the Republic of
Moldova. The Si-m index has been used as a tool
for identifying drought’s severity, frequency and
time occurrence. This index provides a measure of
the long-term intensity of drought conditions de-
rived from precipitation and temperature anomalies
and their combined effects on soil water availabil-
ity to plants. A detailed approach for calculating
Si-m is shown in Potop et. al. (2010). Si is ex-
pressed by the following equations (1-4):
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where: ΔT= tτ -tn; ΔR= rτ -rn and ΔE= eτ -en, i andτ
- climatological station and time, respectively, tτ –
monthly mean air temperatures in τ – a specific
year, tn – long-term monthly mean air tempera-
tures, rτ – monthly precipitation amounts in τ – a
specific year, rn – long-term monthly precipitation
amounts, eτ – monthly amount of moisture in a 0-
100 cm soil layer in τ – a specific year, en – long-
term amount of moisture in a 0-100 cm soil layer,
σT, σR, and σE – root-mean-square deviation in
monthly temperature, precipitation and moisture of
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Fig. 1. Station network used for the analysis of drought
months over 1955-2009 and the Chisinau station for the
years 1891-2009. It includes the spatial distribution of per-
cent of normal rainfall in the warm half of the 2009 year
(April-October).
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soil, respectively.

In case of the identification of meteorological
drought only the first and second parameters of the
equation 1 can be calculated:

R
R

T
TmS i σσ

τ Δ
−

Δ
=− )(

or
( ) ( )

RT
mS i σσ

τ ττ nn r-rt-t)( −=− (2)

Pedological drough (drought in the soil) can be
formulated by equation 3:
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Agricultural drought as a complex event may also
be identified by equation 4.
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In a previous study, we proposed three methods for
calculating the Si index that we characterized as
meteorological drought (Si-m), pedological
drought (Si-p), and agricultural drought (Si-a). The
advantage of the complete Si index (Si-a, Si-p, and
Si-m) is in its capacity to utilize calculations that
are based on available data. In addition, the Si-m
can accurately predict drought based on tempera-
ture and rainfall data alone. By contrast, Si-a and
Si-p indices must be combined in order to predict
an agricultural drought. Because of its ability to
detect drought and wet periods and/or distinguish
meteorological drought from agricultural drought,
Si-m has been used as the indicator for monthly
meteorological drought in the present study (Table
1). For Si-m, the categories interval ranges from
extreme drought (Si-m≥3) to extreme wet (Si-m≤-
3). So, positive values of Si-m correspond to dry
periods, negative to wet periods. Another interpre-
tation can be made as follows: positive values of
Si-m correspond to a warmer thermal regime dur-
ing some period, whereas the negative ones reflect
a colder thermal regime.

In order to assess dryness condition more effec-
tively in this study, we used a nontraditional con-
cept representing one year and which consists of
two half-years: the first half is cold and the second
half is warm. We selected 1 October as the begin-
ning for this agrometeorological year, the winter
half of which ends in March. The summer half-
year, from April to September, coincides with the
growing seasons for most crops. The civil calendar
year is inconvenient for agricultural application,
because the winter season is divided into two parts
that are not linked to one another and the warm
part of the year is situated between them. For most
annual plants, the weather conditions of the previ-
ous growing season (represented by accumulated
water in the soil) have more importance than do
those of the current growing season. Similarly,
perennial or biennial plants, and especially winter
crops, begin their growth with six months of cold
that can often be a critical period (Koznarova and
Klabzuba, 1993). Also, from the viewpoints of soil
tillage, hibernating pests, development of diseases,
frost damage and drought occurrence it is not pos-
sible entirely to ignore the period of the previous
winter. Thus, the method for evaluating dry spells
in separate years utilized Walter and Lieth climatic
diagrams, which facilitate detailed analyses, and
especially in the critical period of crop growth and
development (Walter and Lieth 1961). The reason
for using this method is that drought can start at
the end of one month and extend into the next
month, or it can continue for several successive
months. This makes it possible to determine the
drought spells without needing to resort to using
indices. The index of fluctuations in corn yields
over time (Cm) was used to assess the impact of
drought conditions in the process of corn crop
formation in the various regions of the country.
The Cm was calculated on the basis of equation 5:
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where yi = average yield per particular year, y =
long-term average crop yield, yt = detrended yield,
and n = number of years in the investigation.

3. Results and discussion
In accordance with the Si-m index, extreme
drought months were recorded in the winter season
for December of 2006, 1972, 1898, and 1974;
January of 1902, 1989, 1936 and 1994; and Febru-
ary of 2002, 1925, 1989 and 1959 (Table 2). As

Table 1. Drought criteria proposed for Si index
Drought severity classification

mild moderate severe extreme
Meteorological
drought (Si-m) 0≤Si-m <1 1≤ Si-m <2 2≤ Si-m <3 Si-m ³3

Agricultural
drought (Si-a) 1≤ Si-a <2 2≤ Si-a <3 3≤ Si-a <4 Si-a ³4

Pedological
drought (Si-p) 0≥ Si-p >-1 -1≥ Si-p >-2 -2≥ Si-p >-3 Si-p ≤-3
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can be seen from figure 2, the period from 1890 to
1950 contains a larger number of severe drought
months especially in the autumn season. By con-
trast, the
period from 1950 to 2009 clearly shows a large
number of extreme drought months in spring and
summer. The period 1990–2009 ranks as having
drought most frequently in all months. It can be
noted that the summer drought months of 2007,
2006 and 1999 were ranked highest in severity by
the Si-m drought index. In June 2007, the Si-m
values were equal to or greater than 3. This made
June 2007 the driest June since 1891 at the Chisi-
nau station and the driest on record for all clima-
tological stations since 1955. The severity of the
June drought of 2009 ranks only 11th (Table 2).
During the month of July 2006, more than 65% of
the country’s Si-m values were equal to or greater
than 4 (which indicate disaster drought impact). At
the majority of climatological stations, August
1999 was the driest and warmest August ever re-
corded. In addition, severe heat waves occurred
across central and southern Moldova during much
of August. From these comparisons, we conclude
that the most extreme droughts in the summer
months have occurred in the last decade. This is

true also for the winter months, such as December
(2006) and February (2002), but January 1989 is
ranked as the 2nd-most extreme for warmth and
drought in that month. Indeed, the longest enduring
drought and the most severe autumn-winter-spring-
summer drought started in October 2006 and ended
in September 2007. That drought, which prevailed
over Moldova and neighboring countries during
spring and summer of 2007, was exceptional in re-
gard to both severity and duration. According to
one recent study (Bogdan et al., 2008), in the 2007
drought there developed unusual climatic condi-
tions for the temperate-continental area of
Moldova and Romania. For instance, summer tem-
peratures occurred two weeks earlier than usual.
Moreover, warm spells during the wintertime, ac-
centuated the drought event in the later seasons.
The summers of 2003, 2006, 2007 and 2009 are
evaluated as exceptional droughts for Southeast
Europe, and crop production was reduced by more
than 20%. The Si-m index has registered the high-
est positive values (extreme heat and drought) for
July 2006 and August 1999. By contrast, the in-
dex’s greatest negative value (extreme wet) oc-
curred in September 1996. During this month there
was a heavy precipitation event, hence similar high

Table 2. Si-m ranking of the 21 most severe and extreme warm and drought months from 1891 to 2009 at the Chisi-
nau reference station.

Ranking Warm and drought winter Warm and drought spring Hot and drought summer Warm and drought autumn
December January February March April May June July August September October November

1 2006 1902 2002 1990 1968 1907 2007 2006 1999 1994 1896 1926
2 1972 1989 1925 1959 2009 1958 1946 1935 1992 1892 1960 1923
3 1898 1936 1989 1938 1994 2007 1964 1993 1946 1932 1935 1969
4 1974 1994 1959 1961 1948 2003 1924 2000 1951 1937 1923 1963
5 1958 1925 1998 1906 1972 1963 1981 1930 2001 1982 1932 1990
6 1915 1930 2008 1921 1986 1986 1953 1937 1905 1975 1984 1977
7 1989 1921 1995 1972 2000 2000 1975 1952 1929 1909 1959 2006
8 1964 1983 1990 1994 1975 1950 1938 1927 2007 1896 1907 1898
9 2000 1939 1904 1975 1947 2002 1968 1938 2008 1924 2008 1938

10 1910 1961 1987 1983 1899 1996 1935 1956 1892 1963 2006 2003
11 2004 1975 1914 1930 1989 1982 2009 1895 1939 1986 1967 1967
12 1932 1993 1950 1897 1952 1997 1892 1905 1962 1952 1927
13 1901 1998 1957 1913 1946 1923 1951 1950 1986 1983 1917
14 1912 1952 1974 1925 1998 1924 2000 1894 1909 1897
15 1950 1991 1892 1912 1926 1892 1996 1945 1952 1950
16 1951 1949 1894 1934 1967 1947 1998 1922 2003 1954
17 1985 1990 1893 2007 1973 1968 1896 1958 1897 1961
18 1975 1898 1958 2008 1971 1908 2004 1938 1999
19 1979 1899 1927 1951 1969 1965 1900 1923
20 1982 1962 1937 1927 1901 1896 1921 1967
21 1993 2007 1913 1905 1900 1990
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negative values of Si-m≤-2 were registered for the
majority of weather stations. Thus, the Si-m index
has a high capacity to identify both drought and
wet months on the territory of Moldova. The long-
term variability of Si-m for summer drought and
smoothing of the series using a 5-year Gaussian
filter in the period 1891–2009 are illustrated in
figure 3. The Si-m shows an increasing trend in the
period studied and an increasing tendency toward
more intensive and prolonged dry summer months.

As a result prolonged drought periods in the sum-
mer months during the early 1900s, early 1920s,
late 1930s, middle 1940s, late 1960s, early 1980s
to late 1990s, and early 2000s were observed.
From the total number of drought months in the
summer half-year, 53% of those months are May,
June and July. By contrast, from the total number
of drought months in the winter half-year, 44% of
the months are October, December and February.
In the last decade, the following severe drought

Fig. 2. Fluctuations in individual summer months of Si index over the territory of Moldova during
the period 1890–2009, including linear trends and smoothing of the series by 5-year Gaussian filter.
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months were recorded: April (2009 and 2000), July
(2006, 2000), August (2003, 2007 and 2009) and
September (2005). Having analyzed the character-
istic features of drought in Moldova, we can state
that approximately once every three years the
country suffers from severe drought during the
spring and/or summer. In addition, extreme sum-
mer drought events are often accompanied by heat
waves, as exemplified in the years 1994, 1999,
2000, 2006, 2007 and 2009. Extreme winter
droughts are often accompanied by warm spells,
such as in 1989, 1994, 1998 and 2006/2007. The
winter of 2006/2007 was determined to be the
warmest and driest in the entire period of observa-
tion. For the majority of climatological stations,
the longest drought period was observed in the
decade of 1990 to 2000. After the 1990s, the fre-
quency of intense droughts increases. Because this
tendency is gradually leading to increased soil loss,
wind erosion and degradation of soil fertility, it
threatens the agricultural economy and the wealth
of the rural population.

The impact of droughts on yields proved to be
higher when analyzed on the basis of crop devel-
opment stages. This is explained by the higher oc-
currence of dry spells during development stages
sensitive to water deficit. For corn, this is during
tasselling, grain formation and grain filling. The
highest yield reductions by drought occurring in
the flowering and grain filling stages on the whole
territory of Moldova were in the following years:

1946 (0.6 t/ha), 1953 (1.0 t/ha), 1957 (1.7 t/ha),
1967 (2.8 t/ha), 1983 (3.7 t/ha), 1986 (3.1 t/ha),
1990 (3.4 t/ha), 1992 (2.5 t/ha), 1994 (1.6 t/ha),
2000 (2.1 t/ha), 2003 (2.8 t/ha) and 2007 (0.7 t/ha).
A tendency of decreasing average yields of corn
has been noted during the last 10 years. This fact is
linked with increasing drought conditions observed
for this period, as well as with such other condi-
tions as inappropriate agrotechnical measures and
lack of irrigation that contribute to corn crops’ de-
creasing drought resistance. According to data of
the National Bureau of Statistics documenting corn
yield losses, the most significant losses in corn
production were in 1946 and 2007. The severity of
Moldova’s 2007 drought is comparable only to the
worst situation that occurred in 1946, known as the
year of the famine, when many Moldovans starved
to death following the loss of the spring cereal har-
vest (FAO 2009). According to the climatic dia-
gram, the longest period of the phenomenon in
2007 was 6 consecutive months (Fig. 4). The con-
tinuous period without precipitation varied be-
tween 30 days (north region) and 70 days (south
region) and the number of days with relative air
humidity ≤ 30% ranged from 50 to 80 days, which 
is three times greater than normal. The number of
tropical days (tmax ≥ 30°C) was 36–45 days,
which is three times higher than normal (Cazac et
al. 2007). The main factors affecting production in
2006/2007 were increasing drought severity and
adverse agricultural terms of trade. This suggests
that the more extensive are the drought areas, the
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greater are the variability and reduction in cereal
crops yields. High variability of the corn yield is
characteristic of those districts where the average
yield is lower than the average yield for the coun-
try as a whole (Fig. 5a-b). On the territory of
Moldova non-uniform spatial differentiation of Cm
is observed. The spatial distribution of Cm sug-
gests that three types of districts can be differenti-
ated, those with stable yield (Cm = 0.2 to 0.25),
moderately stable yield (Cm = 0.25 to 0.30), and
vulnerable yield (Cm ≥0.30). The greatest part of 
the territory of Moldova can be characterized by
stable and moderately stable yield, the exception
being in the south and southwest parts of the coun-
try. In these regions, droughts are more frequent
than in the other districts of country. Table 3 shows
the effects of drought on corn yield. The drought
impact on corn yield was analyzed by indentifying
the relationships between the variability of corn
yield (Cm) and drought (Si-m). In the majority of
districts a greater probability of Si-m≥2 was ob-
served from April to July. The regression equation
from Table 3 shows that 86% of the lower yield
years were recorded for corn when drought oc-
curred during April and July–August. On the other
hand, the corn yield is also highly sensitive to the
occurrence of a short drought spell occurring in
August (e.g., 1994, 1999, 2003 and 2007). Those
years with pronounced drought during August in-
dicate large reductions in the harvest, as that month
coincides with increased demands for moisture.
Finally, the negative regression coefficient for corn
yield indicates that corn is most vulnerable to ex-
treme droughts during April. This was the second
cause for poor yields, and particularly in southern
districts (1946, 1947, 2000 and 2009). In these dry
steppe areas, extremely dry Aprils may explain

38% of the variability in corn yield. As has been
shown in various papers (e.g., Constantinov and
Nedealcov, 2007; Koleva and Alexandrov, 2008;
Mavromatis, 2007) the impacts of drought are very
significant for grain production in many Balkan
countries, including the Republic of Moldova.

average air
temperature

dry spell

rainfall

2007year

Chisinau47°01'NLat. 28°49' ELong. 173ma.s.l.

Fig. 4. Climatic diagram showing drought spell in 2007
at the Chisinau reference station.

Fig. 5. Long-term corn yield per district (up) and varia-
bility of corn yield (down) in Moldova
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4. Conclusions
The frequency of extremely dry months and the
past variability of drought months were estimated
using the Si-m index. An analysis of spatial-
temporal variability of corn yield was made and
the influence of drought on corn’s productivity was
studied. Drought events for the Republic of
Moldova were established as a climate risk event
in corn production. Corn yield in this region is
most vulnerable to prolonged droughts during
summer months (particularly in July–August) and
to extremely dry spring months. The growth stages
of corn show the negative signs of Si-m index in
given months when drought conditions are signifi-
cant for determining yields. Increasing severity of
drought spells and their increasing frequency result
in an increasing probability for drought stress to
occur, and that is accompanied by decreased mean
corn yields and increase in their variance.

The most extreme drought months for the entire
reference period were the following: April (1968,
2009), May (1907), June (2007, 1946), July (2006,
1935), August (1999, 1992), September (1994),
October (1895), November (1926), and December
(2006). The longest drought spells were recorded
during four months in 1946, 1953, 1994, 2006,
2007 and 2009. Extreme droughts lead to unusual
situations and profound crises in Moldova’s agri-
cultural and food sectors. The last 5 years have
demonstrated once again that agriculture is the
most vulnerable and risky sector of the national
economy. The corn yield in 2007 was the lowest
within the past decade. As a result, drought is hav-
ing a major impact on the financial situation of
farmers and is causing partial loss of the seeding
fund.
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Abstract: An objective analysis of 500-hPa cyclones (500-hPa lows) is performed during the warm pe-
riod (15 Apr-15 Oct) of the year for central and east Mediterranean regions. Α 40-year (1958-1997) data 
basis of geopotential height values with a detailed (2.5 X2.5 ) spatial and temporal (00, 06, 12, 18 
UTC) resolution is used in the study. Lows are determined as local minima in each 3X3 matrix of geo-
potential height values for every grid point in the area of study. A gradient criterion between the central 
point and the surroundings is additionally applied to exclude weak lows, which probably originate from 
the assimilation procedure. A sub-area which consists of 36 grid points and includes the Greek penin-
sula is selected for the investigation of relationship between cyclone occurrence and precipitation 
amount. Cyclone occurrence is classified in nine groups consisting of four (4) grid points each. During 
the domination of these cyclones, daily precipitation amounts where determined from precipitation data 
collected at a 20-station network, which was operational during the same time period. In cases of multi-
ple cyclone occurrences per day, the location of the deepest cyclone was selected. The spatial distribu-
tion of average precipitation amount in each of the nine cyclone groups is plotted and discussed. The 
comparison of these nine distributions revealed three major factors affecting the location of frequency 
maxima and minima. The first is low-level instability, the second is orography and the third is positive 
vorticity advection associated with 500-hPa cyclones. 

Keywords : 500-hPa cyclones, Greece, warm period of year, precipitation, orography, positive vorticity 
advection. 

 
1. Introduction 
Warm season precipitation in the Mediterranean is 
very important for the yearly water balance. Pre-
cipitation is also closely related to natural hazards 
such as flash flood and soil erosion. These natural 
hazards are usually producing severe damages in 
both natural and anthropogenic environment. They 
are also very destractive to both plants and agricul-
tural yield, because during the warm period of the 
year, plants are in active development stage. De-
structive effects include plant inclination (e.g. ce-
reals in mature stage) bursting of fruits (especially 
cherries) and fungi infections when precipitation is 
combined with the absence of direct solar radia-
tion. Moreover, the flooding of cultivated areas in 
early stages usually causes the destruction of plants 
through asphyxiation of seeds.  

There are several synoptic causes for precipitation 

events during the warm period of the year (15 
April to 15 October). At the beginning and the end 
of this period, a great variety of middle latitude 
depressions affects the area with identifiable sur-
face and upper air features such as fronts and low 
pressure centres. Among the synoptic causes, the 
African (Saharan) depressions at the north –west of 
this region, play for example an important role on 
precipitation in western or southern Greece espe-
cially during middle/late spring and middle autumn 
(Prezerakos, 1985). But by the time summer sets 
in, a lack of identifiable surface features is evident 
and only upper air disturbances can be detected. 
The upper air low or cyclone remains among the 
most easily identifiable features. The situation 
which is presented in figure 1 (a 500-hPa hand-
made analysis at 00 UTC in the 1st of May 1997), 
is a synoptic example of a severe precipitation 
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event. A series of troughs around the low centre is 
indicated by their axes as dotted lines. The closed 
low at geopotential height field which has its cen-
tre over the Balkans (Fig. 1) is also combined with 
a pocket of cold air (-30 °C) at the same level. The 
cold air mass which usually extends to lower and 
upper levels is the reason for naming these synop-
tic features “cold pools” (Papagiannakis, 1967) in 
the early stages of synoptic meteorology. Weather 
conditions under the domination of such synoptic 
situations have been studied only for certain places 
in Greece (Maheras, 1982). For example in Thes-
saloniki, Maheras notices the slow movement of 
cold pools toward the east and the production of a 
daily precipitation amount of an average 5.3 mm. 
The long lasting cloud cover, the high relative hu-
midity (70% on the average) and the small daily 
variation of the temperature is also noticed. 

Concerning precipitation distribution in Greece 
and its connection to atmospheric circulation, sev-
eral studies have contributed results. The majority 
of them however, mainly refer to winter precipita-
tion. A study by Laliotis (1977) uses subjective 
synoptic analysis every 12 h and precipitation 
measurements at several stations but the data base 
covers only a decade. Among the objective studies 
for the area, useful results are found in the studies 
by Xoplaki et al., (1999) and Bartzokas et al., 
(2003). More recently (2008), a study by Houssos 
et al., deals with the association between extreme 
precipitation and circulation patterns by using 
analysis on a 33-year data basis (1970-2002). The 

present study is based on an objective analysis 
(Spanos, 2004) which employs a 40-year data base 
for the geopotential height and precipitation and 
focuses on warm period precipitation. 

2. Materials and Methods 
The 40-year (1958-1997) NCEP/NCAR reanalysis 
gridded data of geopotential height with a 2.5ºx 
2.5º spatial and 6-h temporal resolution (00, 06, 12, 
18 UTC) are employed (Kalnay et al., 1996). The 
investigation covers the warm period of the year 
(15 April to 15 October). Lows or Cyclones were 
determined as local minima in each 3X3 matrix of 
geopotential height values within the area of inves-
tigation. A gradient criterion between the central 
point and the surroundings is additionally applied 
to exclude weak lows, which probably originate 
from the assimilation procedure (Trigo et al., 
1999). The gradient criterion in the study was pro-
duced through an experimentation procedure 
which is thoroughly described in Spanos et al. 
(2003) and in Spanos (2004). For example a gradi-
ent of 1 gpm per grid-point distance (GPD) overes-
timates the number of lows by 10% while a gradi-
ent of 3 gpm per GPD only by 6%. Overestimation 
was based on comparison with official subjective 
analyses. The investigated area (Fig. 2) covers 
parts of central and east Mediterranean region (30º 
north to 50º north latitude and 5º east to 35º east 
longitude). A sub-area which consists of 36 grid 
points and includes the Greek peninsula is selected 
for the investigation of the relationship between 
cyclone occurrence and precipitation amounts. In-
vestigation is based on the detection of daily pre-
cipitation events from a 20-station network in 
Greece which was operational during the same 
time period (1958-1997). Drizzle (precipitation Fig. 1. A 500-hPa handmade analysis which is asso-

ciated with a severe flood in central Greece on 1st May 
1997 (Greek Meteorological Service). 

 
Fig. 2. Map of central and east Mediterranean region 
where grid lines and points are indicated. Dotted grid 
points represent the area for the precipitation investiga-
tion. 
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height=0 mm) was excluded from the sample. The 
occurrence of 500-hPa cyclones in the sub-area 
was examined only when at least one station indi-
cated measurable precipitation. Only the events 
with cyclone occurrence in the sub-area were con-
sidered. In order to assign only one cyclone occur-
rence to each daily precipitation event, the deepest 
cyclone of the day was finally considered. 

Cyclone occurrence in the sub-area is divided into 
nine (9) groups. Each group consists of 4 grid 
points and is characterized by its orientation in the 
investigated area. The characterization involves 
two letters (e.g. SW represents the southwest 
group) and is presented in figure 3. The number 
below the name of the group shows the number of 
cyclone occurrences. 

The precipitation measuring network is shown in 
figure 4. It consists of 20 stations which are almost 
uniformly distributed over the territory. Daily pre-
cipitation amounts were averaged for all stations in 
each of the nine samples. For each sample a geo-
graphical distribution of average precipitation val-
ues was produced. The geographical distributions 
of the average daily precipitation, are presented in 
figures 5 to 7. Isopleths are drawn by using the 
Krigging method (Journel and Huijbregts, 1978) 

3. Results and Discussion 
Figure 5 shows the distribution of average precipi-
tation under the domination of 500-hPa cyclones 

belonging to the central groups (CC, CE and CW). 
In the CC group a local maximum is observed over 
central Aegean Sea and Crete Island. In this group 
the location of maximum values coincide with the 
location of positive vorticity advection which usu-
ally accompanies the cyclones (Prezerakos et 
al.,1996; Spanos, 2004). In the CE group, maxi-
mum values are observed to the southeast as ex-
pected. However, there is a second maximum to 
the northwest which is due to a northwest flow of 
air masses behind the cyclones. While northwest 
flow is indicative of ridge building behind the low, 
there are usually embeded short waves which pro-
duce precipitation in certain places. In the CW 
group, maximum values are observed over the 
southwest parts and especially over places lying 
between cyclone centres and the crest of Pindos 
mountain chain. This mountain chain follows the 
peninsula from northern Balkans towards the south 
over the Greek mainland and ends up as Cretan 
mountains. The two local minima which are lo-
cated to the east of the maxima indicate the exis-
tence of a Lee effect to the east of cyclone centres 
and the mountain chain. Ascending airflow still 
produces a second maximum over the Turkish 
coast.  

In figure 6, the average precipitation distributions 
correspond to cyclones of the northern groups 
(NC, NE and NW). The average precipitation over 
Thessaloniki (Fig. 4), which ranges from approxi-
mately 5 mm for the first two groups to 6.8 mm for 
the third group is in very good agreement with the 
value of 5.5 mm calculated by Maheras (1982) in 
these synoptic situations. In all northern groups, 
the dominant factors in the determination of local 
maxima are primarily the positive vorticity advec-
tion and secondarily the location of orography rela-
tive to the general flow. Local maxima are ob-
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Fig. 3. Characterization of grid points according to their 
orientation in the investigation area. Below the group 
names, the numbers of cyclone occurrences are indi-
cated. 
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served over the Turkish coast which is to the south 
or southeast of cyclone centres. A detailed investi-
gation (Spanos, 2004) showed that for the cyclones 
of these groups the positive vorticity advection 
usually lies to the southeast of the centres. 

Figure 7 shows the distribution of average precipi-

tation under the domination of cyclones belonging 
to the southern groups (SC, SE and SW). Cyclones 
in these groups are usually early autumn cyclones 
which form when cold air enters the Mediterranean 
basin. Warm basin waters transform cold air 
masses to relatively warm and unstable masses. 

                                           (CC) 

20 22 24 26 28
35

36

37

38

39

40

 
                                           (CE) 

20 22 24 26 28
35

36

37

38

39

40

 
                                           (CW) 

20 22 24 26 28
35

36

37

38

39

40

 
Fig. 5. Spatial distributions of average precipitation 
(mm) in Greek territory under the domination of cyc-
lones of the central groups, such as central central (CC), 
central east (CE) and central west (CW ) group. 
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Fig. 6. Spatial distributions of average precipitation 
(mm) in Greek territory under the domination of cyc-
lones of the northern groups, such as north central (NC), 
north east (NE) and north west (NW) group. 



433 
 

The cyclones formed by this process are typical 
middle latitude depressions with frontal surfaces. 
In these groups, the stage of development of the 
depressions plays a more significant role than the 
location of upper air cyclones and modifies pre-
cipitation regimes. Warm water process and the re-
sulting instability seem to be the dominant factor 
in the determination of local maximum in figure 

6(SC). A further investigation (Spanos et al., 2003; 
Spanos, 2004) showed that many of the cyclones in 
this group are related to occluded depressions 
which originate in the southwest of Crete (Brody 
and Nelson, 1980; Prezerakos, 1997). In the SW 
cyclone group two local maxima (13 mm) are ob-
served. The local maximum of central Crete can be 
attributed to the easterly flow which is associated 
with surface lows. The surface lows are usually 
found to the east of the 500-hPa cyclones, over 
south Ionian or Aegean Sea, as in the case of 23 
October 1994 (Prezerakos et al., 1996). At the 
southern parts of the surface low northerly flow is 
produced over Crete, while at the northern parts of 
the low easterly flow is produced. The combina-
tion of these low level flow regimes with the orien-
tation of mountain chain justifies the location of 
the two maxima over Crete Island and central parts 
of Greek peninsula. The situation is similar to the 
described by cluster two in the study of Houssos et 
al. (2008). In the SE cyclone group the three local 
maxima are observed over the mountains of the 
peninsula. As the cyclones of this group have 
moved toward the east, ridges are built behind 
them. Under these circumstances, the main factor 
in the precipitation production is instability over 
the continental areas. Clearing of the skies permits 
solar radiation to heat the continent and therefore 
to produce vertical instability. Local thunderstorms 
which are developing in the afternoon are respon-
sible for the precipitation maxima. 

4. Conclusions 
When a 500 hPa cyclone dominates in the vicinity 
of Greece three main factors determine the location 
of precipitation. These factors act together but can 
be identified as primary factors for the various 
groups of cyclones. The first is the vertical insta-
bility produced by the combination of cold air aloft 
with warm air at the lower levels. Warm air at 
lower levels results from surface heating of air 
masses. Surface heating is developed over the con-
tinents by solar radiation as in the case of SE or 
NW groups. It may also be developed over warm 
waters resulting from heat storage as in the SC cy-
clone group. The second factor is the combination 
of orography and the orientation of Pindos moun-
tain chain relative to the flow patterns. This factor 
plays an important role in the cases of central west 
(CW) and south west (SW) cyclone groups. In all 
other groups the positive vorticity advection factor 
seems to be of primary importance for the location 
of maximum precipitation. 
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Abstract: The extraction, exploitation and trade of marble is one of the most important comparative ad-
vantages of Greek economy. However, despite of the presence of many granitic bodies of various sizes 
in Greece, no granites are extracted systematically. As a result the domestic demand of granites is al-
most totally covered by imports of either raw or processed granite. This has a serious impact to the trade 
gap of granites, which increases over the last fifteen years. Data on the Greek granite market are pre-
sented and evaluated, in order to elucidate the current trends. According to these, the demand for gran-
ites and the penetration of granites in the marble-granite market appear to increase over the period 1992-
2008. The main factors that affect the demand for granites are the number of hotels built and the net per 
capita disposable income of the consumers and to a less extent the number of new and renovated dwel-
lings. 

Keywords: granite, trade, granite market, ornamental stones, building materials, hotels, dwellings 
 
1. Introduction 
Greece exhibits a long tradition in the extraction 
and exploitation of building stones, particularly 
marbles. Today Greece is one of the most impor-
tant marble producers and exporters of marble of 
the world. Forty different types of Greek marble 
are available in the market and cover a wide range 
of colours and physical properties. The one with 
the highest commercial value is the snow-white 
dolomitic marble (Chatzipanagis and Vougioukas, 
2005). 

In recent years, the use of granite as a decor mate-
rial in buildings (indoors and outdoors) and 
monuments has globally been increased, due to its 
durability and appearance. In this paper, “granite” 
is a commercial term used in the dimension stone 
market, and encompasses a variety of igneous and 
metamorphic rock-types, used as building materi-
als. However, in igneous petrology, granite is a 
prevailing rock-type describing acid plutonic rocks 
having a particular mineralogy and geochemistry. 

Granites are quite common rocks in Greece. Gran-
itic bodies of various sizes can be found in 
Rhodope, Serbomacedonian and Atticocycladic 
Massifs, Circum-Rhodope, Stip-Axios and Pelago-
nian zones.  

Despite the fact that there is a global trend in using 
granite at increasing amounts instead of other 
building materials (Ciccu et al., 2005), and the ex-
tensive know-how in extracting and processing 
dimension stones, there is no systematic extraction 
of Greek granites. However, many granitic bodies 
may be considered of high quality and could be ex-
tracted.  Examples include the granites of Pisoderi 
and Agios Germanos in Florina (Kelesidis and 
Tsompos, 1990) and Vrontou in Serres (Chry-
sostomidis et al., 1992). 

In this paper an attempt is made to present the gen-
eral trends in the demand for granite in Greece. 
Additionally, some factors that may affect the de-
mand will be examined. These are the domestic 
hotel potential, the net per capita disposable in-
come of the consumers and the number of new and 
renovated dwellings. In addition some trends in the 
global stone market will be presented.  

1.1 The world stone market 
The world stone industry has expanded since the 
early 1990s with production growing by an aver-
age rate of 7% per year. From 2001 to 2005 the 
annual production growth was accelerated to a rate 
of 9% (www.immcarrara.com/stat/). Such a long 
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lasting tendency is linked to the global develop-
ment of the building industry parallel to the in-
crease of the world population (Ciccu et al., 2005).  

Consequently, if this trend continues, it can be es-
timated that the future volume of production and 
consumption will reach 450 million tons within the 
next twenty years. This figure is realistically at-
tainable, since it is supported by an international 
market rapidly growing and by a strong develop-
ment in technology. 

The world supply of granites is increasing. The 
overall increase in production and in export activ-
ity registered from 2001 to 2005, results from the 
excellent performance of fast growing countries 
like China, India, Turkey and Brazil, together with 
the progress of some recent entries like Iran and 
Egypt. On the other hand, the traditional leading 
countries represented by Italy, Spain, Portugal and 
some newcomers in the 90’s such as South Africa 
and South Korea seem to suffer the pressure of the 
enormous increase of export of Chinese products. 
Industry concentration is still very strong; the main 
four stone producing countries - China, India, Italy 
and Spain - represent more than 53% of the total 
production and account for 60% of the global ex-
ports (Ciccu et al., 2005). 

As far as the world demand for granites is con-
cerned, beside the traditional stone consumption 
countries like USA, Italy, France, Germany and 
Spain, dimension stone industry is encountering 
favourable conditions in regions where the build-
ing industry is dramatically expanding, such as 
China, India and some Middle East countries. Ac-
cording to data for 2004, it can be noted that: 

• The highest per capita demand is found in Euro-
pean countries like Italy, Spain and Greece where 
more than 1 m2 of stone products is consumed 
every year by each habitant. In the Western 
world, average annual consumption is around 0.5 
m2 with the US and the UK, respectively at 0.24 
m2/inh and 0.18 m2/inh., offering the largest mar-
ket growth potential. 

• World average annual consumption is around 
0.12 m2/inh, while the key emerging countries 
China and India are still not reaching half of this 
figure. 

• The new entrant producers Brazil and Turkey 
have a very high aptitude for export (Ciccu et al., 
2005). 

 

2. Data and methods 
The branch of marbles is one of the most important 
in the mining sector and the national economy of 
Greece. Greek marble is considered as one of the 
comparative advantages of Greek economy (Herz, 
1989). Despite the intensive competition from 
other countries (China, Italy, India, etc.), the diffi-
culties due to the institutional frame (e.g. difficul-
ties in providing extraction licences) and the high 
production costs, Greece is among the ten largest 
producers of marble of the world (Tsirambides, 
2005).  The demand for marble in Greece is vari-
able, although an increasing trend can be distin-
guished from 2001 to 2006.  

Granite is a substitute product to marble, offering 
great variability in colour and very good mechani-
cal properties. However there is no systematic ex-
traction of granites in Greece. As a result, the do-
mestic demand is mainly covered by imports of 
granite either raw or processed. The imported raw 
granite is processed by several enterprises that are 
activated in the marble extraction and processing 
sector. 

In order to investigate a possible trend in substitu-
tion of granites instead of marbles, data retrieved 
from the National Statistical Service of Greece 
(N.S.S.G., 2009) will be used. Moreover data con-
cerning the trade of granites in Greece (exports, 
imports and countries of origin) will be presented. 
Finally, two variables that may represent the de-
mand (the total imports of granite and the apparent 
consumption of granite) will be separately corre-
lated with some factors that are likely to affect 
them (the domestic hotel potential, the net per cap-
ita disposable income and the number of new and 
renovated dwellings). The correlation between the 
variables that represent the demand for granite and 
each one of the variables that may affect it will be 
assessed by using the r-squared values that were 
provided by the SPSS software.  

3. Results and discussion 
The demand of granite in the domestic marble-
granite market of Greece increases over the last 
years. This is evident from the data compiled from 
the National Statistical Service of Greece 
(N.S.S.G., 2009) that provide an increasing pene-
tration of granites substituting marbles, in terms of 
apparent consumption in tonnes. It must be noted 
that the apparent consumption is different from the 
real consumption and it is defined as the produc-
tion, plus the imports, minus the exports (Tab. 1).  
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It is noteworthy to mention that there is a strong 
increase in the apparent consumption of granites 
from 2003 to 2004. This is likely to be attributed to 
the large construction activities of this period, con-
cerning the Olympic Games.  

Data about the imports of raw and processed gran-
ite and the exports of processed granite of Greece 
are presented in table 2. An increase in the quantity 
of imported processed granite, with a parallel de-
crease in the quantity of imported raw granite is 
evident. That implies a decrease in the added value 
produced via the processing of granite domesti-
cally. This is likely to be caused by the increasing 
costs of processing granite domestically. 

Details about the origin, quantity and value of both 
raw and processed granite imported in Greece are 
presented in table 3.  

Brazil, S. Africa, Turkey and India are the most 
important exporters of raw granite to Greece, in 
terms of quantity and value. However, this is not 
the case in the processed granite imports. China is 
by far the largest exporter of processed granite 
from 2004 to 2006, while Italy and India follow in 
the second and third place respectively. It is worth 
noticing that the value of Chinese processed gran-
ite is increasing greatly.  

In table 4 the quantities and values of raw, proc-
essed and total exports of granite are presented. 
The exports of both raw and processed granite are 
confined. Additionally, it seems that there is no 
regularity in the variation of granite exports. 

The trade of Greek raw granites is limited. This is 
confirmed by table 5, where the destination, quan-
tity and value of Greek raw granites are presented. 
However, the trade of processed granites is more 
evolved as expected, because processed granites 
are products of high-added value, but it is mainly 
restricted to the Balkan countries. 

The trade balance for granites (both raw and proc-
essed) is strongly negative. The trade gap is grow-
ing with an increasing rate (Fig. 1), mainly due to 
the increase of demand in the domestic market and 
the lack of systematic granite extraction. 

Table 1. Penetration of processed granite in the total 
marble-granite market of Greece. 
Year Apparent con-

sumption of 
marble end-

products 
(tonnes) 

Apparent con-
sumption of 
granite end-

products 
(tonnes) 

Total 
(tonnes) 

Penetration (%) 
of processsed 
granite in the 

marble-granite 
market 

1993 1,674,140 2,971 1,677,472 0.18 
1994 1,756,030 1,475 1,757,505 0.08 
1995 1,377,480 882 1,378,362 0.06 
1996 1,354,850 3,971 1,358,821 0.29 
1997 1,434,135 4,571 1,438,706 0.32 
1998 1,419,770 13,31 1,433,080 0.93 
1999 1,400,155 12,555 1,412,710 0.89 
2000 1,491,200 17,001 1,508,201 1.13 
2001 1,333,595 11,293 1,344,888 0.84 
2002 1,542,865 19,01 1,561,875 1.22 
2003 1,722,520 28,648 1,751,168 1.64 
2004 1,727,443 41,144 1,768,587 2.33 
2005 1,728,131 33,62 1,761,751 1.91 
2006 1,702,330 41,447 1,743,777 2.38 
2007 1,542,228 34,57 1,576,798 2.19 
source: N.S.S.G., 2009 

Table 2. Quantities and values of imported raw, 
processed and total granites to Greece. 

Year 
Raw Processed Total 

Quantity 
(tonnes) 

Value     
(€) 

Quantity 
(tonnes) 

Value      
(€) 

Quantity 
(tonnes) 

Value      
(€) 

1993 2,06 185,729 1,421 555,008 3,481 740,737 
1994 7,734 695,149 2,277 819,806 10,011 1,514,955 
1995 11,68 2,126,917 4,838 2,809,561 16,518 4,936,478 
1996 16,454 3,624,179 4,839 3,190,154 21,293 6,814,333 
1997 20,018 3,358,019 6,691 3,707,974 26,709 7,065,993 
1998 21,563 4,089,793 7,017 4,023,927 28,58 8,113,720 
1999 22,384 4,614,418 7,867 4,412,654 30,251 9,027,072 
2000 19,567 4,590,833 5,634 2,933,627 25,201 7,524,460 
2001 26,332 5,952,197 7,965 4,826,261 34,297 10,778,458 
2002 26,874 5,826,501 10,241 5,254,094 37,115 11,080,595 
2003 22,345 4,897,122 15,884 6,847,492 38,229 11,744,614 
2004 25,907 4,367,447 17,56 6,966,399 43,467 11,333,846 
2005 19,975 4,533,426 21,799 8,817,856 41,774 13,351,282 
2006 19,993 3,995,114 26,681 9,627,829 46,674 13,622,943 
2007 24,593 2,799,236 30,77 10,587,748 55,363 13,386,984 
source: N.S.S.G., 2009 

Fig. 1. The trade balance of granites. 



438 
 

The demand for building materials such as marble 
and granite can be affected by a variety of factors. 
The most important of them is the public and pri-
vate building activity. 

Large quantities of marble and granite have been 
used and will continue to be used for the construc-
tion of several large public works. Good examples 
are the ‘Eleftherios Venizelos’ airport in Athens, 
works for the ‘Athens 2004’ Olympic Games, the 

‘Athens Metro’ and the ‘Thessaloniki Metro’ 
which are still in progress. However, there is no 
available data for the quantities of marble and 
granite used in the above works. 

 Large quantities of granite are also used in hotels 
in both interior and exterior applications. Conse-
quently, the number of new hotels built can affect 
the demand for granites. Relative data on the hotel 
potential of Greece, retrieved from the Hellenic 
Chamber of Hotels (www.grhotels.gr) are pre-
sented in table 6.  

The private building activity can affect the demand 
for granites, as they can be applied at floors or 
walls as decorative stones in new and renovated 
dwellings. However the quantities of granite used 
are likely to be smaller than that used in hotels. 
Data about the new and renovated dwellings have 
been compiled from the National Statistical Ser-
vice of Greece (www.statistics.gr) and are pre-
sented in table 7.  

Finally, the demand for granites can be affected by 
other factors such as the per capita disposable in-
come of the consumers and the presence of substi-
tutes in the market and (Table 7). Ceramic or wood 
tiles can be used instead of marble or granite. Ac-
cording to ICAP (2006) the domestic apparent 
consumption of ceramic tiles increases with an an-
nual growth rate of 3.6%. The main driving force 
for consumers to prefer ceramic or wood tiles in-
stead of granite is the price. Granite is a product 
that appeals to consumers of high economic status. 

In order to assess the extent at which the above 

Table 3. Quantities and values of raw and processed 
granite exporters to Greece. 

Raw granite imports 

Country 
2004 2005 2006 

Quantity 
(tonnes) 

Value      
(€) 

Quantity 
(tonnes) 

Value      
(€) 

Quantity 
(tonnes) 

Value     
(€) 

Finland 144 21,579 2,119 197,901 277 248,162 
Italy 989 332,872 1 45,737 26 18,972 
Spain 1,932 118,213 0 0 2 146,247 
U.K. 4 9,007 0 0 0 0 
Germany 1 6,718 0 0 0 0 
Cyprus 0 0 65 20,576 0 0 
Brazil 3,545 529,152 2,894 621,972 4,978 934,031 
India 1,138 233,033 5,016 1,175,030 4,855 796,761 
S. Africa 2,539 516,713 5,167 1,176,230 4,599 984,211 
Turkey 5,884 303,331 449 34,832 2,893 221,786 
Norway 1,219 516,562 1,049 395,732 1,412 512,051 
Bulgaria 1,035 69,179 326 24,439 487 29,814 
China 2,417 684,203 332 95,735 347 96,181 
Zimbabwe 3,401 873,069 2,371 729,775 0 0 
Egypt 1,181 85,161 95 6,762 0 0 
F.Y.R.O.M. 316 32,13 44 2,924 0 0 
Ukraine 78 24,758 0 0 0 0 
Syria 55 2,517 0 0 0 0 
others 29 9,25 47 5,781 117 6,898 

Processed granite imports  

Country 
2004 2005 2006 

Quantity 
(tonnes) Value (€) Quantity 

(tonnes) Value (€) Quantity 
(tonnes) Value (€) 

Italy 2,525 1,531,54
3 2,805 1,915,08

5 2,855 2,039,626 

Spain 210 80,259 637 231,3 666 276,325 
U.K. 51 245,967 121 543,133 250 1,051,904 
Portugal 269 226,236 222 233,954 51 71,785 
Denmark 28 14,001 0 0 0 0 

China 12,089 3,846,07
2 14,367 4,320,13

2 18,735 4,482,541 

India 684 540,974 1,177 881,148 1,445 896,89 
Turkey 735 160,396 229 113,72 1,02 272,621 
Egypt 564 111,342 1,249 259,193 512 118,084 
S. Africa 0 0 253 43,437 469 87,032 
Bulgaria 112 12,021 88 9,689 271 33,577 
Ukraine 0 0 95 62,586 91 63,288 
Brazil 215 143,511 230 82,097 86 88,715 
Singapore 34 19,835 110 58,99 66 50,3 
F.Y.R.O.M. 2 5,832 20 10,188 14 12,706 
U.S.A. 40 20,137 0 0 0 0 
Syria 0 0 186 48,761 0 0 
others 1 8,273 10 4,443 150 82,435 

source: N.S.S.G., 2009 

Table 4. Quantities and values of raw, processed and 
total granite exports from Greece. 

Year 
Raw Processed Total 

Quantity 
(tonnes) 

Value     
(€) 

Quantity 
(tonnes) 

Value     
(€) 

Quantity 
(tonnes) 

Value     
(€) 

1993 85 13,224 413 80,716 498 93,94 
1994 12,327 1,159,774 1,845 388,966 14,172 1,548,740 
1995 5,968 730,747 1,144 659,709 7,112 1,390,456 
1996 428 176,179 1,274 862,811 1,702 1,038,990 
1997 244 82,45 1,595 1,055,709 1,839 1,138,159 
1998 263 83,533 2,017 1,481,291 2,28 1,564,824 
1999 1,315 358,23 2,555 1,893,371 3,87 2,251,601 
2000 1,086 376,595 4,386 3,041,166 5,472 3,417,761 
2001 1,555 528,375 3,923 2,636,580 5,478 3,164,955 
2002 2,108 512,594 2,932 2,125,569 5,04 2,638,163 
2003 1,605 337,664 5,263 3,517,041 6,868 3,854,705 
2004 2,789 631,412 5,171 3,529,938 7,96 4,161,350 
2005 4,327 873,401 3,943 2,796,412 8,27 3,669,813 
2006 1,819 390,91 4,806 3,194,484 6,625 3,585,394 
2007 11,998 2,387,934 6,09 3,178,645 18,088 5,566,579 
source: N.S.S.G., 2009 



439 
 

variables are related to each other, the relative cor-
relation matrix was made (Table 8). Two of them 
monitor the demand for granites in the market (to-
tal imports in tonnes and apparent granite con-
sumption in tonnes) and three selected variables 
(number of hotels, net per capita disposable in-
come and number of new and renovated dwell-
ings), as described above, are likely to affect them. 
The correlation between all the variables was of 
cubic form (y=ax^3+b), rather than linear or qua-
dratic, as this one provides the highest r-squared 
values in all cases. 

The granite imports (raw and processed) appear a 
very good correlation with the number of hotels 
present in Greece (R2 = 0.949) and the net per ca-
pita disposable income (R2 = 0.965). On the other 

hand, the correlation coefficient between granite 
imports and the number of new and renovated 
dwellings suggests a weaker correlation between 
them (R2 = 0.695).    

The apparent consumption of processed granite al-
so appears very good correlation coefficients (R2) 
with the number of hotels present in Greece 
(0.914) and the net per capita disposable income 
(0.914). The correlation between the apparent con-
sumption of processed granite and the number of 
new and renovated dwellings is not so good (R2 = 
0.699) as well as in the case of the granite imports. 

In figures 2-7 the above variables are plotted one 
against each other. In figures 2-4 the correlation 
between the total imports of granite and the factors 
that may affect it is presented, whereas in figures 
5-7 the apparent consumption of granites is corre-

Table 5. Quantities and values of raw and processed 
granite exports form Greece. 

Raw granite exports  

Country 
2004 2005 2006 

Quantity 
(tonnes) 

Value   
(€) 

Quantity 
(tonnes) 

Value   
(€) 

Quantity 
(tonnes) 

Value   
(€) 

Cyprus 10 3,05 0 0 92 35,879 
Italy 0 0 1,973 378,935 23 24,844 
Germany 0 0 94 9,943 0,2 1 
Belgium 1 3,012 0 0 0 0 
Serbia & 
Montenegro 

1,624 334,202 1,263 250,755 0 0 

Serbia  0 0 179 39,012 1,145 212,021 
F.Y.R.O.M. 712 171,338 322 72,283 316 51,737 
Bulgaria 269 68,501 339 89,311 216 53,429 
Ukraine 7 6,548 0 0 0 0 
Albania 1 1,012 46 6,218 0 0 
others 166 43,749 111 26,944 27 12 

Processed granite exports  

Country 
2004 2005 2006 

Quantity 
(tonnes) 

Value 
(€) 

Quantity 
(tonnes) 

Value 
(€) 

Quantity 
(tonnes) 

Value 
(€) 

Cyprus 1,144 795,436 899 667,778 904 751,96 
U.K. 40 52,025 14 21,346 59 55,279 
Italy 125 147,115 23 21,828 16 17,221 
Germany 147 84,642 64 75,31 13 15,434 
Spain 135 41,572 0 0 0 0 
Romania 666 423,739 660 432,962 1,277 799,94 
Bulgaria 916 564,713 1,049 691,72 1,052 728,682 
F.Y.R.O.M. 1,121 538,685 522 313,643 678 316,915 
Serbia  0 0 131 79,968 348 236,03 
Albania 1 1,384 20 17,574 115 38,195 
Australia 163 198,046 29 29,614 89 91,129 
Tunesia 11 7,2 0,3 1 42 19,585 
Georgia 4 4,01 0 0 23 2,717 
U.S.A. 93 100,288 179 186,976 22 21,327 
Serbia & 
Montenegro 

338 193,251 138 64,294 0 0 

Russia 124 323,171 102 79,8 0 0 
others 143 54,661 113 113,598 168 100,07 

source: N.S.S.G., 2009 

Table 6. The hotel potential of Greece. 
Year 5* 4* 3* 2* 1* Total 
1993 51 629 1,896 2923 1,636 7,135 
1994 52 595 1,294 3,592 1,637 7,17 
1995 60 621 1,328 3,719 1,659 7,387 
1996 62 656 1,362 3,75 1,647 7,477 
1997 65 681 1,405 3615 1,628 7,394 
1998 72 728 1,449 3,87 1,666 7,785 
1999 77 745 1,456 3,907 1,671 7,856 
2000 79 766 1,474 3,967 1,65 7,936 
2001 90 816 1,543 4,189 1,646 8,284 
2002 97 847 1,579 4,329 1658 8,51 
2003 104 870 1,613 4,403 1,699 8,689 
2004 139 896 1,66 4,473 1,731 8,899 
2005 155 944 1,712 4,496 1,729 9,036 
2006 176 994 1,804 4,46 1,677 9,111 
2007 199 1,048 1,9 4,403 1,657 9,207 

Table 7. New and renovated dwellings in Greece, with 
the net per capita disposable income. 

Year New and renovated 
dwellings 

Net per capita disposable       
income (€) 

1993 79,15 6,342 
1994 80,607 7,121 
1995 70,862 7,317 
1996 86,737 7,912 
1997 89,603 8,68 
1998 97,279 9,345 
1999 88,5 9,925 
2000 89,341 11,241 
2001 108,021 12,056 
2002 128,237 12,747 
2003 127,051 13,695 
2004 122,148 14,622 
2005 195,207 15,12 
2006 125,387 16,176 
2007 103,865 17,078 

source: N.S.S.G. (1992-2007) 
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lated with the same factors. 

The total imports of granites appear to have 
slightly better correlation coefficients than the ap-
parent consumption of processed granites in all 
cases, except for the number of new and renovated 
dwellings. As a result, the total imports of granites 
are likely to be a better index of the demand of 
granite in the Greek market.  

It is worth to note that the correlation between 
number of new and renovated dwellings and both 
the imports and the apparent consumption of gra-

nite is rather diffuse.  This reveals that granite is 
not preferred as building material in private houses 
as much as it is in hotels, which is likely to be 
caused by the presence of many competitive prod-
ucts. Moreover the quantity of granite used in pri-
vate dwellings is a lot smaller than that used in ho-
tels. The fact that granites are more expensive than 
other building materials (marbles, ceramic tiles and 
wood) should also be considered. Moreover the 
suspiciousness of private consumers about the nat-
ural radiation of granites could also prevent them 
from applying granite to their dwellings. The en-
terprises that activate in the granite sector should 
apply marketing and advertising policies in order 
to inform the public about their products available 
in the market, their properties and applications. 

4. Conclusions 
The global stone market is growing by an annual 
rate of 9% over the period 2001-2005. Greece is 
not currently extracting granites systematically. 
Among the reasons are mostly the institutional 
frame problems, environmental issues and the high 
competition of newcomers in the market such as 
China and India.  

However, the demand and penetration of granites 
in the Greek marble-granite market is growing. 

Table 8. Correlation matrix of the variables studied. 

  
Total imports 

(tonnes) 
Apparent granite con-

sumption (€) 
Total number of 

hotels 
Net per capita disposable 

income (€) 
New & renovated 

dwellings 
Total imports (tonnes) 1 
Apparent granite consumption (€) 0.761 1       
Total number of hotels 0.949 0.914 1 
Net per capita disposable income (€) 0.965 0.914 0.992 1 
New & renovated dwellings  0.695 0.699 0.364 0.332 1 

Fig. 2. Total imports of granite versus total number of 
hotels. 

 
Fig. 4. Total imports of granite versus new & renovated
dwellings. 

Fig. 3. Total imports of granite versus net per capita 
disposable income. 
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The main reason of this growth is the use of gra-
nites in public constructions (airports, metro sta-
tions) and hotels, rather than in private dwellings. 
The increase of the net per capita disposable in-
come is also a significant factor that affects the in-
creasing demand for granites.  

Both the variables selected to represent the demand 
for granites in Greece (total imports and apparent 
consumption) were highly correlated (r-squared > 
0.91) with the number of hotels and the net per ca-
pita disposable income. However the correlation of 
both with the number of new and renovated dwel-
lings is not so good (r-squared < 0.7).  

The total imports of granites should be considered 
as a better measure of domestic granite demand 
than the apparent consumption of processed gra-
nites, due to the slightly higher correlation coeffi-
cients of the first.  

The trade balance of granite in Greece is strongly 
negative with an increasing growing rate. Conse-
quently, as long as the demand for granites in-
creases, the extraction of Greek granites becomes 
necessary to investigate. Finally, in terms of natu-
ral radioactivity of Greek granites, according to 
(Karavasili 2004) and (Papadopoulos et al. 2010 – 
in press), the relative hazard indices appear to be 
below international limits and in many cases, be-
low the natural radioactivity, measured in the im-
ported granites (Pavlidou et al. 2006) 
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Abstract: Due to the long isolation period and the development of various industry sectors, the conta-
mination of land and additional negative environmental impacts have been continuous and severe in the 
period 1950-1990 for Albania. Based on data published in literature, this review is a first attempt to put 
together the natural resources and the sites where the ore minerals have been treated in Albania in order 
to address issues related to the sustainable development. However, the intervention of the government to 
minimize the adversity left behind from the former industry in the form of resource conservation subsi-
dies or depletion taxes for new investors, might improve the present environmental situation. The use of 
cost benefit analysis to evaluate the development in conjunction with sustainable use of natural re-
sources might minimize the adversary effects of the past. Since other factors, such as the financial con-
strains, play an important role in the equation, the aid of the foreign investors or international institu-
tions shall also be supported and assisted by the Albanian authorities. 

Keywords: sustainable development; natural resources; economy; industry; waste; environment. 
 
1. Introduction 
Sustainable development implies meeting the 
needs of today's population in terms of production 
without compromising the ability of future genera-
tions to meet theirs (WCED, 1987). The most re-
cent United Nations reports refer to the "interde-
pendent and mutually reinforcing pillars" of sus-
tainable development as economic development, 
social development and environmental protection. 
The fulfillment of these conditions depends on the 
one hand on the ability of the NGO’s to influence 
the right decisions, on the determination mainly of 
the government to provide the legal framework and 
the necessary financial investments, and on the 
other hand, the determination of the society to de-
velop the economy and prosperity, respecting the 
natural resources and the environment.  

When the concept of the sustainable developed 
was introduced, Albania as well as the rest of the 
East European countries were partly or fully iso-
lated starting from the 40’s until early 1990’s. Dur-
ing this period, the development of various heavy 
industry sectors was primordial for the internal 
economical situation., as, The economic policy of 
the Albanian communist government, as was the 
case in other East-European countries, was moti-
vated by the efforts for ever-increasing levels of 
production and output, but has left behind a situa-

tion of economic and industrial inefficiency, reces-
sion, severe environmental degradation, pollution. 
Now the country is facing the challenges of the de-
velopment and wishes to become a member of the 
European institutions and Europe as such, but at 
the same time is facing difficult economic condi-
tions fragile democracy and social norms as well 
as the legacy of pollutants from the earlier system.  

This review will provide an inventory of the sites 
where the natural resources have been exploited 
and treated during the isolation period and address 
the negative implications for the environment on 
the long term. Moreover some solutions based on 
the experience of the developed countries are rec-
ommended.  

2. Albanian natural resources 
Albanian mining industry has an extensive, profit-
able and varied history due to the complex and di-
verse geological formations in the country. The 
main geological zones of Albania are indicated in 
Fig.1 A. The gas, oil and bitumen resources are 
mainly located in the external Albanides (Ionian 
zone). Due to the presence of the ophiolite com-
plex the ore reserves are very extensive (i.e. chro-
mium, copper, iron and nickel) especially in the 
north eastern part of the country Fig. 2 B, C. A 
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large number of small and some large sized (heavy 
metal) ore deposits have been mined over the last 
decades especially in Mirdita Zone. As was the 
case elsewhere in the world, mining and ore 
processing often had a disastrous impact on the 
environment. In Albania, the impact of industrial 
development was aggravated due to the lack of ad-
vanced technology as a consequence of the isolated 
political situation until 1990. Contaminated sites in 
Albania are often characterized by a desert-like 
landscape, the absence of "real" infrastructure and 
the use of such places to dump additional solid 
wastes (i.e. construction debris) or other waste ma-
terials due to the absence of landfill installations. 
The map of the main natural resources and their 
exploitation sites are shown in Fig. 1 C. 

The development of the various industrial sectors 
that were exploiting the ore reserves was very in-
tense especially during the communist period and 
this was mainly because of the extreme isolation. 
The installation of very old technology, mainly 
from China and Russia has deteriorated the situa-
tion rapidly due to the absence of waste treatment 
and large waste discharge. The wastes were gener-
ally deposited outside the treatment site and no 
measures were taken to minimize the heavy metal 
contamination of soils, sediments, surface and 
groundwater. 

3. Albanian ore industry  
Chromium industry in Albania includes extraction, 
enrichment and smelting of chromium ores in Fer-
ro-chromium smelter plants. Presently 8 chromium 
ore mines operate partially, compared with 10 
mines operating until 1995. From five existing 
enrichment factories, only two (in Bulqiza and Ka-
limash) are still partly active. Also, two ferrochro-
mium smelters (i.e. Burrel and Elbasan), have been 
working under their maximum capacity starting 
from 1998.  

The most serious pollution to the environment is 
caused by the chromium ore smelters, which dis-
charge considerable amounts of pollutants in the 
form of solid waste slags (50 % chromium) and 
dust particles into the air. Qiriazi and Sala (2000) 
estimated that about 9 million m³ of industrial solid 
waste (i.e. slags) were produced by the Albanian 
chromium industry in the period 1945-2000. The 
smelters in Burrel and in Elbasan had each three 
furnaces and were functional for 24/24 h and7/7 a 
week, where 55000 m³ of gases were estimated to 
be released hourly by each smelter (ISPTK, 1995). 

From a study conducted by ISPTK (1995) it was 
estimated that the content of Cr-bearing dust par-
ticles in the emissions in Burrel, accounted for 
about 1.8% of the total gases emitted. Both smel-
ters operate with open gas systems, which leads to 
the direct discharge of dust particles into the envi-
ronment, without any previous treatment. The re-
lease of the dust particles into the surrounding en-
vironment from the ferrochromium smelter in Bur-
rel and from the Elbasan metallurgical complex 
has been reported by Shtiza et al (2005) and by 
Tashko et al (2005) and Shtiza et al (2009) respec-
tively. Due to the lack of dust catching supplies, it 
is calculated that approximately 300 tones of dust 
per year, are emitted into the atmosphere. The 
amount of industrial discharges by this sector dur-
ing 1998, compared with 1997, has been about 
96.6% although the production rate has been lower 
(UNEP, 2001). 

The copper was mainly found in the Krasta-Cukalli 
zone and was mainly used for export. Beside the 
high levels of Cu into the soils and sediments 
around exploitation areas, there are no data on the 
contamination on a larger scale.  

The intensive exploitation of iron-nickel laterites 
was mainly concentrated in the southern eastern 
part of Albania, while their further treatment and 
melting was carried out in the Elbasani metallur-
gical complex. The wastes resulting from the 
smelting process were deposited in an open field 
without any actions taken to control the heavy 
metal release and groundwater infiltration.  

Coal was mainly exploited in the vicinity of Tirana 
and from the southern eastern Albania as shown in 
fig. 1.C. Use of coal was mainly for industry and a 
small part also for house heating. Nowadays the 
exploitation of coal has fully ceased and there is no 
information on the further development of coal ex-
ploitation and industrial uses.  

As a consequence of the negative effects of mining 
and mineral processing on the environment, soils 
and sediments in the neighborhood of the mines 
and industrial sites, but also along the traffic roads 
are often extremely polluted. Majority of the for-
mer intensively used (or exploited) sites are not 
operational any more; however the environmental 
threat still exists due to negligence, unawareness 
and financial constraints. These sites are now cha-
racterized by lack of vegetation and there is a high 
risk of spreading of the pollutants by dust and by 
possible toxic effluents to the river, groundwater 
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and sea. The major problem is that the contamina-
tion is spreading out. Metal-bearing particles from 
contaminated areas can be transported by water, 
into the river systems causing downstream spread-
ing of the contaminants in riverbed and alluvial 
plain sediments. Moreover the easy access of 
people living in the vicinity to these sites makes 
them hazardous spots with respect to the long term 
exposure for the population. Awareness about 
these problems is increasing but concrete actions 
are still scarce.

In Albania, the exploitation and treatment of ores 
(especially during the isolation period 1945-1990), 
left behind an enormous legacy of contaminants 
spread all around the country. The duty of present 
and future generations is to identify these sites, 
quantify the pollutants and predict the short and 
long term measures to be undertaken in order to 
minimize exposure and fulfill to some extent the 
conditions for a sustainable development.  

4. Challenges for the legacy of pollutants 
and future 

As is clear from the data shown, the economic de-
velopment has eroded and/or damaged the natural 
capital, and on the long term the development is 
not successful. The European principle (EU Direc-
tive 2004/35/CE) that the polluter pays can’t be 
applied in the specific case of Albania, since the 
state has not the economical potential to afford the 
costs of the past. More important that the polluter 
pay for externalities is that property rights over the 
environment are defined and enforced. Environ-
ment does not belong to one generation, thus sen-
sibilization and action must be undertaken as soon 
as possible in order to minimize the damage for the 
future.  

4.1. Problems & Solutions 
One obstacle in the application of environmental 
policy is the problem of the property rights. During 
the communist period, everything ‘belonged’ to the 
state, while property is one of the main pillars that 
drives the free market economy and improves the 
development. When the contamination occurred, 
the soil/land or the object ‘belonged’ to the state, 
but now this might be property of someone. Since 
the state can't afford to pay for the site remedia-
tion, this becomes an obligation for the private in-
vestor. So the development of a new industrial ac-
tivity shall consider major costs for a clean-up 
plan. Since the starting costs become considerable, 
the private initiative is limited from an early stage 

of the investment phase. 

In developed countries the environmental regula-
tions make companies more innovative and fit for 
the future, thus environmental protection is also a 
positive investment for the economy (BMU & 
UBA, 2009; Germany Ministry of Environment, 
2009). It reduces follow-up costs resulting from 
environmental damage that society would other-
wise have to bear. The technological limitations in 
Albania at the time of industrialization (i.e. release 
of unfiltered emissions, dumping of waste) resulted 
in spreading of the contaminants on relatively large 
scale and the exposure of humans and biota espe-
cially near the former industrial sites (Tashko et al 
, 2005; Shtiza et al, 2005; 2008; 2009; Mazreku et 
al 2010). The chromium slags can be considered 
also as a potential economic resource, since they 
contain up to 50 % chromium ore which can be re-
processed. Using efficient, innovative and cost-
effective techniques that could recover maximal 
quantities of commercial minerals from ore, or re-
processing waste can be considered along the lines 
of the sustainable development (Christos Katagas, 
personal communication). Thus, more flexible ap-
proaches would give new market incentives to 
clean up these old abandoned sites more efficiently 
and become beneficial to the small communities 
and the environment. Thus the new investments 
shall be agreed upon the implementation of envi-
ronmental friendly technology and the control of 
the waste deposition sites. 

Pezzey (1992) indicated that resource-using in-
vestments are more common than the resource sav-
ing investments and this is due to the fact that by 
using environmental policy, the resource prices 
will go up, the investments will be shifted towards 
resource saving and thus reducing the total invest-
ment demand. Therefore the goal of the policy de-
velopers shall be to support and prioritize the sus-
tainable projects, building cost-benefit analysis in 
the early stages of the projects. 

The policy makers emphasize the investments in 
the economical development, while for the regene-
ration of the environment and protection there is 
no strategy due the economical restrictions. The ef-
fects of the delay in investing for the protection of 
the environment are difficult to predict, however 
one thing is clear; a big investment today may have 
a large impact in the future. By investing 0.6 bil-
lion € in the period 1990-1992, the Federal Ger-
man government not only improved the environ-
mental conditions by minimizing the waste release,  
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but also created employment possibilities for more 
then 120 000 people (Hallstrom, 1999). Maybe a 
similar approach can also be applied in Albania.  

The experience from developed countries has 
shown that environmental improvement is general-
ly compatible with economical growth in the ma-
ture stages of the development. But, as is the case 
of Albania the environmental policy is presently 
weak, being in the early stage of the industrializa-
tion and economic development. Therefore alterna-
tives, such as tax benefits in regenerating brown-
fields and/or polluted areas might be considered as 
a possible alternative to regenerate and develop.  

Costs of reversing environmental damages in Al-
bania, and the implementation of sustainable de-
velopment policies and technologies, are so 
enormous that Albania alone will be unable to 
meet them. Thus the help of the EU, USA and/or 
international organizations such as International 
Monetary Fund (IMF), World Bank (WB), … in 
the form of significant and long term economic 
and technological aid will be mostly to initiate 
awareness and action trend on a population level. 
The lack of this aid may lead to further decline in 
the environmental quality in the present Central 
European Countries and the EU. This ability to 
impact the EU's environment could be the major 
factor in a decision by the EU to implement envi-
ronmental taxes against these states, as pointed out 
by Hallstrom, (1999).  

The sustainability in the context of nonrenewable 
and renewable resources can be considered in 
combination with the cost benefit analysis (CBA) 
in order to minimize the future damage of the envi-
ronment (Shtiza and Swennen, 2005). While in EU 
and USA, the amount of CBA that take into ac-
count the environmental impacts being undertaken 
has increased, its influence on policy making is 
still open to question. Nonetheless, CBA has begun 
to have influence in the setting of environmental 
taxes and alternative decision rules appear to suffer 
as many, if not more, shortcomings as those faced 
by CBA (Hanley, 1992; Pearce , 1998). It is often 
forgotten that mining is but a temporary use of 
land, whose immediate impact can be masked and 
minimized by the deployment of the appropriate 
technology, and which can create great wealth for 
the community of the stakeholders. The mining in-
dustry needs to maintain scrupulously high stan-
dards, both for the health and safety of its work-
force, the wider community and for the local envi-
ronment. It is suffering today, partly because it has 

not met proper standards in the past (Crowson, 
1996). Improving the management strategies im-
plies to have a long term vision for the future while 
making decisions now. 

5. Conclusions 
This is an early attempt to make a map of re-
sources and industrial treatment of minerals (pol-
luted sites) in Albania with data available from the 
published literature. The need to increase the ad-
vocacy for the Albanian environmental problems 
in not only caused by the present economical situa-
tion, but mainly from the past policy of heavy in-
dustrialization. Recognition of the issues is a first 
step in the development and implementation of 
management strategies. The development strate-
gies and programs that do not take adequate ac-
count of the state of critical resources, forests, 
soils, grassland, freshwater, coastal areas and fi-
sheries may degrade the resources on which the fu-
ture growth is dependent. This publication shows 
the close link between economical development 
and the new role of environmental policies. Envi-
ronmental protection generally pays-off on the 
long term, as confirmed by the experience of the 
industrialized countries. Thus the use of the pre-
vious experiences can be of great benefit in the ef-
ficient use of renewable and nonrenewable re-
sources for the development of a sustainable envi-
ronment. 
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Abstract: This paper presents the diagnosis and interpretion of the sulphatic-evaporitic facieses from 
the Southern side of Eastern Carpathians, Slănic syncline, in Badenian deposits at Piatra Verde. The 
succession of evaporitic facieses, with emphasis of different gravity flow stages, is followed by facies 
modelling and basin evolution interpretation by means of sequential stratigraphy analysis concept.  

Keywords: the Southern side of Eastern Carpathians, Tarcău nappe, Badenian of Slănic molasse, sul-
phatic-evaporitic facieses modeling. 

 
1. Introduction 
The paper is part of a general study on the petro-
graphy and sedimentology of the Miocene sulphat-
ic evaporites from southern part of the Eastern 
Carpathians. The study is concentrated on the de-
termination of the facial characteristics (textural, 
structural, compositional) of the Cosmina Breccia 
from the Slănic Molasse of the Carpathian Fore-
deep, correlated with optical microscopy, petro-
graphy, X-ray diffraction, and palinological analy-
sis. On the basis of identified sulphatic and silicic-
lastic facies, and of the associated interpretative 
facies, it was possible to separate environmental 
sequence with specific processes, which can be at-
tributed to cycles of the different orders. Sedimen-
tological interpretations are made on these succes-
sions, and the integration in the larger setting of 
the Carpathian Foredeep is attempted by facies 
modeling, and sequence stratigraphy analysis of 
the deposits from the basin. 

2. Geological setting 
Within Slănic and Drajna synclines, Slănic mo-
lasse (Ştefănescu and Mărunţeanu, 1980) contains 
(Grujinschi, 1972): a tuff and gypsum low subfor-
mation and a salt and sulphur upper subformation 
(low Badenian = upper Langhian) and breccia sub-
formation and a grey lutitic subformation for „ra-
diolarians shales” and „Spiratella marls” (upper 
Badenian = Kossovian) (Fig. 1, 2, 3). In this paper 
the tuff and gypsum low subformation of the low-

Badenian (upper Langhian) is explained, respect-   

Fig. 1. The synthetic stratigraphic column of Neogene 
formations from Tarcău unit (Slănic/Drajna synclines). 
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tively, the breccia and gypsum that are above 
Slănic tuff. Breccia is discordantly disposed on the 
globigerina marls and tuff. It has a stratigraphic 
thickness and clastes frequency that are lower from 
the outer side to the inner side. The breccia matrix 
is marly-clayey and the clastes are reworked from 
subjacent formations: Răchitaşu type calcareous 
sandstones, grey marly-limestones, bituminous 
carbonatic laminites or bituminous shales, Litho-
thamnium limestones, sands, green volcanic tuff 
(Slănic tuff), globigerina marls. The limestones 
from the reef levels that are suprajacent to the tuffs 
have been eroded. In Piatra Verde outcrop, approx-
imately 8 meters over Slănic tuff, breccia changes 
to the sulphatic evaporites (gypsum). 

The gypsum appears as a 40-50 meters megase-
quence, divided into two piles of sulphatic lithons, 
separated from breccia, each lithons having ob-
vious reworking features. The low sulphatic pile 
shows features of some kind of gravity flow stages 
with few breaks of algal/clastic rhythmic accumu-
lation. The upper sulphatic pile contains al-
gal/clastic rhythmites, followed by 20 meters of 
clastic debris (Fig. 4). 

The sulphatic lithofacies of the tuff and gypsum 
subformation from Piatra Verde are referred to the 
top side of one typical megasequence quoted from 
the Northern Carpathians Foredeep from Poland, 
Ukraine, Bukovina (Fig. 5).  

3. Methods 
On Piatra Verde outcrop a few clastic gypsum li-
thofacies are described and interpreted in accor-
dance with the geological literature (concerning 
the ancient occurrences or modern settings). These 
clastic gypsum lithofacies are supplied from some 
reworked sulphatic material, which was previous 
or contemporary to the resedimentation and was 
adjacent to the sedimentation area. Various lithofa-
cies have been stated and they have been coded, 
defined and interpreted in figure 6 (disturbed facies 
in tuffaceous siltolutites = dLST, dolomitic carbo-
natic shales = l-D, laminitic clastic gypsum = c-la-
g, banded clastic gypsum = c-b-g, gypsum slumps 
structures = sl-g, gypsum ball and pillow structures 
= b-p-g, gypsum debris-flow structures = DF-g, 
gypsum mud-flow structures = MF-g, gypsum 
Bouma type structures = TS-g, mud-flow struc-
tures = MF) (Fig. 4).  

 
Fig. 2. Litostratigraphic columns in Northern Carpathians foredeep and the Southern sector of Eastern Carpathians. 
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Fig. 3. Detailed stratigraphic columns. 
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Fig. 4. Primary data and lithofacies identified in the column of Piatra Verde outcrops. 
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4. Sedimentology and sequence stratigraphy 
The lithofacies from Piatra Verde outcrop (Fig. 7) 
are incorporated ABC, ABC, etc., type parase-
quences of some deep settings. These parase-
quences are dominated by the clastic gypsum litho-
facies that are supplied from the sedimentation of a 
previous or contemporary adjacent sulphatic ma-
terial. The parasequences batimetry is ranged be-
tween: A = basin floor (of salinas = mud flow with 
scaterred alabastrin gypsum clastorudites, turbidit-
ic gypsum); B = distal slope – proximal slope (de-
bris flow or slumps); C = subtidal – intertidal 
mouth creek (banded clastic gypsum, laminitic 
clastic gypsum associated with flaser structures or 
disturbed facieses). Some parasequence show dee-
pening upward trends. 

At the beginning of the sulphatic accumulation, the 
basin paleography (Fig. 9) is marked by tectonic 
balances with uplift in Carpathian areas and the 
water transgression over foreland cliff, on the outer 
side, generalizing the lagunar system separated by 
islands or shoals barriers. The emerged areas 
ridges of Lera-Văleni-Buştenari or Homorâciu 

spurs are toward the inner side of the Carpathians 
and the pointed islands sills are toward the exterior 
side. The slopes are light, due to the fact that the 
morphology has been attenuated by the previous 
highstand deposits: tuff, siliciclastics, or Litho-
thamnium reefs limestones and by their erosion 
during the lowstand successive episode, contempo-
rary to the evaporites. The evolution of the sulphat-
ic sedimentation is different and, seldom is dia-
cronic between the border areas (of foreland) and 
the inner areas (Carpathian areas). The parase-
quences correspond to a lowstand system tract of a 
cycle of III-rd or IV-th rank, which is characterized 
by a higher amplitude of the lower and medium 
terms to the superior term. The parasequences 
from Piatra Verde have got an agradational-
stocking pattern for the lower pile and a backstep-
ping stocking pattern for the upper pile (Fig. 8). 

5. Discussion and conclusions 
The megasequence from Piatra Verde is dominated 
by allohtonous gypsum. On the inner emergent 
ridges, sulphatic evaporites periodically flooded 
sabkha types are generated. Disturbed facieses 

Fig. 5. Correlation of litostratigraphic units in sedimentological columns of Badenian gypsum in the Northern Car-
pathic foredeep (Poland, Eastern Galitia, Podolia) and the Southern part of Eastern Carpathians 
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clasts which are multiple reworked are accumu-
lated on the margin of the basin (salinas, playa), 
under the form of laminitic clastic gypsum or 
banded clastic gypsum. The rapid accretion, but 
most of all the tectonic instability balance that 
takes place after the early stirical folding phase ge-

nerates drastic erosion effects on the area margins 
and also batimetry increases into the basin, accom-
panied by lowstand wedge accumulation. The 
flows are primed by seismic or storm mechanical 
shock, and the entire range of gravity flows is rec-
orded: from incipient stages or from lamina level  

 
Fig. 6. Description and interpretation of lithofacies recorded at Piatra Verde outcrops. 
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or lithon scale to deposits assemblage. Creep, 
slide, slump, debris flow, mud flow, turbidite stag-
es are noticed. These stages are associated with 

flaser or load casts structures. The flow effects are 
emphasized by the horst/graben tectonics, which 
increases the subsidence in Slănic fallen sector. On 

Fig. 7. Facies successions. Typical parasequences of the Badenian gypsum and the depositional correspondent of 
component lithofacies. 

 
Fig. 8. Tilted shelf with a hypothetical stratigraphy of metric-decimetric peritidal parasequences between sequence 
limits. Each parasequence has been formed by progradation that took place in the opportunity window produced by 
short-time fluctuations of IV-th and V-th rank during a rise or a fall of long-time sea level of III-rd rank. The slow 
movement of III-rd rank of the seashore will dictate where tidal shelf areas will develop. The resultant between eusta-
cy, sedimentation, subsidence will dictate the successive tidal flats stocking pattern: agradation, back stepping or shin-
gled offlap (modified, according to Walker, 1992). 
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the top of the megasequence dissolution collapse 
breccia are recorded too. The megasequence has 
got two piles: a lower one, which is accumulated in 
the deep sea realm and another upper one which is 
accumulated in subtidal/intertidal realm. The 
source area can be found in Lera-Văleni-Buştenari 
emergent spur area. On the Northern Carpathian 
border, contemporary to the evaporitical flows the 
accumulations of some aluvial cone ruditic depo-
sits are quoted: Bătrâni and Vârful Benii conglo-
merates (Grujinschi, 1972).  

The megasequence from Piatra Verde only corres-
ponds to the upper part of the typical column from 
Poland. The lack of the lower part of its corres-
pondent from Poland is related to the non-
sedimentation on the emergent areas, but most of 
all it is caused by a lowstand type drastical erosion, 
which is advanced lower than the evaporite level; 
e.g. the erosion could be advanced at the level of 
the Lithothamnium limestones marine sequence 
and even at the subjacent level of globigerina 
marls and tuffs formation.  
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Abstract: Researches took place in the South of Georgia (Guria region). Studied geological sections lie 
1.5-4 km from the present Black Sea coastline. Pleistocene marine sediments are represented by terraces 
located at different hypsometric levels with maximum height 120 m on the mountain of Tsvermaghala.  
Due to neotectonic movement, the Old Euxinic sediments are located at the higher hypsometric level 
than the younger Uzunlarian and Karangatian. In the region under study the background sediment of  the 
base of Old Euxinic sections, are mud deposits, upward they gradually pass to fine and middle size 
sands. The base sediment probably was deposited in offshore zone at a depth until approximately 50 m. 
The Uzunlarian and Karangatian sediments are represented by typical shore zone sediments. Uzunlarian 
sediments unconformably overlie the inverted Miocene. The base of these sediments contains abrasion 
clay blocks of the before Pleistocene age. Chemical analysis of the Pleistocene and contiguous resent 
Black Sea shore sediments on metal content reveals similarity of feeding provinces. The higher contents 
of manganese and Nickel in the resent sediments are caused by anthropogenic factor. Stratigraphy of the 
studied region is based on the mollusk and ostracode faunistic complexes. Old Euxinic sedimentation 
conditions were more favorable for the fauna conservations than Uzunlarian and Karangatian ones, 
which contains very poor fauna and boundary between them is conventional. 

Keywords: Pleistocene, sedimentology, stratigraphy, Georgia, Black Sea. 

1. Introduction  
Studies of Pleistocene deposits within the Geor-
gian sector of the Black Sea have a long history. 
These studies started in the second half of the nine-
teenth century by R. Prendel. In the scientific 
works of the last century: D. Tsereteli (1966); Dj. 
Mamaladze (1975); P. Feodorov (1978); T. Ki-
tovani (1989), are given some problems of the sea
level changes, stratigraphy and lithology of marine 
terraces during the Pleistocene. 

During the Pleistocene, the Black Sea was periodi-
cally either connected to the World Ocean, or it 
was a semi-isolated intercontinental basin. Paleo-
geographic epochs related to the transgression ba-
sins (Old Euxinic, Uzunlarian, Karangatian and the 
Black Sea) were defined by Andrusov (1905), 
Arkhangelsky and Strakhov (1932). Most of the 
scientists agree with these ideas. Feodorov (1963, 
1978) made valuable contribution to studies of the 
Quaternary history of the Black Sea basin. He was 
the first to affirm a view on a double phase nature 
of the Black Sea transgressions. They started with 

water inflow from the Caspian Sea and continued 
as typical interglacial transgressions, which finally 
terminated in reconnection with the Mediterranean. 

Pleistocene marine deposits are widespread in the 
central and northern part of the West Georgia sea-
board. They are represented by marine terraces, lo-
cated at different heights from the recent sea level, 
except the Kolkheti depression, where these depos-
its are deeply submerged. Stratigraphy of the Pleis-
tocene marine deposits is based on the studies of 
Mollusk and Ostracode faunistic complexes being 
significant actual material for paleogeographic re-
constructions. 

2. Materials and Methods 
We have studied structures of the sediments based 
on all the characteristic features of the layers and 
their surfaces which formed during the sedimenta-
tion.  

Grain-size analysis was conducted for Uzunlarian 
and Karangatian deposits using sieve analyses. 
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Carbonate material was measured using calcimeter 
method. 

Mineralogical analysis of samples was carried out 
for 0.18-0.01mm fraction. By means of immerse 
liquids heavy and light minerals were isolated in 
the polarizing microscope. 

11 samples from different sections were analyzed 
on metal content. Percentage of Pb, Mo, V, Cr has 
been determined by method of spectral analysis. 
Percentage of Cu, Ni, Zn, Mn and Fe –by atomic-
absorption method. Obtained results were com-
pared to the adequate analyses of resent sediments 
of the same region and of the Black Sea. 

3. Lithostratigraphy of the studied region  
In the Guria region (mountain Tsvermaghala) 
Pleistocene marine sediments are represented by 
terraces located at different hypsometric levels 
with maximum height 120 m. During the Pleisto-
cene, the maximum level of the World Ocean and 
the Black Sea didn’t exceed 10 m.Thus , positive 
neotectonic movement took place simultaneous 
with the sea eustatic. Therefore in the sections of 
Tsvermaghala older sediments are located at 
higher hypsometric levels than the younger ones. 
This assumption concerns only shore and offshore 
(not deeper than 50m) sedimentation. As to deeper, 
offshore sedimentation, it proceeded in normal 
stratigraphic succession.  

Based on studies, geological history of the Black 
Sea in Pleistocene was related with evolution of 
the Caspian and Mediterranean basins. At the end 
of Pliocene, Black Sea was not connected with 
Caspian basin and poorly connected with the 
Mediterranean Sea. Since the Old Euxinic, the 
World Ocean and Mediterranean transgression re-
establishes connection between the Black and Cas-
pian Seas. At the same time took place salification 
of the Black Sea, this period associates with the 
end of the Pliocene and beginning of the Pleisto-
cene (Kitovani 1989). 

In the Uzunlarian and Karangatian the Black Sea 
was connected only with the Mediterranean basin, 
in New Euxinic epoch the last phase of Würmian 
glaciation provoked disconnection of these basins. 
At this time, the World Ocean and the Black Sea 
levels were approximately at -110 - -120 m 
marker. 

4. Old Euxinic Sediments 
Among the studied sediments the Old Euxinic are 

stratigraphically the oldest [section I-VII (Fig. 1)].  
The Base of the Old Euxinic sediments lies at 
about 80-90 m height above the present sea level. 
Background sediments [section I-IV and VII (Fig. 
1)] are represented by sandy-clay material; more 
than 50% of the grains size is less than 0.1mm. 
Colors varies from blue to brown, they probably 
were deposited at a depth approximately until 50 
m. Presence of rusty pseudo-layers in clays is con-
ditioned by pulsating inflow of pelitic fraction of 
magnetite into the sedimentary basin from adjacent 
volcanogenic and volcano-sedimentary formations 
of the western termination of Adjara-Trialeti, 
which is the main feeding province of the region 
under study. As for the coarse-grained material in 
the sections (sand, pebbles), they were delivered 
here by gravitation flows. That's why in most cases 
the coarse-grained material is graded and contact 
between layers is abrupt and somewhere discon-
formable. Within Tsvermaghala area sands with 
inclusions of pebbles conformably continue the 
Old Euxinic sediments. Changing of offshore fa-
cies by inshore facies is caused by activation of 
neotectonic movements; it is evidenced by consid-
erably low hypsometric position of Uzunlarian 
sediments on the terrace steps and presence of rela-
tively coarse-grained material. The roof of the Old 
Euxinic sediments lies at a height of 120 m.  

Fig. 1. Schematic map of the sections locations. 
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Section V and VI (Fig. 1) are located in 1.7 km to 
the West from above mentioned sections. Here 
Miocene layers of almost vertical bedding are cov-
ered by a horizontally bedded unit of coarse-
grained sands - the sands are characterized by 
cross-bedded structure.  

In the Old Euxinic ostracode complex (50 species) 
are observed degraded species from the Eopleisto-
cene - Tyrrhenocythere azerbaidjanica (Liv.), T. 
pseudoconvexa (Liv.), occur new species Cyther-
issa omparetica Imn., C. macelina Imn. and for the 
first time after the Lower Pontian appear represen-
tatives of the genus Eucypris. 

By the morphological features of ostracodes from 
the Old Euxinic sediments of the Guria region 
have been studied genetic relations between the 
Miocene-Pliocene and recent ostracodes. In ostra-
code composition besides the endemic species are 
identified ostracodes of the Mediterranean, Old 
Panonian-Pontian, Pontian and Aghchagilian-
Apsheronian origin (Popkhadze 2004), gradually 
evolving throughout the Pleistocene. They under-
went adaptation and alongside with Old Euxinic 
forms, they gave rise to the development of Pleis-
tocene fauna.   

5. Uzunlarian and Karangatian Sediments
The Uzunlarian and Karangatian sediments on the 
region under study are generally represented by 
coarse-grained sands and pebbles. The base of 
Uzunlarian deposits is located at an absolute height 
of 15-20 m, where inclusions of abrasion clay 
blocks of the before Pleistocene age are observed 
[section VIII-XVIII (Fig. 1)]. The mentioned 
sediments with angular unconformity overlie the 
inverted Miocene deposits.  
Sections VIII-XIV are located on Tsvermaghala 
and represent successive continuation of 
Uzunlarian and Karangatian deposits from the base 
to highest point on about 60-70 m absolute height. 
As it was mentioned the sediment are mainly com-
posed with coarse-grained sand and relatively rare 
pebbles alternation. Sand grain median size (Md) 
varies from 0.4 to the 2 mm. Pebble median size 
reach 7.8 mm. Pebbles are well rounded and ori-
ented to the West. Contact between layers is usu-
ally abrupt or eroded, but gradual transition of un-
interrupted sedimentation process is also observ-
able. From the above it can be concluded that the 
positive tectonic movement was largely compen-
sated with sea level rise (transgression) followed 

with abundant inflow of solid drift to the shore 
zone. 

Section XV is located at a height of 20m, 5.2 km to 
the North from Tsvermaghala. Sediments are rep-
resented by coarse-grained sands and pebbles, 
herein, 10-15% of pebbles are granitoids, lime-
stones and sandstone from Anatolian upland, the 
nearest river which delivers such kind of material 
to the shore zone is r. Chorokhi. It has to be men-
tioned that resent dynamic system of the Chorokhi 
River is located between the Chorokhi and Nata-
nebi river-mouths; in Karangatian alluvium deliv-
ered into the shore zone by the Chorokhi River ex-
tended 10 km farther to the North. 

Section XVIII is situated in 2.5 km southwards of 
Tsvermaghala, at a height of 34 m. It is represented 
by typical shore sediments, crossbedded sands are 
indicative of the wave-cut zone. 

Karangatian as well as Uzunlarian sediments con-
tain very poor fauna that's why boundary between 
them is conventional. 

In the Uzunlarian time takes place transition from 
the Caspian type saline basin to the desalinated 
marine basin. The sediments are dated by mollusk 
fauna and ostracodes. In total 13 species of the 
genera Candona, Eucypris, Criptocyprideis, 
Cyprideis, Tyrrhenocythere are found here. 

Beginning of the Late Pleistocene coincides with 
the Karangatian transgression. The ostracode com-
plex is represented by 21 species of genera Aglaio-
cypris, Ilyocypris, Candona, Eucypris, Lepto-
cythere, Callistocythere, Carinocythereis, Aurila, 
Loxoconcha, Semicytherura, Xesteleberis. Devel-
opment and distribution of fauna during the 
Karangatian is in relation with the reestablished 
connection between the mentioned basin and the 
Mediterranean. In the beginning and at end of the 
Karangatian marine fauna is poor, but the middle 
of the period is signified with diversity of fauna. 

6.  New Euxinic and Holocene Age 
During the last maximum phase of the Würmian 
glaciation (about 17 thousand years ago) absolute 
mark of the Black Sea level was at a depth of -110 
– -120 m. It was an isolated basin (New Euxinic 
basin). The New Euxinic sediments are represented 
by coarse-grained terrigene deposits. 

As a result of post-Glacial transgression (Flan-
drean) volumes of alluvial material delivered to the 
sea by the rivers couldn’t compensate high rate of 
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the transgression. Due to the above mentioned 
process the coastal line moved far into the recent 
land (Tvalchrelidze, 1998). 

At the beginning of Holocene, the Black Sea con-
nected to the Mediterranean when its level was at 
the -42 – -38 m mark. During the Holocene against 
the general background of the Flandrean transgres-
sion low amplitude transgressive (the New Black 
Sea I and II and Nimphean) and regressive (inter-
mediate and Phanagorian) phases are distin-
guished.  

In the Holocene, maximum level of the Black Sea 
– +3.0 – +3.5 m is fixed during the New Black Sea 
I transgressive phase (about 6000-5000 years ago), 
as for the minimum level –14.0 - -16 m it is indi-
cated during the Phanagorian regression (about 
3200-2600 years ago). 

The Black Sea-side of Georgia gained its contem-
porary appearance after the Nimphean transgres-
sive phase (about 2000-1800 years ago). The deci-
sive role in its formation had low amplitude eustat-
ics of the sea, volumes of river alluvium, litho- and 
morphodynamics of the coastal zone, submarine 
canyons etc. 

In Western Georgia the marine New Euxinic sedi-
ments practically are not exposed on the surface. In 
these sediments is described mollusk fauna, but os-
tracodes are not studied. Desalination of the basin 
at the expense of disconnection from the sea 
caused impoverishment of macrofauna. According 
to different researchers the basin was similar to the 
recent Caspian Sea by the comparatively poor 
fauna and less salinity. Lacustrine-marine basin 
was substituted by the Black Sea basin. In Georgia 
the Black Sea stage is divided into two parts: the 
Old Black Sea and New Black Sea stages. It is 
dated by mollusk fauna, ostracodes are not studied. 

7. Mineralogical characteristics of the sedi-
ments  

Description of the sections shows that Old Euxinic 
deposits are mainly represented by bluish wet plas-
tic heavy sandy-clays, with sparse interlayers of 
rusty fine-grained sands end inclusion of isolated 
well-rounded gravel granules. In the mentioned 
sediments, carbonate content is 9-10%, almost the 
same as carbonate content of recent sediments in 
the south-eastern part of the Black Sea. Its content 
as well as in recent sediments depends on carbon-
ate-bearing terrigene material delivered from the 
feeding provinces and on marine fauna. Old Eux-

inic dark bluish clays are represented by minerals 
of montmorillonite group and in less amount chlo-
rite, hydromica and quarts are present. As for the 
existence of rusty interlayers in Old Euxinic sedi-
ments, their mineralogical content is mainly the 
same as of the clays, but admixing of pelitic frac-
tion of magnetite raises Fe content in the men-
tioned layers. 

Uzunlarian and Karangatian are mainly repre-
sented by shore facies. The source province of the 
coarse-grained, sandy-pebbly terrigene material 
was Anatolian upland (the Chorokhi river basin) 
and western termination of Ajara-Trialeti fold sys-
tem.  

Psephitic material is mainly represented (90%) by 
magmatic rocks: basalts, hornblende-basalts, pla-
gio-basalts, olivine-potassic basalts, trachybasalt, 
dacite, quartz porphyrites, ash tuffs, granitoid, 
aplites and etc. Sedimentary rocks are in compara-
tively less amount: sandstones, limestones. 

In the Uzunlarian and Karangatian coastal deposits 
content of the heavy fraction varies from 40 to 
85% and is represented by magnetite (limonite)-
pyroxene association. From heavy minerals pyrite, 
hornblende, epidote, biotite, zircon, hematite and 
etc are also present. 

Light fraction is represented by feldspar (mainly 
plagioclase) quartz, calcite, chrysolite and etc. 

8. Result of the chemical analysis 
11 samples from Pleistocene deposits were ana-
lyzed on metal content. Percentage of Pb, Mo, V, 
Cr has been determined by method of spectral 
analysis. Percentage of Cu, Ni, Zn, Mn and Fe –by 
atomic-absorption method. Obtained results were 
compared to the appropriate analyses of the resent 
sediments from the same region of the Black Sea 
(Tab. 1). This analysis reveals similarity of feeding 
provinces of Pleistocene and modern basins. The 
higher content of Manganese and Nickel in the re-
sent sediments is the result of human activity. 

9. Conclusions 
In the South Georgia (Guria region) Pleistocene 
marine sediments are represented by terraces lo-
cated at different hypsometric levels. On the 
mountain of Tsvermaghala due to neotectonic 
movement the Old Euxinic sediments are located 
at the higher hypsometric level than the younger 
Uzunlarian and Karangatian. 
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The base of Old Euxinic sediments were deposited 
in offshore zone at a depth until approximately 50
m. Gradual transition of the mentioned sediments 
from offshore to inshore facies is the result of posi-
tive neotectonic movements.  

Uzunlarian and Karangatian sediments uncon-
formably overlie the inverted Miocene and are rep-
resented by typical shore zone sediments. Observ-
able thickness of these sediments on m.  
Tsvermaghala is 40-45 m, thus positive tectonic 
movement was compensated with sea level rise 
followed with abundant inflow of solid drift to the 
shore zone. 

In Karangatian alluvium from Anatolian upland 
delivered into the shore zone by the r. Chorokhi 
extended 10 km farther to the North then nowa-
days. 

Chemical analysis of the Pleistocene and the resent 
Black Sea shore sediments on metal content re-
veals similarity of feeding provinces.  
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Table 1. Result of the chemical analysis.
Samples Fe Cu Zn V Cr Mn Mo (10-4) Pb Ni

Pleistocene

1 Section 16 5,6 0,006 0,009 0,054 0,016 0,075 <1 0,0012 0,007
2 Section 17 4,4 0,004 0,007 0,041 0,014 0,08 1 <0.001 0,005
3 Section 17 4,8 0,005 0,008 0,064 0,025 0,145 1 0,0023 0,007
4 Section  9 5 0,006 0,008 0,018 0,02 0,03 1 <0.001 0,006
5 Section 10 4,8 0,006 0,007 0,05 0,027 0,09 1 0,0023 0,007
6 Section 13 5,3 0,005 0,007 0,05 0,035 0,04 1 0,0014 0,008
7 Section 2 4,5 0,005 0,009 0,042 0,029 0,04 1 0,0021 0,006
8 Section 2 5,1 0,005 0,009 0,054 0,027 0,045 1 0,0024 0,006
9 Section 6 4,5 0,009 0,016 0,1 0,16 0,03 1 0,0015 0,007
10 Section 6 2,5 0,01 0,012 0,11 0,24 0,02 <1 0,001 0,007
11 Section 6 3,8 0,008 0,01 0,078 0,2 0,025 <1 0,0012 0,008

Recent

Profile 1 6,2 0,008 0,012 0,029 0,057 0,144 0,76 0,0015 0,012
Profile 2 6,6 0,008 0,012 0,024 0,051 0,147 0,93 0,0024 0,012
Profile 3 6,4 0,007 0,013 0,021 0,028 0,218 0,33 0,0013 0,011
Profile 4 5,8 0,007 0,01 0,02 0,027 0,269 0,0013 0,01

Average 

Pleistocene 
sediments 4,6 0,006 0,009 0,06 0,072 0,056 1 0,0017 0,006

Modern sedi-
ments 6,3 0,008 0,012 0,024 0,041 0,195 0,6733 0,0016 0,011
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Abstract: A 750 m long outcrop of Middle Eocene-Miocene flysch is exposed in an asymmetrical syn-
cline in Crnjak Cove, south of Bar, Montenegro. Texture, physical sedimentary structures, petrography,  
and trace fossil studied in these sediments allowed the recognition of turbidite facies that display various 
members of the Bouma sequence (Ta,b,c,d,e). These are interpreted in order to reconstruct the deposi-
tional setting of these gravitational deposits. Predominantly clastic lihologies in this 300 m thick se-
quence are arranged in seven distinct turbidite facies, which represent three superimposed submarine 
fans. The oldest fan consists of: 1) basal marl (T1: 0-30 m), which indicate basin to marginal-fan depo-
sits; 2) thin to medium bedded graywackes intercalated with thin mudstones (T2: 30-140 m), which 
represent mid fan; and 3) thinly bedded graywackes  intercalated with mudstones (T3: 140-160 m), 
which indicate outer fan deposits. The second fan is comprised of: 1) thin to medium bedded, coarsen-
ing upward graywackes (T4: 160-190 m) that represent mid fan environment; 2) conglomerates (T5; 190-
200 m) which, in addition to carbonate clasts, also contain large rip-up clasts of siltstones, indicating lo-
cally derived channel deposits; and 3) thinly bedded graywackes intercalated with mudstones (T6; 200-
230 m), which represent outer fan deposits. The youngest submarine fan is made of thin bedded gray-
wackes intercalated with mudstones (T7: 230-300 m) that represent mid fan environment. The gray-
wackes from mid fan facies consist of Bouma's  Tb,c,d sets, and at their bases contain flute casts, prod 
casts, and scour marks. Thin greywackes from outer fan facies contain abundant and diverse Nereites 
ichnofacies.  

Keywords: Montenegro, flysch, turbidite, Eocene, trace fossils 
 
1. Introduction 
The study area is in southeastern Montenegro, 
which belongs to the south Adriatic zone 
(Dimitrijević, 1995). The WNW-ESE trending 
flysch belt begins about 10 km south of Bar (Fig. 
1) and continues toward east-southeast for about 
45 km, where it gets submerged by the sea near the 
coastal town of Shengjin in Albania. Toward 
WNW the narrow flysch belt is mostly under the 
Adriatic Sea, but it is exposed in short segments at 
Luštica in central coastal Montenegro, in Croatia 
along Dalmatian coast (Marjanac, 1996; Babić and 
Župančić, 1998), and central Istria (Ćosović et al., 
1994; Ćosović et al., 2004). Lush vegetation and 
colluvium cover flysch and limit its exposures ex-
cept in several small gullies. However, a 750 m 
long outcrop of low cliffs in Crnjak Cove south of 
Bar reveals a complete flysch section. The meas-
ured section is between 42o1’10” and 42o1’36” 

North Latitude and 19o8’46” East Longitude (Fig. 
1). The outcrop is an asymmetrically inclined syn-
cline (290o axis trend) that contains several sec-
ondary folds. The inclined beds dip toward north-
east (10o azimuth), with steeper northern (65-80o) 
than southern (35-55o) syncline limb. Field work 
was done in 2007/09 as a part of geological map-
ping at 1:25,000 scale for sheets Bar and Stari Bar. 
The outcrop described in this paper has been as-
signed a type section of Adriatic Flysch Formation. 
The 60 thin sections were studied to classify, de-
termine composition and fossil content of these 
rocks. 

2. Stratigraphy 
Upper Cretaceous limestones in southeastern Mon-
tenegro are capped by discontinuous thin bauxite 
deposits and erosional surfaces that contain ab-
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undant microcodium. This regional unconformity 
is also present in the northern part of the Adriatic 
Carbonate Platform (AdCP). Vlahović et al. (2005) 
consider this unconformity as the termination of 
the AdCP. However, shallow platform sedimenta-
tion in Montenegro and Herzegovina (Radoičić, 
1989) and in Istria (Ćosović et al., 2004) resumed 
by the end of Paleocene, and the AdCP lasted until 
the middle Eocene, when thrusting caused its dis-
integration and formation of narrow foreland ba-
sins. The Adriatic Flysch Formation disconforma-
bly overlies thin (1- 2 m) wackestone that caps 
about 75 m thick foraminifer (Nummulites, Disco-
cyclina, Assilina) rich packstones, grainstones, and 
rudstones. These rocks represent the youngest units 
of the AdCP (Fig. 1). Presence of cyanobacterial 
tubes Decastronema barattoloi (de Castro) in the 
lower part of this formation indicates its Palaeo-
cene age (Ćosović et al., 2008; Zamagni et al., 
2008). Mottled and bioturbated wackestone at the 
top of the formation contains blebs of dark green, 

reduced zones separated by narrow brownish, oxi-
dized zones. The dark green areas contain small 
planktonic forams, calcareous nannoplankton, and 
rare radiolarians, which float in carbonate mud that 
has specks of pyrite. Oxidized zones contain simi-
lar microfossils but also rare bryozoans and larger 
foraminifers, some of which are partially replaced 
by glauconite. We interpret the nodular wackes-
tone as hardground surface that developed during 
rapid sea transgression of early basin, when sedi-
mentation rates were low and some interaction be-
tween unconsolidated sediment and oxygenated 
bottom water took place.  

3. Results and Discussion 
The turbidite series consists of seven facies (T1 
through T7), which reflect various segments of 
three superimposed submarine fans. The lower-
most T1 unit (0-30 m) is made of massive and oc-
casionally poorly laminated bluish green marl, 
which at several intervals contains thin (10-30 cm) 

Fig. 1. A) Geologic map of study area with location of Crnjak Cove and type section of the Adriatic Flysch. Rose dia-
gram of paleocurent directions determined from sole marks. B) Stratigraphic column of studied rocks. 
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more resistant siltstones and/or very fine sand-
stones. The marl weathers easily and is poorly ex-
posed because of colluvium and vegetation cover. 
The marl is the Te member of Bouma Sequence 
(Bouma, 1962), which contains pelagic fossils of 
small planktonic foraminifers and calcareous nan-
noplankton. This unit is equivalent to ‘Globigerina 
marl” (Ćosović et al., 2004) from the northern 
AdCP, that is also recognized in neighboring areas 
of southern AdCP, and assigned Middle Eocene 
age (Mikes et al., 2008). Thin intercalations of silt-
stone and/or very fine sandstone in the T1 unit are 
made predominantly of angular to subangular 
quartz grains, some feldspars, chert, and mica 
flakes held by a carbonate matrix that contains a 
few pelagic microfossils. These rocks have well-
developed thin planar lamination and represent the 
Td member of a Bouma Sequence. In older refer-
ences (Mirković et al., 1978) this facies was de-
scribed as a pre-flysch, but we interpret it as a ba-
sin-marginal fan deposit, where the tails of turbi-
dite currents occasionally interrupted slow pelagic 
sedimentation.   

The T2 (30-140 m), T4 (160-190 m), and T7 (230-
300 m) units contain sandstone layers (10-50 cm) 
intercalated with thin siltstones (~10 cm) and mud-
stones (< 5 cm). In these three units the sandstone 
to mudstone volumetric ratio is about 80:20. The 
yellowish tan sandstones are predominantly made 
of medium to fine sand, with intervals of very fine 
sand and coarse sand. Angular to subangular 
quartz (70-75 %), feldspars (5-15 %), carbonates 
(3-10 %), volcanic fragments (2-5%), and micas 
(1-2 %) are the primary constituents in the sand-
stones. Feldspars are more common than carbo-
nates in the lowermost T2 unit, while carbonates 
are more common than feldspars in the T4 and T7 
units. Accessory minerals (usually < 2%) in sand-
stones are zircon, tourmaline, garnet, and pyrite. 
These texturally immature and poorly sorted sand-
stones are greywackes  (quartz-, feldspar-, and lith-
ic-wackes), which contain carbonate mud that 
binds the particles. Cross laminations, reflecting 
migrating and climbing ripples (Tc member), are 
present in almost all the sandstone beds. Also 
common is planar lamination in the coarser sand-
stones (Tb member), and thinner planar lamination 
in very fine sandstones/siltstones (Td member). 
Convolute lamination (Tc member) is more com-
mon than thin (< 10 cm) massive or graded coarse-
grained sandstones (Ta member). Thin, dark green, 
platy to massive mudstones (Te members) separate 
sandstone layers. The most common association of 

sedimentary structures in sandstones is amalgama-
tion and stacking of Tbc members. Truncation of 
cross-laminated Tc members by plane-laminated 
Tb or massive Ta members is common (Fig. 2). 
The sandstone bases contain load casts, flute casts 
(Fig. 3), groove casts, prod, chevron, and brush 
marks that indicate WSW to SW paleocurrent di-
rections. The best examples of these structures are 
found in the syncline’s northern limb, in the T7 
unit. The arrangement and stacking pattern of 
Bouma Sequence members in sandstones of T2, T4 
and T7  units, and a narrow range of paleocurrent 
directions in these facies indicate sand rich mid-fan 
areas of three superimposed submarine fan sys-
tems.  
  

 
Fig. 2. Stacking pattern of Bouma Sequence members 
within sandstone from mid-fan (T2 unit) deposits. Note 
convolute lamina and truncation (arrow) of cross-
laminated Tc member by a massive Ta member. Current 
flow was from right to left. Hammer is 25 cm long.  

The T3 (140-160 m) and T6 (200-230 m) units are 
made of thin (5-10 cm) fine-grained grey sand-
stones, bluish green siltstones, and olive green pla-
ty mudstones, stacked in a Tcde patterns. The 
sandstone to mudstone volumetric ratio in these fa-
cies is about 50:50. The texture and composition of 
grains in these sandstones is similar to previously 
described units, with exception of volcanic frag-
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ments, which are more abundant (5-10%) than car-
bonates (0-2%). The coarser sandstones of the Ta 
member are totally absent in these units, and few 
poorly defined Tb members are found. Carbonate 
mud matrix generally exceeds 15% of sandstones 
making them densely bound greywackes. Well de-
veloped cross-lamination (Kilibarda et al., 2009) 
and planar lamination in these rocks suggest wan-
ing stages of turbidity currents transport. The nan-
nofossils identified in the neighboring flysch facies 
(Radoičić et al.,1991; de Capoa and Radoičić, 
1994a; 1994b; Mikes et al., 2008) include  Heli-
cosphaera ampliaperta (NN2-4), Calcidiscus lep-
toporus and C. premacintyrei (NN4), which sug-
gest that Adriatic Flysch sedimentation lasted  
much longer (Middle-Late Miocene) than pre-
viously (Late Eocene) thought (Mirković et al., 
1978).  
 

 
Fig. 3. Flute casts, groove and prod marks on the sole of 
thin Tb member, which is capped by Tc member. Arrow 
points to current direction. Eraser is 5 cm long. 

The bases of greywackes in the T3 and T6 units 
display a variety of grapholyptid trace fossils that 
constitute Nereites ichnofacies. Pre turbidite (Sei-
lacher, 2007) association of trace fossils includes 
Paleodictyon italicum Uchman (Fig. 4), Paleodic-
tyon majus Meneghini, Protopaleodictyon incom-
positum Vyalov & Golev, and Scolicia ichnosp. 
Post turbidite (Seilacher, 2007) association in-
cludes Helminthoida labyrintica Heer, Ophiomor-
pha rudis  Ksiazkiewicz (Fig. 5), Scolicia plana 
Ksiazkiewicz, and Taphrhelminthopsis plana 
Ksiazkiewicz. Sedimentary structures indicative of 
lower current energy as well as Nereites ichnofa-
cies with Ophiomorpha ichnosubfacies (Uchman, 
2009) suggest that the T3 and T6 units represent 
mud rich outer fan environments of two superim-
posed submarine fans. 

 
Fig. 4. Pre-turbidite Paleodictyon italicum, Uchman, 
truncated by post-turbidite Ophiomorpha rudis, Ksiaz-
kiewicz (Or). Elongation of Paleodictyon polygons in-
dicates paleocurrent direction (arrow). 
 

 
Fig. 5. Ripple casts at the base of thin sandstone with 
full relief and casts of several large Ophiomorpha rudis, 
Ksiazkiewicz burrows. Hammer is 35 cm long.  

The T5 unit (190-200 m) is made of three stacks (1-
2m thick) of conglomerates, gravely sandstones, 
and lithic arenites, which are separated by thin 
mudstones. The soles of the conglomerate beds are 
irregular and in one exposure reveal a 0.5 m deep 
and 2 m wide scour into underlying mudstones 
(Fig. 6). The conglomerates are dark gray on the 
weathered surface and bluish white on the fresh 
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surface. They are made of angular to subangular 
cobble to pebble size carbonate lithoclasts that 
contain large benthic foraminifers and few, but 
well preserved bivalves (Kilibarda et al., 2009). In 
their lower parts the conglomerates contain large 
rip-up clasts (Fig. 7), which exhibit well-developed 
cross- and planar lamination. The conglomerates 
are graded and the thickest single layer is 1.2 m 
thick. When not truncated by younger conglome-
rate, the conglomerates transition into tan gravely 
sandstones and then in coarse to medium grained 
sandstones. Sandstones contain angular carbonate 
particles with small siliciclastic component and 
negligible mud matrix. They are classified as calc 
arenites. In lower parts of sandstone beds Ta-Ta 
stacking is more common than Ta-Tab pattern. In 
some exposures sandstone beds contain complete 
Tabcd Bouma Sequence. Similar thick con-

glomeratic units in central Dalmatia (Croatia) were 
interpreted (Marjanac 1996; Babić and Župančić, 
1998) as shallow water, delta deposits on top of the 
turbidite. However, at approximately the same 
stratigraphic interval thick conglomerates in Pyre-
nean turbidite were interpreted as megaturbidites 
(Seguret et al., 1984) caused by earthquakes. 
Based on its discordant stratigraphic position and 
clast composition, which is radically different from 
underlying and overlying facies, we interpret the 
T5 unit as an earthquake triggered channel facies of 
submarine fan, whose sediments were derived 
from the lithified costal carbonates and shallow 
water carbonates of the basin rim. 

4. Conclusions 
Our sedimentation model (Fig. 8) indicates that 
three superimposed submarine fans are revealed in 

Fig. 6. Scour at the base of conglomerate bed (T5 unit) 
into underlying siltstone/mudstone of T4 unit. Hammer 
is 35 cm long. 

 
Fig. 7. Large rip-up clasts (arrows) of laminated silt-
stones/very-fine sandstones near the base of conglome-
rate bed (T5 unit). 

Fig. 8. Depositional model for the Adriatic Flysch Formation (Middle Eocene-Mid-
dle Miocene) in Crnjak Cove turbidite.  
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Crnjak Cove turbidite. The elements of the oldest 
fan include basin and fan periphery deposits (T1 
unit), mid-fan deposits (T2 unit) and outer fan de-
posits (T3 unit). The sedimentary structures within 
turbidites suggest that the source of sediment was 
the ophiolite zone in central Albania. The second 
fan elements include mid-fan deposits (T4 unit) and 
outer fan deposits (T6 unit), interrupted by locally 
derived channel deposits (T5 unit), likely generated 
by tectonic activity at the end of Oligocene. The 
youngest fan (T7 unit) deposition lasted until the 
Middle Miocene, much longer than previously 
thought.      
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Abstract: This paper presents an interpretation of results of a long-lasting scientific investigation of the
Herzegovina karst using the methods of Regionalized Variable Theory, i.e. Geostatistics. Throughout
the geological history of karst, its morphological phenomena (doline, polja, sinkholes, obodine) were
filled by sedimentation processes and hence conserved only to some extent in their particular develop-
ment phases, subsequently being subjected to further morphological development in such conditions.
Data on these phenomena were carefully collected for twenty years. As the number of studied elements
exceeded 100000, the collected database is very large and these data are all the more significant because
these morphological elements were accessible for observation and measurement only for a short time
before being filled again. A geostatistical model of soil was developed using the variographic analysis
on soil samples taken in three characteristic glacial areas. Scientifically established relations between
the geomechanical model and parameters of geological origin were defined.

Keywords: Regionalized Variable Theory, morphological phenomena of karst, database, geostatistical
model of soil, glacial, grain shape.

1. Introduction
This paper gives a description of the part of results
of scientific variographic studies of developed
karst morphological phenomena and structural
composition of glacial and fluvioglacial forma-
tions, based on examination of grain shape. Both
studies are related to the Dinaric karst of Bosnia
and Herzegovina (the region of Herzegovina, the
glacial and fluvioglacial deposits of the Blidinje
syncline, Fig. 1).

Fig. 1. Map of Herzegovina.

2. The problem of distribution of the vari-
able "depth" of the karst morphological
phenolmenon

Sets of data on a karst form, collected in regular
exploration grid (Fig. 2), are significantly posi-
tively asymmetrical. This term means a „tail that
lags“ behind the mean value in the depth histo-
gram, on the right side. The left side of the histo-
gram is naturally limited by the depth value 0, and
these are slashed distributions (Marijanović,
2008).

Fig. 2. Regular exploration grid.
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The analysis will show that the asymmetry of dis-
tribution of depths within a karst form is the basis
to understanding its development through a long
geological time. In this connection, lognormal two-
and three-parametric distribution will be very
common in the analysis of karst morphological
forms. The formula of the two-parametric log-
normal distribution is:
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where Xi - i-th value of depth measured in the ob-
served volume; β - standard deviation of loga-
rithms of depth values measured in the observed
volume, and β2 respective variance; and α - mean
value of logarithms of depth values measured in
the observed volume.

Extensive research revealed that the lognormal
three-parametric distribution of depths is also very
common, according to:
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where c – constant.

Studies have also shown that in some cases values
of depths complied with the law of normal distri-
bution, according to the formula:
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where σ - standard deviation and σ2 variance of
measured values of depths in the observed volume;
m - mean value of measured depths.

2.1. The problem of distribution of the depth
and volume of a karst form

The volume distribution analysis is based on the
following assumptions: the entire volume of a karst
morphological structure V is observed, and it con-
sists of small volumes v in whose centers values of
depths, Xi, are variable. Small volumes v are such
that Xi are their mean depths (which is only the
necessary assumption). Now the problem is re-
duced to defining the distribution of small volumes
within the large volume. The analysis begins with
the expression for the observed small volume v
which comprises the value of depth Xi as its mean
depth (Marijanović and Kovač, 1994).

All the analyses made on a very abundant technical

documentation on these phenomena, derived from
the civil engineering, geological and mining prac-
tices, have shown that consideration of these val-
ues is justified. It has been observed that the more
developed a morphological phenomenon, the
higher the said differences of depth and volume
distribution functions in the interval from 0 to
mean value m. Here, development of a karst phe-
nomenon is descriptively called its maturity.

2.1.1. One example (the phenomenon called Ga-
jine)

A total of 127 boreholes were made with the aver-
age depth of 6.89 m.

Based on the exploration work, these statistical
values were calculated for it:
m = 6.89 m;
σ2 = 42.80 m2; and
coefficient of variation KV = 95 %.

Fig. 3. Distribution of depths and volumes.

Comparing the histograms of depths and volumes
within the observed karst form, mostly of log-
normal, three-parametric type (Fig. 3), leads to an
idea on the maturity table, which allows a very re-
liable assessment of the degree of its morphologi-
cal complexity. Generally viewed, the distribution
of depths and volumes transforms from a normal
scheme (undeveloped systems, immature systems),
through a lognormal or lognormal three-parametric
one with moderate positive asymmetry (normally
developed systems, mature systems) to lognormal
or lognormal three-parametric distribution with
very large positive asymmetry (developed systems,
mature systems) (Marijanović at al., 2009). The
idea of morphological development cycles of de-
veloped karst phenomena, based on the distribution
of the variable "depth", collected in a regular or
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semi-regular grid, and on the proposed value of the
coefficient of maturity, is shown in Figure 4. Fig-
ure 4 shows a fully developed (mature) morpho-
logical phenomenon partly filled with bauxite, in
"fingers" of the morphological phenomenon (the
site of Bojcica Bus, Čitluk).

3. Analysis of grain size distribution of the
glacial and fluvioglacial soil

Statistical processing of grains of the glacial soil
(samples of 100 grains) provided a conclusion on
grain size intervals in which 95% of samples taken
in the observed area would be found, and only 5%
of them would deviate from these values. This
means, if 100 samples (100 grains each) would be
taken from the same location, 95 of them would
have the results in the obtained intervals. The
analysis of grain size distribution showed an
asymmetric, lognormal distribution in all the ex-
amined samples, with the most common value of

grain size in narrow limits (10-20 mm). The coef-
ficient of variation of grain size was about
50±10%, which means that sizes of grains were
relatively uniform (Prskalo, 2008).

3.1. Variogram as a result of spatial correla-
tion of variables

Based on the obtained results of analysis of shapes
and roundness of grains, a geostatistical model of
soil was developed and relations between the ge-
omechanical model and parameters of the geologi-
cal origin of soil were defined and scientifically es-
tablished. If variables on rock or soil are used, it is
essential to know their properties in order to make
a reliable geological/geotechnical model (Marija-
nović, 1996). Investigation results and conclusions
arising from them are related by the reliability of
assessment. The reliability of assessment is the

Fig. 4. The natural morphological cycles in karst.
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evaluated measure of quality and quantity of per-
formed investigation works, the purpose of which
is to collect a statistically sufficient data set. Too
few data means to take a risk of making a large er-
ror in judgment, while too large a set commonly
requires high investment that exceeds the limit of
cost-effectiveness. So, a statistically sufficient data
set is required, but what is primarily required is the
processing method that will produce the best con-
clusions with minimum error from this set. The
connection of space and variables makes the spe-
cific quality of these information systems.

3.2. Variographic analysis of structure of gla-
cial sediments

Attention in the research is devoted to defining the
shape and roundness as significant properties of
grains in geomechanical terms (sand, gravel, etc.).
Analyzing the shape and roundness of glacial
grains on samples taken from the field and from
exploratory probes, it was concluded that the gla-
cial sediment is extremely heterogeneous, and the
glacial erosion (e.g. plucking, abrasion) resulted in
formation of clasts of all sizes, from large calved
blocks to fine particles of silt. From the formed da-
tabase, grains were analyzed by reading the values
of coefficient of grain size (kf). An input file was
formed with values of parameters and relative co-
ordinates in the exploratory probe column. The
geostatistic model of soil was developed by apply-
ing variographic analysis, and scientifically estab-
lished relations between the geomechanical model
and parameters of geological origin were defined.
The analysis of correlation between depths and the
mean value of longer dimensions of grains (d1)
proved that such a dependence does not exist (the
correlation coefficient is -0.339). The obtained re-

sults indicate partial sorting that may be influenced
by the way how the material was introduced into
the sedimentation space (Fig. 5).

The variogram indicated an atypical structure of
the fluvioglacial space with unsorted material.
When the general shape of grain was chosen as the
variable for variogram, the form of variogram in
figure 3 was obtained. The overall explanation
could be that the uniformity of grains continues up
to the depth of 2 m on the average, and the identi-
fied form of grains from this zone continues over
another two meters.

4. Conclusion
When working with a variogram, the fundamental
principle should be a critical verification of the
variogram function based on the known properties
of the variable. Consequently, variogram is used to
find new and previously unknown properties, but
this function of variogram must be controlled by
common sense. This approach to interpretation of a
variogram ensures a constant presence of investi-
gative and creative component in the work.
Variogram has proved to be a generator of the in-
vestigation function and accumulator of acquired
knowledge, but it also ensures a high-quality
transmission of such knowledge to engineering
practice, being the bearer of the modeling process.
The idea on existence of cycles in morphological
changes of karst phenomena is based on the estab-
lished fact on gradual differences of basic statisti-
cal-geostati-stical parameters measured on the
variable "depth", such that they illustrate some of
the internal morphological "stresses" that "push"
the development of morphological forms towards
disintegration of the most developed form to a

Fig. 5. Variogram in relation to coefficient of grain shape.
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number of forms that correspond to its initial de-
velopment phase. Application of variographic
analysis in the case glacial and fluvioglacial depos-
its, based on the analysis of grain shape, reveals
their specific structure as the basis of all geotech-
nical analyses and calculations. Preservation of the
natural environment is possible only if the con-
sciousness of those who inhabit it is at the level of
such a task. Generally, the problem is not in the
consciousness of people if they understand and ac-
cept the task. It means that people's perception is
the most important. That is the goal of this paper in
the first place. To tell more about results of long-
lasting scientific investigations of karst in Herze-
govina using methods of Regionalized Variable
Theory (often called Geostatistics). In the course
of twenty years, data were carefully collected on
karst morphological phenomena that were filled by
sedimentation through geological history, in that
way only conserved to a certain extent in a devel-
opment phase and left to further morphological de-
velopment in such conditions. It was most often
economic activities that lead to their cleaning from
the sedimentary grounds (mining extraction of
mineral raw materials, deep excavations in civil
engineering for purposes of construction of larger
structures, dams, hydro-electric power plants etc.)
when they were carefully photographed and stud-
ied. A very large database was collected (the num-
ber of studied elements exceeded the figure of
100000), the value of which is also in the fact that

such morphological elements were accessible to
observation and measuring only for a short time,
when they were filled again. Stress is placed on the
description of morphological changes within long-
lasting karstification processes. The answer is also
reached to question why and how to protect that
little known world of karst that surrounds us.

References
Marijanović P., 1996. Computer and modeling in min-

ing, geology and geotechnics with elements of re-
gionalized variable theory. University in Mostar,
Mostar (in Croatian).

Marijanović P. and Kovač, I. 1994. Geostatistical
Analysis of Broken Morphological Blocks. 1st re-
gional APCOM symposium on computer applica-
tions and operations research in the mineral indus-
tries, Bled, Slovenia.

Marijanović P., 2008. Geostatistics of karst of the Di-
narides. Faculty of Civil Engineering University of
Mostar (in Croatian).

Marijanović, P., Prskalo, M. and Čolak A., 2009. Mor-
phological changes of the Herzegovina karst. 1st In-
ternational Geographical Scientific Symposium
“Transformation of rural areas in conditions of tran-
sition and integration into the European Union,” In-
ternational Scientific Symposium Kupres. (in Croa-
tian with English abstract).

Prskalo M., 2008. Geomechanical properties of the
Blidinje syncline in the function of geological for-
mation of the area, Dissertation, Faculty of Civil
Engineering University of Mostar, ISBN 978-9958-
9170-5-9, Mostar 64,70. (in Croatian).



 



475 
 

Scientific Annals, School of Geology, Aristotle University of Thessaloniki 
Proceedings of the XIX CBGA Congress, Thessaloniki, Greece 

Special volume 99 475-482 
Thessaloniki 

2010 

GEOMORPHOLOGICAL CHARACTERISTICS OF KRATOVO-ZLETOVO 

PALAEOVOLCANIC AREA 

Milevski I. 

Institute of Geography, Faculty of Natural Sciences and Mathematics, University “Ss. Cyril and Methodius”,                                      
Skopje, F.Y.R. Macedonia; ivica@pmf.ukim.edu.mk 

 
Abstract: Kratovo-Zletovo palaeovolcanic area is known as one of the largest in the F.Y.R. Macedonia 
and wider, covering a total of 970.1 km2. A huge amount of pyroclastic material is expelled here, with 
an average depth of about 700 m (Arsovski, 1997). According to Serafimovski (1993), Arsovski (1997) 
etc., volcanic activity in Kratovo-Zletovo area started to the end of Eocene or lower Oligocene, and with 
some pauses last up to lower Pliocene. In that period, volcanic activity successively was moved from 
north-east to south-west (Boev and Yanev, 2001), with changes in volcanic intensity (violent eruption 
followed by expel of pyroclastic material; with silent phases followed by lava flows). The volcanism in 
the region was generally caused by deep sub-meridian dislocations, activated by Paleogene east-west 
extension. To the end of Miocene, volcanic activity is reestablished by longitudinal neotectonic disloca-
tions, started with younger north-south extension. Geomorphologically, in Kratovo-Zletovo area there 
are about 20 volcanic cones and calderas, highly eroded by post-volcanic fluvial-denudation processes. 
Only Plavitsa cone (1297 m) and Lesnovo cone (1167 m) are better preserved, as well as their calderas 
on the top (Milevski, 2005). These two volcanic centers, together with Uvo-Bukovets cones, Zdravchi 
Kamen, Zhivalevo and other volcanic necks, belongs to the older volcanic phases, while younger centers 
are located in the south and west part of palaeovolcanic area (Crni Vrv (1115 m), Preslap (1117 m) and 
Rajcani (867 m) cones with some remnants of calderas). After finishing of the volcanic activity, due to 
strong erosion, volcanic forms subdue significant morphologic modifications. Today, on the remnants of 
palaeovolcanic cones, there are many fluvial, denudation landforms and even fossil coastal terraces. For 
that reason, the recent nature of Kratovo-Zletovo palaeovolcanic landscape is polygenetic.  

Key words: Kratovo-Zletovo area, palaeovolcanic landscape, erosion, denudation 
 
1. Introduction 
The most remarkable palaeovolcanic area in the 
F.Y.R. Macedonia and one of the most characteris-
tic on the Balkan Peninsula is Kratovo-Zletovo 
area. It is located in the north-east part of the coun-
try (Fig. 1), between Kozjak Mountain on north, 
Osogovo Mountain on east, Bregalnitsa valley on 
south and Ovche Pole basin on west, occupying 
970.1 km2. The palaeovolcanic area is extended 
from Zegljane village on NW to Krupishte village 
and Kocani on SE, in length of 55 km and average 
width of 15-20 km. This NW-SE direction is 
matching with deep dislocation (fault) line which 
separate Serbo-Macedonian tectonic unit on the 
east from Vardar unit on the west. The main vol-
canic centers are in the central and south part of 
the area, around Kratovo, Probishtip and Zletovo, 
were largest cones and calderas still exist in land-
scape. However, several centers are north of these 
(Dudarova Korija, Kaludjerica), and few are on 

south (Preslap, Rajchani). Except such large struc-
tures (cones and calderas), there are many smaller 
landforms, directly or indirectly related to previous 
like volcanic rocks shaped by weathering, earth 
pyramids, characteristic valleys, gullies and even 
badlands in tuffs.   
 

 
Fig. 1, Location map of Kratovo-Zletovo pa-
laeovolcanic area. 



476 
 

The first geological and geomorphological knowl-
edge of palaeovolcanic relief of this area dating 
from the late XIX and early XX-th century. Thus, 
Bouèe (1940) and give its opinion on the geologi-
cal structure of the area and present data about the 
mining in the Kratovo area. A little later Cvijic on 
several occasions between 1902 and 1906, make 
detailed geological and geomorphological studies 
in the Kratovo-Zletovo area. In this, particular at-
tention devoted to the determined palaeovolcanic 
forms and their later destruction. After World War 
II, because of commercial use of significant ore 
(Pb-Zn) deposits, comprehensive geological stud-
ies of the Kratovo-Zletovo area carried out. The re-
sults of these studies have been published in doz-
ens of papers. In some of them, aside of geologic 
research, some geomorphological data’s were pre-
sented, especially in the works of Markovic 
(1971), Stojanovic (1986), Serafimovski (1993), 
Dumurdzanov et al. (2004) and others. 

2. Methodological approach 
For detailed geomorphological study of Kratovo-
Zletovo area, several methods were used. First of 
all, former geological research and data’s (bibliog-
raphy, geologic maps) are considered to introduce 
with views of geotectonic settings of Kratovo-
Zletovo area, then the driving causes and timeline 
for tectonic and volcanic activities. With field re-
search and GPS tools, some landforms are identi-
fied, recorded, precisely located and analyzed. In 
identification and interpretation of larger palaeo-
volcanic structures, satellite imagery (Landsat 
ETM+; Google Earth) as well as DEM (3”SRTM) 
of this area is used, which also were used for mor-
phometry analysis.      

3. Preconditions for the emergence of the 
volcanic landscape in the area  

The appearance of the volcanism in Kratovo-
Zletovo area is in close connection with the devel-
opment of Cenozoic extension tectonics in the 
southern Balkan Peninsula. After a period of old-
Alpine compression and collision of more mega-
blocks, in South-Balkan-Aegean area N-S exten-
sion (relaxation) mode of development started. 
This mode is characterized with radial tectonic 
movements which created a grabens and horsts, 
due thinning, stretching and cracking of the Earth's 
crust (Mantovani et al., 2002). In the F.Y.R. Ma-
cedonia (in the southern Balkan Peninsula to the 
Aegean Arc), two phases of extension appear: the 
first at the end of Paleogene and the second from 

the middle Miocene until today. During the first 
east-west extension phase, more dislocations in 
northwest-southeast direction were activated (Du-
murdzanov et al., 2004). That is the intersection of 
these dislocation lines with local fault lines where 
volcanic centers are created. Parallel with the ap-
pearance of volcanic activities, according to Graf 
(2001) and Zagorchev (1995), in-depth granitic in-
trusion is created under Osogovo and Ruen block 
which conditioned their tectonic rise. Paleogene 
(Eocene-Oligocene) volcanism in the above area is 
characterized by a discharge of acid to intermedi-
ary lava: andesite, dacite, quartz-latites, ignim-
brites and others (Boev and Yanev, 2001). 
Younger, north-south extension started in the mid-
dle Miocene and lasts until today. It is expressed 
by the formation of young (neotectonic) fault 
structures with opposite (longitudinal) direction 
(Kjustendil-Debar fault; Kochani fault). At their 
intersection with the old fault lines, were reacti-
vated old or new volcanic centers was formed. In-
terestingly explanation for Neogene magmatism 
have Petkovski (1998), by whom it is due to extru-
sion of magma through fault lines because of sink-
ing of the surrounding grabens. Magma that could 
not come to the surface is intruded under Osogovo 
block that caused his rise. Stratigraphy and K-Ar 
dating of volcanic rocks, indicate that in the Kra-
tovo-Zletovo area, volcanic activity began in the 
Oligocene, i.e. 32-29 million years ago (Boev and 
Yanev, 2001). Active volcanism with some inter-
ruptions, lasted almost 25 million years, and finally 
ended in the early Pliocene. For this period, vol-
canic areas of east parts of the region gradually 
move towards the south-west. The presence of acid 
to intermediate volcanic rocks: andesite dacite, and 
their tuffs and breccias, indicates violent-type 
eruptions, so that despite outbursts of lava has 
dropped a considerable amount of pyroclastic ma-
terial. Taken as a whole, volcanic activity was of 
mixed type; calm eruptions with lava flows, occa-
sionally changed with violent explosions and dis-
posal of pyroclastic material. Volcanic phenomena 
were mainly of continental type, with the middle 
Miocene to Pliocene have emerged phases of ac-
cumulation and consolidation of material from 
eruptions in the surrounding Neogene lakes.  

4. Basic morphological features of the pa-
laeovolcanic landscape in Kratovo-Zleto-
vo area 

Today, from the former turbulent volcanic activity 
in the Kratovo-Zletovo volcanic area, remained a 
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little well-preserved morphological remnants. 
These are mostly highly modified and eroded vol-
canic cones, and much less remains of craters in 
the form of calderas. According to Cvijic (1906), 
volcanic cones between Zletovo and Kocani are ar-
ranged in series and between Kratovo and Zletovo, 
they are deployed in groups. If the terrain is ana-
lyzed in detail, it will realize that these cones rep-
resent: a) real volcano cones which are mainly 
from strato-type; b) pseudo-eruptive cones uplifted 
by intruding the magma near the surface; c) vol-
canic necks which because of faster erosion of the 
surrounded erodible terrain obtained cone-shaped 
form and d) conic hills shaped by fluvial-
denudation processes.  

Morphologically better expressed volcanic cones 
in the area are: Plavitsa (1297 m), Crni Vrv (115 
m), Uvo (1472 m), Lesnovo (Ilin Vrv, 1127 m), 
Kunovska Chuka (1347 m) etc. Their relative 
height to the surrounding terrain is 200-400 m, and 
diameter at the base is 1-3 km. They are domi-
nantly of strato-type, with the lava layers (ande-
sitic-dacitic lava and ignimbrites) interchanged 
with pyroclastic material (tuffs, breccias). Later-
ally, smaller cones often appear as a secondary or 
parasite cone. Thus, only around Plavitsa there are 
7 parasitic cones with relative height from 50 to 
150 m: Kundinska Chuka (817 m), Marchinska 
Chuka (1044 m), Kala (798 m), Gradiste (995 cm), 
Ushi (1205 m), Baba (908 m) and Gro (1023 m). 
Several parasitic cones are present around volcanic 
centers: Uvo, Lesnovo, Crni Vrv, Preslap and oth-
ers. Parasitic cone are often younger than the main 
cone, suggesting more phases of volcanic activity. 
Between main and parasite cone small passes are 
created, remnants of broken down “inter-colline” 
(Cvijic, 1906) or inter-cone depressions. After ces-
sation of volcanic activity they predisposed forma-
tion of short rivers. In the inter-cone depression be-
tween Plavitsa (1297 m) and Kundinska Chuka 
(817 m), small Kundino Lake is formed by erosion 
of tuffs surrounded by harder rocks. 

Due to continuous fluvial-denudation processes 
and young tectonic movements in the area, vol-
canic cones are significantly lowered, eroded and 
reduced, so it is not possible to reconstruct their 
initial shape and height. Particularly devastated are 
peaks where the crater was located. Alongside, 
cones are incised by river valleys which radially 
spread-out towards the foot. For the intensity 
(speed) the destruction of volcanic cones in the 
area can hardly speak, because the long-term proc-

ess that affected a number of factors and variables. 
Certain studies in Europe and worldwide (Karát-
son, 1996; Thouret, 1999; Ramsey, 2003), show 
that the average reductions of fossil cones are ap-
proximately 20-40 m / million yr. At this intensity 
of destruction arises that in initial period, volcanic 
cone at Kratovo-Zletovo area were significantly 
higher, about 300-600 m. 

It is interesting that some volcanic cones in post-
volcanic period not only reduced, but increase its 
relative height, but now due to intense incision of 
the nearby river valleys. Thus, relative height of 
the cone Kunovska Chuka (1347 m) above the val-
ley-bottom of the Zletovska River is 600-700 m, 
and above highest (Pleistocene) river terrace the 
relative height is only 400 m. 

From the previous follows that upon the termina-
tion of volcanic activity today, volcanic cones are 
significantly modified, mainly due to erosion proc-
esses and also with tectonic movements. Such pa-
laeovolcanic cones that are much changed by ero-
sion-denudation processes are actually polygenetic. 

Regardless of poor preservation, palaeovolcanic 
cones are important landscape feature in the Kra-
tovo-Zletovo area. Unlike the cones, most craters 
are completely destroyed. In this area can be iden-
tified the remains of five craters in the form of ero-
sive calderas. Well preserved is caldera on the top 
of Lesnovo cone and less is preserved calderas of 
Rajchani, Crni Vrv, Shtalkovica (Preslap) and 
Plavitsa cone. According to Markovic (1971), pa-
laeovolcanic forms north of Lesnovo are poorly 
preserved because they are older. In our opinion, 
the good preservation of Lesnovo caldera is be-
cause of dense dacite lava flows and arranged 
necks that slow-down fluvial-denudation proc-
esses. Also, it is possible that lower cones and cal-
deras in upper Miocene to Pliocene were covered 
with lacustrine sediments which later (in Quater-
nary) are exhumed. On that way, some period of 
time they were protected from erosive processes. 
Thus, between Lesnovo and Plavitsa cone now 
runs a belt of Miocene lake sediments covering 
older palaeovolcanic relief to a height of 900 m. 

5. Morphological characteristics of larger 
palaeovolcanic centers in Kratovo-Zleto-
vo area 

As already mentioned, typical palaeovolcanic 
landscape which is better preserved is found in the 
central and south part of Kratovo-Zletovo area. In 
the northern part-on the west side of Kozjak 
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Mountain, there are number of conic hills and 
necks, from Kokino and Zhegljane village on north 
to the Stratsin, 10 km on southeast. But morpho-
logical reconstruction on these centers is very dif-
ficult because they are largely destroyed especially 
by fluvial erosion and denudation. Northernmost, 
near Kokino village, characteristic neck called Ta-
tichev Kamen (1013 m) composed by andesitic 
lava and columnar (prismatic) emission, remarka-
bly rise in the landscape. This neck together with 
Visoka (878 m) on south, probably belong to the 
large volcanic center near village Bajlovtse on 
east, which is highly altered by erosion of river 
Petroshnitsa. According to Karajovanovic and 
Hristov (1972), large masses of tuffs up to 400 m 
depth, suggest that eruptions in this area were ex-
plosive and very violent, especially toward the end 
of Miocene and beginning of Pliocene. Some rem-
nants of volcanic cones and calderas appear in 
south direction i.e. in south side of Kozjak Moun-
tain, toward Stratsin village. Thus, Vitlich (1073 
m) and Nepci (938 m) are remarkable cones with 
about 350 m of relative altitude. Vitlich cone with 
near ridges on the NE (toward Drenok village) has 
semicircular shape of caldera, heavily eroded by 

Vetunitsa river from the east side. Here, large 
masses of lava and pyroclastic material are ex-
pelled. In vicinity there are small parasitic cones 
like ideally shaped Luda Mogila (673 m) and oth-
ers. South of Vitlich up to the Stratsin pass, ande-
sitic rocks are much flattened, with occurrences of 
small denudation hollows and caverns on the sur-
face, called lithotelmes.  

Near the village Ketenovo, on several hills from 
both sides of Kriva River, traces of flowing ande-
sitic lava are notable. That is the result of volcanic 
activity of nearby hot spots Vidim (825 m) and 
Kaludjeritsa (791 m) from the right (north) side of 
the Kriva River and Ramni Rid (757 m) from left 
(south) side. Typical volcanic cone do not exist, 
only several necks on the mentioned hills. How-
ever, according to the arch-shaped remnants 
around, probably Kriva River was deeply incised 
and destroyed large volcanic cone with crater in 
the middle. Here the volcanic activity was the ex-
plosive type, so it formed small lava outbursts, sur-
rounded by thick, extensive deposits of tuffs, 
which extend to the northeast Ilin Rid (574 m) near 
the village Opila. There are several parasitic cones 
also, like Ostrovitsa (641 m), Pobien Chovek, etc. 

 
Fig. 2. Map of the most significant volcanic centers in Kratovo-Zletovo palaeovolcanic area (explanation in the text). 
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Taken as a whole, this volcanic center occupies 
large area of 25 km2, and with surrounded pyro-
clastic material almost 60 km2. According to the 
stratigraphic position and type of rocks, volcanic 
activity here belongs to the Oligocene-Miocene 
phase. It is interesting that on the right valley side 
of Kriva River, near village Kuklica, significant 
occurrence of earth pyramids exist. These forms 
(about 120 “stone dolls”) were created by differen-
tial weathering and pluvial erosion of the tuffs with 
andesitic blocks inside (Milevski, 2000).   

In south direction is volcanic center Dudarova 
Korija (768 m) with some semicircular caldera-like 
remnants on the west side, and several parasitic 
cones in vicinity (Zivalevski Rid, 723 m; Borovik, 
664 m; Gradishte, 639 m). Because of augite-
biotite andesitic lavas, this structure which is sig-
nificantly eroded by Petroshnitsa River, is consid-
ered to belong to younger (Miocene-Pliocene) 
phases of volcanism (Serafimovski, 1993). Similar 
characteristics and dimensions has palaeovolcanic 
center Kujbul, 5 km west of Dudarova Korija, 
identified by Markovic (1971).  

On the left valley side of the Kratovo River, 2 km 
west of Kratovo, rising remarkable andesitic neck 
Zdravchi Kamen (844 m) with columnar emission. 
Laterally are thick deposits of tuffs which are quite 
eroded by fluvial-denudation processes. On the 
eastern side, Zdravci Kamen is deeply cut by the 
Kratovo River, and on west by the short Shlegovo 
River. As a result of that and due to selective ero-
sion, this structure highly rise in the landscape and 
give the look of well preserved volcanic cone with 
relative height of 300 m. With weathering of ande-
sitic rocks, interesting denudation forms like co-
lumnar rocks, needle rocks, shallow hollows etc. 
are created. In the highest part of the neck, remains 
of Pliocene coastal terrace of 780-800 m are pre-
served. 

In the vicinity of Kratovo the remains of more pa-
laeovolcanic forms can be observed. Cvijic (1906) 
believes that the city Kratovo itself lies in a vol-
canic crater, which was cut in the middle with Ta-
bachka (Kratovo) River. However, detailed analy-
sis of elevation and geology do not go in favor of 
this assumption. Our opinion is that such morphol-
ogy of the terrain around Kratovo, in the form of a 
circular depression, is actually the result of selec-
tive erosion of the Kratovo River and its tributar-
ies, which intercepted the northeastern part of the 
complex Plavica center. Thus, the Kratovo River 
morphologically separated volcanic centers north 

of Kratovo from Uvo-Bukovets to the southeast 
and Plavitsa to the southwest.  

With field research, along the right valley side of 
the Kratovo River (upstream of Kratovo) traces of 
flowing lava in the southern direction are ob-
served. Probable center of volcanic activity here is 
a structure Dlaboki Del, north of Kratovo, in which 
are located several necks (Peshtar 1113 m, Kra-
tovski Rid 1108 m and Kamen 994 m). Such arch 
morphology, probably is the secondary segment of 
Plavitsa or Uvo-Bukovets structure, which has 
very similar characteristics and meets the older 
volcanism.  

Among Kratovo and Probistip is remarkable pa-
laeovolcanic center, Plavitsa (1297 m). From the 
south side, this volcanic cone rises about 400-500 
m over the Neogene lacustrine terrace (780-800 
m), and the diameter is 3-4 km. Around the major 
cone, concentrically went up 7 smaller parasitic 
cones high 50 to 150 m. The slopes of Plavitsa 
have noticeable traces of the flowing lava, and that 
especially in the south and southeast direction. Ac-
cording to presence of lava and large amount of 
pyroclastic material, there are probably inter-
changed stages of silent and explosive eruptions, 
and the cone is of strato-type. The higher part of 
Plavitsa (above 1000 m) has a semi-circular shape 
and looks like quite destroyed caldera, particularly 
on the west and north side. However, concentric 
outbursts of dacitic-andesitic lava, reflect the con-
tours of caldera and suggest a possible volcanic 
center. According to the position of surrounding 
ignimbrites, probably here volcanism began in 
Oligocene i.e. in the first phase. Andesites and 
tuffs originating from surrounding parasitic cones 
(Marchinska, cones near Shlegovo and Prikovci), 
with upper Miocene or lower Pliocene age as 
mixed or partially penetrate the Miocene lake 
sediments south of Plavitsa. This means that dur-
ing the lake stage were strong volcanic activity. 

Only 3 km west of Plavitsa is one also very re-
markable volcanic structure Crni Vrv, with vol-
canic cone in the center (1115 m), connected with 
ridge to Gradishte (1009 m) on NW. According to 
Markovic (1971), this structure is remnant of cal-
dera eroded on north side, while Serafimovski 
(1993) mean that south and west sides are de-
stroyed by faults with NW-SE and NE-SW direc-
tions, whereas north side is better preserved. How-
ever, together with near parasitic centers (cones 
and necks), entire structure covers 50 km2, thus 
one of the biggest in the area. Abundance of tuffs 
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implies explosive eruptions, with maximum in up-
per Miocene or early Pliocene.   

East of Plavitsa (4 km), above the village Blizanci 
there are two cones: Bukovec (1423 m) on west 
and Uvo (1472 m) to the east. They are mutually 
far only 1 km and are separated by a shallow sad-
dle, caused by a fault in the direction NNE-SSW. 
Cones have very symmetrical appearance, and 
their relative height is about 250 m (Fig. 3). Here 
the volcanic activity is represented mainly by lava 
outbursts of dacites (dacite ignimbrites). The 
whole structure Uvo-Bukovets with several para-
sitic cones around, stretches over an area of 10 
km2, and lava-pyroclastic material is distributed in 
an area of 35 km2. Age of this structure is probably 
Oligocene.  

 

Fig. 3. Volcanic cones Uvo (right) and Bukovets (left) 
with smaller cones in front. 

At a distance of 3.5 km northeast of the volcanic 
center Uvo-Bukovec, west of the village 
Mushkovo, rising palaeovolcanic cone Golem Rid 
(1532 m), with the relative height of 200 m. Ac-
cording to Serafimovski (1993), it is a parasitic 
center associated with the activity of the Uvo cen-
ter, although on the position and morphology, Go-
lem Rid could be considered as a separate volcanic 
center. West of Golem Rid are several small para-
sitic cones (Valanovec, Potes, etc.), about 50 m 
high and indicate several phases of volcanism in 
this area.  

About 5 km southwest of Plavitsa, near the village 
Lesnovo, is one of the best preserved structures in 
Kratovo-Zletovo palaeovolcanic area and wider. 
The entire structure with an area of 12 km2 resem-
bles volcanic cone with a diameter of 4 km. The 
cone has steep sides and over the surrounding 
landscape rises up to 400 m. It is particularly well 

expressed on the south and southwest side. From 
the east side, Lesnovo cone was cut by Zletovska 
River and from the west by Dobrevska River. Ac-
tually, the cone from several sides is incised by 
shallow valleys which Cvijic (1906) calls as 
circum-crater valleys. On top of Lesnovo cone, 
there has been impressive, well preserved caldera 
with a diameter of 1.5 km and depth in the middle 
of 150 to 200 m. Around the caldera center, circu-
larly are located 7-8 conic hills i.e. volcanic necks. 
Most remarkable of them is Ilin Krst (1127 m) on 
north, which was probably a major volcanic center 
where largest amount of lava and pyroclastic mate-
rial expel. On the southern and eastern side appear 
3 other necks: St. Troica (1012 m), Nusheva 
Chuka (1025 m) and Gumichki Rid (1048 m).  

Lesnovo caldera is morphologically well ex-
pressed, except on southwest and northeast side, 
where it is cut with Lesnovo stream. It should be 
noted that the initial appearance of the crater was 
considerably different, if we note that the structure 
belongs to the older volcanism in the area. It de-
rives from the age of dacitic lava (dacitic ignim-
brites) which according to Serafimovski (1993) is 
Oligocene. Also, on the southern side of the 
Lesnovo cone, younger Pliocene-coastal terrace of 
900 m and 780-800 m are incised, therefore, the 
structure is certainly pre-Pliocene. If you take into 
account the aforementioned values for average re-
ductions of andesitic-dacitic strato-volcanic cones 
of about 20-40 m per million years (Karátson, 
1996; Thouret, 1999), it is clear that in the initial 
period, Lesnovo cone was at least 200-400 m 
higher. Indeed, the Lesnovo caldera has poly-
genetic character because for its contemporary 
shape, great importance had subsequent erosion 
processes.  

With field research, on the Lesnovo cone are seen 
traces of the radial flow of lava, especially in the 
southern direction. Dacitic lavas today are exposed 
to selective erosion with numerous small denuda-
tion forms (stones, hollows, footprints, etc.). On 
certain incisions along the road Dobrevo-Lesnovo, 
can be noted that dacitic lavas lie on tuffs, suggest-
ing that Lesnovo cone represent a strato-volcanic 
structure. 

In the southeast end of the Kratovo-Zletovo area, 
several palaeovolcanic cones are registered that the 
omitted material belonging to the younger stages 
of volcanic activity. Characteristic residues of cal-
dera are recognized north and northwest of the vil-
lage Pantelej. Here in poly-phases volcanic activ-
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ity, a major center of Preslap (1117 m) is formed, 
and several parasitic centers: Iliica (859 m), 
Spasovica (851 m), Pantelejska Chuka (825 m) and 
others. The caldera ring itself, is hard to morpho-
logically reconstruct, because it is pretty much 
eroded. Better is seen on the north side and south 
side was eroded by Koselska River (tributary 
Shtalkovitsa River). According to the preserved 
remains, caldera had a diameter of about 2.5 km. 
Volcanic activity of this structure was largely 
calm, with outbursts of large masses of young an-
desites, which flow traces can be noticed in south-
ern direction, towards the villages Pantelej and Ra-
jchani. Occasionally emerged stronger (explosive) 
eruption, for which testify deposits of andesitic 
tuffs, accumulated on land and in water environ-
ment (stratified). The volcanic activity was the up-
per-Miocene or lower Pliocene in age. 

Southernmost, morphologically better expressed 
volcanic structure and the youngest in the area 
stretching west of Kochani, and cover an area of 
about 25 km2. Today from the former cone with 
impressive dimensions two calderas remains, ex-
ternal and internal, both better preserved from the 
northern side. Pyroclastic material is presented 
with breccias and to a lesser extent with andesitic 
tuffs mostly deposed in water environment. Their 
status and composition suggest lower-Pliocene 
volcanic activity. However, large calderas with 
vast pyroclastic material are evidence of powerful 
eruptions in this area. Around Rajchani calderas 
has been observed several lower hills, which are 
small parasitic cone. These are: Sv. Gjorgji (570 
m), Golak (559 m) from the southern side; Bakovo 
(596 m) above the village Tripatanci on west and 
others. 

 
Fig. 4. Drawings and sections of the main crater (caldera) Lesnovo and secondary centers. 

Fig. 5. West ridge of the Lesnovo caldera, incised by Lesnovo stream. 
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Remnants of volcanic center are also evident on 
the west side of Kratovo-Zletovo area, on the 
mountain Mangovitsa. Three andesitic cones: 
Mangovitsa (741 m), Golem Osoj (734 m) and 
Glozhje (655 m) and several smaller are arranged 
on such way that resemble caldera about 2 km in 
width, heavily eroded by Mavrovitsa (Kiselitsa) 
River. Here, large amount of pyroclastic material 
are expelled on about 50 km2, showing explosive 
volcanic activity. After intensive volcanism in 
Pliocene, these structures are gradually destructed 
with many occurrences of denudation landforms 
today (earth pyramids, columnar and mushroom 
rocks, balls etc.). 

6. Conclusion 
In the paper are analyzed larger palaeovolcanic 
landforms in Kratovo-Zletovo represented by 
about 20 volcanic cones and several calderas. Be-
sides these, many smaller landforms are observed, 
usually associated with the lava flow, accumula-
tion of pyroclastic material and its erosion. There 
are many pseudo caves, volcanic bombs, stone 
blocks, columnar rocks and blocks, hollows, cav-
erns and rills in horizontal andesites, as well as 
rills, gullies, earth pyramids and even badlands in 
tuffs as sites of excess erosion.  

Imposes the conclusion that, taking into account 
the age of volcanic activity, palaeovolcanic forms 
are still well preserved. According to the study of 
Ramsey (2003), the initial stage to the stage in 
which today's palaeovolcanic forms in the field 
(according to its classification, it is the third of five 
stages), in areas with drier, continental climate, 
usually spends a period of 3 million years. This is 
significantly less compared to the aforementioned 
5-30 million years ago how really wonderful. In 
the future remains to be explored whether Neogene 
palaeovolcanic forms were covered with lake 
sediments and protected from erosion or the inten-
sity of erosion and tectonic destruction was weaker 
than expected. 
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Abstract: Α semi-buried underwater beachrock exposure, in the west coast of Thassos Island (N. 
Greece), has been investigated due to coastal erosion phenomena. The partial removal of the 
beachrock’s outcrop by locals incurred rapid regression of the beach, while the protected by the forma-
tion coast, remained stable during the same time interval. The use of the Bruun Rule as a contributor in 
the quantification of the marine transgression in the study area showed a participation of the sea level 
rise to the beach erosion equal to 7% of the total erosion at minimum. Several other factors which are 
related to the unique dynamic conditions at the eroded coastline, might have contributed to augmented 
erosion values. 

Keywords: beachrock, coastline, sea-level, Thassos, Greece. 
 
1. Introduction 
Beachrocks are rocky sedimentary formations con-
sisting of carbonate-cemented coastal material 
(clastic, skeletic, anthropogenic), consolidated in 
the intertidal or supratidal zone (Chivas et al., 
1986; Gischler, 1994; Milliman, 1974). The main 
sources of the carbonate precipitations are intersti-
tial sea water and meteoric water (e.g. Ginsburg, 
1953; Kelletat, 2006; Milliman, 1974; Schmalz, 
1971; Hanor, 1978) as well as biological activity 
(Neumeier, 1999), following several different 
physicochemical processes. Several impacts on 
coastal evolution result from the presence of 
beachrocks. These include the reduction of littoral 
sediment volume, the change in coastal morphol-
ogy and the change in preservation potential of 
shoreline facies (Cooper, 1991). On retreating 
coasts, outcrops of beachrock may be evident off-
shore where they may act as a barrier against 
coastal erosion. Beachrock presence can also in-
duce sediment deficiency in a beach and out-synch 
its wave regime (Cooper, 1991; Rey et al., 2004). 
A further important issue which is related to the 
formation of beachrocks has to do with the coastal 

management and the outcrops’ impact on tourist 
industry (Vousdoukas et al., 2009a). Although 
beachrock can prevent extended beach erosion and 
recession, its exposure causes several socioeco-
nomic impacts, as a result of the alteration of a 
beach from sandy to rocky. The recorded sea-level 
rise of recent years may cause further exposure of 
buried beachrock outcrops in tectonic stable re-
gions like the study area (Cooper, 1991; Kindler 
and Bain, 1993; Chowdhury et al., 1997; Alexan-
drakis et al., 2006), which in turn could lead to a 
decline of many coastal areas. 

The global rise of sea level during the Holocene 
(Pirazolli, 1991) and during the historical period 
have prompted studies of the short-term response 
of shorelines to changes in sea water level (Hands, 
1979, 1980, 1983; Brambati et al., 1998; Ciavola 
and Corbau, 2002), geomorphological analysis of 
shoreline behaviour during transgression (Rosen, 
1978; Carter and Orford, 1993; List et al., 1994, 
1997) and investigations of transgressive coastal 
stratigraphic sequences (Kraft, 1978; Thom, 1983; 
Cowell et al., 1995; Cattaneo and Steel, 2003). Re-
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cent studies in the Mediterranean area show a var-
ied mean annual sea level change, whose spatial 
distribution is not uniform. From 1990 and after-
wards, most gauging stations in Mediterranean sea 
have showed an extremely high sea-level rise of 5 
to 10 times the average 20th century rise, and no-
tably higher than the global average measured by 
Topex/Poseidon for the same years (Klein and 
Lichter, 2009). 

Recent studies have introduced that beachrock-
occupied beaches are characterized by particular 
and distinctive morphodynamics (e.g. Vousdoukas 
et al., 2009b). This study aims to examine the be-
haviour of the coastline at a particular beach, 
where the abrupt change of its character after the 
beachrock removal incurred a rapid response of the 
littoral equilibrium. 

2. Setting of the area 
The case study presented in this work was con-
ducted in Thassos Island (N. Greece), which is lo-
cated 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 grav-
els on the south side where a stream is discharging. 

The prevalent rocks in the area are gneiss and mar-
bles. The basins that end up to the study area in-
clude Holocene sediments, Miocene marbles, mar-
bles 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 Thassos is characterized by coastal – 
marine climatic type, transitional to continental 
climate (high summer temperature, storms), due to 
the slight distance of the island from the coast of 
Macedonia at the north. The average annual tem-
perature 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) 
(Weingartner, 1994). Fetch length to that direction 
reaches up to 26 km (F1), whereas the longest fetch 
is to the west, reaching 65 km (F2). 

The exposed beachrock is located in the swash 
zone and dips gently seawards (mean 5o), follow-
ing the arrangement of the beach. The main body 
of the formation has a total length of 305 m and  

Fig. 1. Location of the study site, showing the studied 
beachrock as well as the position of the morphological 
beach profiles (dashed lines). 

exposure width 2-10 m. The height of the beach- 
rock at its underwater face (Fig. 2) reaches up to 
70 cm. This face is quite steep and has been under-
cut in many places, resulting in cracking, collaps-
ing, even in displacement of blocks of the forma-
tion. Core drilling across the formation and ultra-
sonic velocities recorded that deeper layers are less 
porous than surficial, indicating older age at the 
bottom (Psomiadis, 2005; Psomiadis et al., 2009b). 
At the NNE side of the beach, a part of the 
beachrock was broken and removed by local citi-
zens in 1994. This act had an immediate impact on 
the coastal equilibrium. Beach sand in the specific 
part of the coast retreated rapidly, while the rest of 
the coast remained in equilibrium state, behind the 
protection of the beachrock body. At the north end, 
a jetty separates the study beach from the prolon-
gation of the coastline at the north (Fig. 2). 

3. Techniques and Methods 
In order to quantify the expected shoreline retreat 
during the last 15 years, the 50-year-old Bruun 
Rule (so named by Schwartz, 1967) was used 
(Bruun, 1954; 1962; 1988). The Bruun Rule is ex-
tensively used as a tool for shoreline retreat esti-
mation as response to rising sea level. However, it 
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has been critically reviewed basically for three 
main groups of reasons: 1) the assumptions behind 
it are so restrictive that they probably do not exist 
in nature, 2) it omits many important variables and 
3) it relies on outdated and erroneous relationships 
(Cooper and Pilkey, 2004). In this study, the Bruun 
Rule was used just as a contributor in the quantifi-
cation of the transgression in the study area, with-
out attempts for modeling or predictions. It also 
aided to estimate the effect that the sea level rise 
alone would have on the beach in the case that no 
erosional processes were active and enough time 
allowed for the beach to reach a new equilibrium. 
So, in a typical equilibrium nearshore profile, L is 
the length of the profile, B is the berm height and 
H is the depth at the base of the profile beyond 
which significant sediment exchange with the off-
shore does not occur (depth of closure). For a sea 
level rise of the amount of S, the profile will shift 
landward by the amount R according to the Bruun 
Rule equation (Bruun, 1988): 

R = S·[L/(B+H)]  (1) 

The depth of closure is estimated by the equation 
(Coastal Engineering Manual 2002): 

H = 6.75 Hs   (2) 

where Hs is the mean annual significant wave 
height, given by the relationship (Coastal Engi-
neering Manual 2002): 

Hs = 5.112 · 10-4 · W · F0.5 (3) 

W = 0.71 · U1.23   (4) 
 

U = Uz · (10/z)1/7  (5) 

where W is the wind stress factor, U is the wind 
speed at 10 m above sea surface, F is the fetch 
length and Uz is the wind speed at height z above 
sea surface. Wind speeds and corresponding an-
nual frequencies of occurrence of the winds as 
weights (recorded by the meteorological station of 
Limenas, Thassos Island, 15km NE from study 
area) were used to calculate the wave heights and 
mean annual wave heights for NW and W wind di-
rection (in accordance to fetch directions, F1 and 
F2). 

The sea bottom was surveyed to obtain the detailed 
bathymetry of the area, in the zone in front of the 
study beach. The survey covered a total area of 
1300m x 300m, reaching maximum depth of 16 m, 
using a NAVMAN D22100 Sonar device attached 
via a NMA183 interface on a Garmin GPS plotter, 
with EGNOS corrections, where x,y,z data were 
stored. The survey was performed along transects 
perpendicular to the coastline by a small inflatable 
speedboat.  The total x,y,z data reached 1704 
measurements, covering in detail the surveyed 
area. Geographic Information System (GIS) soft-
ware was used to reproduce 2D contouring and a 
3D Digital Elevation Model (DEM), which in turn 
provided all necessary data (Fig. 3). 

 
Fig. 2. Position of the removed beachrock in relation to the exposed formation and the jetty. 
a) coastal erosion due to beachrock removal, photograph taken stepping on the jetty, b) height of 
the beachrock. Scale equal to 30cm.  



486 
 

Coastal profiles were constructed in order to esti-
mate the mean berm height along the beach (Fig. 
4). The profiles were done according to the pro-
posed method by Komar (1998). 

Sea level data from recent statistical analyses 
(Klein and Lichter, 2009) for the last 15 years were 
used. The mean annual sea level rise for the N. 
Aegean Sea is calculated by the data from Klein 
and Lichter (2009) as the relative weighted mean 
annual sea level rise for the two reliable (regarding 
their standard deviation) stations (Thessaloniki and 
Alexandroupoli), equal to 6.8 mm/yr.  

4. Results and Discussion 
By the equations (3), (4) and (5), two values of 
mean annual significant wave height Hs were cal-
culated, using the two different fetch lengths 
(F1=26 km and F2=65 km) (Tab. 1), while equation 
(2) provided the respective values of closure depth 
(Η1, Η2). Based on the DEM of the sea bottom 
(Fig. 3), the length L takes two values, respective 
of the estimated closure depths (Tab. 1). Berm 

height (B) was calculated as the mean berm height 
recorded on the beach profiles (Fig. 4), equal to 75 
cm above mean sea level (amsl). The Bruun Rule 
equation (1) gives two estimations for the annual 
shoreline retreat, which do not differ much from 
each other (R1 = 3.3 cm/yr and R2 = 4.2 cm/yr, 
Tab. 1). 

Beachrock initially enhanced erosion (sediment 
loss) but after its subaerial expose it has protected 
the study beach for several years, providing a natu-
ral breakwater along the shoreline. However, the 
removal of an outcrop’s block, approximately 110 
m long, had an immediate regressive impact on the 
shoreline. The total retreat during the 15-year wave 
erosional action on the beach was 9.3 m, estimated 
as the vertical distance from the beachrock face 
seawards to the modern shoreline at the “naked” 
part of the beach. The latter estimation stands for 
the speculation that the beach was limited at the 
beachrock front at the time the erosion started. 
This is confirmed by the fact that beachrock is 
formed in the intertidal zone of the beach (e.g. Al-

Table 1. Morphodynamic calculations based on data and equations 1-5 
  F (m) Uz (m) U (m) W (m) Hs (m) H (m) L (m) B (m) S (m) R (m) Rt (t=15yr) 
1 (NW) 26000 1,56 1,96 1,63 0,13 0,90 8,00 0,75 0,0068 0,033 0,495 
2 (W) 65000 1,47 1,85 1,51 0,20 1,33 13,00 0,75 0,0068 0,042 0,630 
  Actual retreat 0,62 9,30 

Fig. 3. 2D and 3D Digital Elevation Models (DEM) of the wider study area, used for the calcula-
tion of the profile lengths (L1 and L2, Tab. 1). 
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exandersson, 1972; Hanor, 1978; Stoddart and 
Cann, 1965) and it stands there after its exposure. 
Just a few small blocks of the formation were 
cracked and collapsed on the sea bottom at the 
front, without altering the frontline of the forma-
tion (Psomiadis et al., 2009a). By a simple calcula-
tion, the mean annual retreat rate of the shoreline 
during the last 15 years of exposure to wave action 
is 62 cm/yr. This value is much higher than the es-
timation in this study [4.2 cm/yr maximum (R2), 
Tab. 1]. Significant causes for this discordance 
may be the stress for dynamic equilibrium at the 
new conditions after the abrupt removal of the 
beachrock, the unique wave regime in such a small 
part of a sandy shoreline with rigid sides as well as 
the presence of the jetty at the north end of the 
beach. The above factors are closely associated to 
the sediment budget instability caused by natural 
(littoral zone characteristics) or man-made (con-
structions) parameters, which finally induced the 
shoreline retreat. It should also be taken into ac-
count the comparison of the natural processes rela-
tively to the hypothetical case that no erosion af-
fected the beach for a time period long enough to 

allow it reach a new equilibrium. Apart from all 
these factors which may change the dynamic equi-
librium, other minor parameters that are not in-
cluded in the Bruun Rule may also have affected 
the underestimated value of shoreline retreat in 
comparison to the actual one. However, sea level 
rise should be considered to have caused at least 
7% of the total shoreline retreat at the study area. 
The protected by the beachrock part of the beach is 
also affected by sea level rise, as its previously 
sandy nature has been altered to rocky due to 
beachrock exposure after sediments swept away, 
whereas storm events will eventually have serious 
impact on sediments at the backshore. 

Regarding the evolution of the coast, the first 
phase took place when sea level was lower than 
today (Fig. 5), the coast was at dynamic equilib-
rium and the conditions in the intertidal zone were 
suitable for carbonate precipitation and sediment 
consolidation (beachrock formation). As sea level 
was rising, budget equilibrium was disturbed and 
the shoreline began to retreat. Beachrock formation 
was not interrupted in the intertidal zone, probably 
in a slightly higher level. As coastal erosion con-

 
Fig. 4. Morphological beach profiles, as shown in figure 1. Elevation datum is the mean annual sea level. 
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tinued, the face of the beachrock towards the sea 
began to outcrop, whilst consolidation of beach 
sediments kept on at even higher level. Reaching 
modern situation, beachrock formation has been 
widely exposed across the coastline. The shoreline 
is now protected by the beachrock, although ero-
sional trends are still active at the coast. 

5. Conclusions 
The specific setting of the study beach provides a 
unique case for the evaluation of the morphody-
namic impact of beachrock outcropping on the 
coastline. The comparison of the surveyed with the 
estimated transgression indicated that although 
beachrock was playing a protecting role for the 
coastline, the actual retreat was incurred also by 
several other factors apart from beachrock re-

moval. In our case, these factors intensified the re-
gression of the coastline relatively to the Bruun 
Rule estimation model. It is shown however, that 
sea level rise has caused at least 7% of the total 
shoreline retreat at the study area. An advanced 
modeling of the morphodynamic behaviour of a 
beachrock-occupied shoreline should include many 
parameters in order to model in precision the litto-
ral responses, especially in cases of abrupt 
changes. 
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Abstract: This paper presents the impact of landslide phenomena on the landscape evolution of Andros 
Island. The morphology of Andros Island highly affected by tectonism (extensional deformation), in 
combination with the highly weathered metamorphic rocks of the Cycladic metamorphic massif are the 
two main reasons for the landslide phenomena on the island. These landslides have a specific distribu-
tion following the slopes with high angles. They are located in high altitude areas very close to the ma-
jor tectonic structures, or on the side slopes of highly eroded valleys due to running water action. The 
results of the fieldwork and terrain analysis showed that the landslides are divided into three distinctive 
groups, corresponding to their scale and formation conditions. The oldest (1st) group of landslides af-
fects very large parts of mountain slopes that have moved downwards due to driving forces not only 
connected with the tectonic evolution of the area and the deformation faults, but also with the action of 
weathering and erosion processes. The geological formation of the slope parts is responsible for the 
generation of the intermediate (2nd) group of landslides. All landslides included in this group of mass 
movements are manifest in sites which consist of schists with marble intercalations and marble bodies. 
These formations are intensively fractured. The youngest (3rd) group includes all the synchronous land-
side phenomena. Such landslide phenomena which affect linear technical works and urban areas are as-
sociated to geomorphologic conditions, climatic regime as well as human activities, and are present in 
numerous places on the island, mainly during high precipitation periods. 

Keywords: Andros Island, Attic-Cycladic massif, landscape, landslides 
 

1. Introduction 
The landscape of the Islands in the Cyclades Island 
complex reflects in many ways the impact of the 
landslide phenomena due to tectonic evolution, 
geological setting and recent human construction 
activity (Varnes, 1978, Koukis-Rozos, 1982, 
Vlcko, 1982, Koukis, 1988). These characteristic 
morphological features can be easily distinguished 
on the hillsides and the valleys of the islands. The 
moderate slopes of the usually well-drained land-
scape, the weathering susceptibility of the meta-
morphic rocks, and the lack of vegetation are the 
main causal factors of the slope failure phenom-
ena, as those reported in the Cyclades islands 
(Varnes, 1984, Koukis-Ziourkas, 1991, Koukis et 
al, 1997). To this end, a thorough examination of 
landslide phenomena throughout the island was 
carried out from which three categories became 

discernible. The oldest one has a very good con-
nection with the landscape evolution of the island, 
but also helps in the manifestation of the other 
types of landslides, which contribute in turn to the 
recent landscape evolution.   

2. Location and morphology 
The area of interest in this paper is Andros Island, 
located in the northern region of the Cycladic is-
land complex (the Cyclades) in the center of the 
Aegean Sea (Fig.1). The island area is approxi-
mately 380 km2, making it the second largest is-
land of the Cyclades. The distance from the Attica 
Peninsula is 55km and only 11km from Euboea Is-
land. This short distance is the main reason for the 
geological continuity between the metamorphic 
rocks in the south of Euboea and the northern part 
of Andros Island.  
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Fig. 1. Location map. Andros Island is situated in the 
northern part of the Cyclades island complex in the cen-
tre of the Aegean Sea. 

From a geomorphologic point of view, Andros is a 
mountainous island with the highest relief situated 
in the center of the island’s longitudinal axis. The 
highest point is Kouvara peak (994m). The geo-
logical basement of the island consisted of meta-
morphic rocks of the Attic-Cycladic massif. These 
folded rocks were the initial relief for the fluvial 
action that shaped the present-day morphology. 
High denudation rates and channel incision are re-
sponsible for the V-shaped valleys with moderate 
slopes. Also the fluvial action with stream erosion 
created graded channel profiles.  

The drainage network pattern is dendritic in some 
areas of the northern part while in the southern part 
it is trellis following the folded topography and 
tectonic control.  

3. Geological Setting – Tectonic regime 
The Cyclades Islands – almost a circular alignment 
of islands around the isle of Delos, a commercial 
and religious center of Ancient Greece – are lo-
cated in the center of the Aegean Sea (Fig. 1). 
They consist of metamorphic rocks which have 
undergone multiple stages of deformation and 
metamorphism including high-pressure conditions. 
This metamorphic rock association is assumed to 
be part of the crust involved in the Cycladic (Al-
pine) orogen. The high-pressure metamorphic 
rocks outcropping on the islands are believed to be 
the dismembered roots of the mountain belt formed 
during the Eocene collisional orogenic stage.   

After nappe stacking and crust thickening, this 
orogen experienced collapse due to both gravita-
tional and back arc extensional forces, resulting in 
crust fragmentation (Lister and Raouzaios, 1996). 
Exhumation of these rock sequences was the result 

of simultaneous action of exhumation-erosion, 
ductile flow and horizontal extension (Brandon 
and Ring, 1997). 

The Attico-Cycladic (as the physical continuation 
of the Pelagonian) and the Menderes Massif form 
an arcuate orogen to the north of the present-day 
active margin which marks the site of the north-
eastward subduction of the African plate beneath 
the Apulian – Anatolian microplate. 

The Cyclades Islands are part of the Attic-Cycladic 
complex, forging an island belt consisting of multi-
metamorphic and deformed crystalline rock culmi-
nations, linking continental Greece with Turkey. 
The complex consists of a stack of tectonic units, 
which form a nappe pile. The upper nappe contains 
various intercalated fragments of ophiolites, Per-
mian sedimentary rocks and high temperature 
metamorphic rocks. In contrast, the lower nappe 
formations exhibit multiple metamorphic events 
and consist of a series of thrust sheets containing 
pre-Alpine basement, Mesozoic marble, metavol-
canics and metapelites. The polymetamorphic na-
ture of this lower unit is manifest in: 1) Eocene     
(~ 42 Ma) high-pressure, blueschist facies meta-
morphism 2) Oligocene/Miocene (20-25 Ma), 
normal regional metamorphism and 3) Miocene 
(14-20 Ma) contact metamorphism associated with 
the intrusion of I-type granitic rocks (Schliestedt et 
al., 1987; Altherr et.al., 1979). In this complex, 
Andros together with Tinos forms the geological 
and morphological continuation of south-eastern 
Euboea towards the southeast. 

More analytically, on Andros two tectonic units 
are distinguished (Papanikolaou, 1978). The struc-
turally higher Makrotantalon unit has a thickness 
of up to 600m and mainly consists of clastic meta-
sediments and marbles while metabasic schists are 
of subordinate importance (Fig. 2). Fossil findings 
in the dolomitic carbonates yielded Permian ages 
(Papanikolaou, 1978).  

The tectonic boundary with the lower unit is 
roughly marked by serpentinites (Fig. 2). Papani-
kolaou (1978) related tectonic juxtaposition of the 
two units to thrusting, whereas Durr (1986), Avi-
gad and Garfunkel (1991) and Avigad et al. (1997) 
suggested that the tectonic contact is a low-angle 
normal fault related to large-scale extension and 
exhumation processes. 

The lower unit is up to 1200m thick and mainly 
consists of a volcano-sedimentary sequence that 
Fig. 2. A simplified geological map of Andros Island 
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(after Papanikolaou, 1978; Mukhin, 1996, modified 
from Brocker and Franz, 2006). 

comprises marbles, carbonate-rich schists, clastic 
metasediments and metabasic rocks (Papanikolaou, 
1978). Ferromanganoan metasediments are locally 
intercalated with metapelitic schists (Reinecke et 
al., 1985). The complete succession can be subdi-
vided by means of four distinct marble horizons 
and three prominent green schist layers (Papaniko-
laou, 1978). Disrupted bodies of meta-ultramafic, 

meta-gabbroic and meta-acidic rocks (up to several 
hundred meters in length) are recognized at various 
stratigraphic levels and are interpreted as olisto-
liths of metaolistostromes (Papanikolaou, 1978; 
Mukhin, 1996).  

The dominating tectonic feature in the rock forma-
tions is a penetrative schistosity associated with 
isoclinic folding, with axes trending NE-SW. 
(Jacobshagen, 1986). Additionally younger folds 
with E-W orientation (80-120) and - as in South 
Euboea-knickfolds with NNW-SSE are well 
documented throughout the island. 

The main tectonic structure shaping the relief of 
Andros is an extensional fault on the western side 
of the island. This active normal fault has a clear 
spatial association with short, steep footwall drain-
age basins. Thus this kind of drainage basin 
asymmetry, responding to differences in the activ-
ity of range-bounding faults is very common in the 
Aegean Sea (Leeder and Jackson, 1993). Because 
of the nearly linear character of many normal 
faults and quite readily predictable pattern of sub-
sidence and uplift associated with them (King and 
Ellis, 1990; King et al., 1988), it is reasonable to 
develop a conceptual scheme for drainage basins in 
extensional terrains like Andros Island.  

The extensional fault of the west side of Andros 
(Fig. 3) creates a half-graben with asymmetric 
footwall uplift. The back-tilted block has long, 
relatively gentle basins in the eastern part of the is-

Fig. 3. A view of Andros Island, whose main normal fault causes the submersion of the south-western part of the is-
land landmass. The main axes of the hydrographical basins with a southwest to northeast direction are also developed, 
mainly in the central division of the island. 
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land, while the fault scarp is responsible for the 
very short drainage and steep wall tectonic western 
coastline (Fig. 3). This major NW-SE tectonic 
structure is responsible for the morphological con-
trol of three quarters of the island’s surface and the 
drainage network evolution.  

According to the morphological criteria proposed 
by Leeder and Jackson (1993), the range-bounding 
normal fault is an important morphotectonic fea-
ture affecting the landscape evolution of the island. 
Evidence of the high rate of the fault’s relative ac-
tivity is the small - short size and steepness of the 
basins created. At the same time, the study of the 
drainage network evolution on the backtilted block 
surface showed that the initial network followed a 
respectively initial terrain, created by the folding 
tectonics that shaped the synclines and anticlines 
of the island, and formed synclinal (southern part) 
an anticlinal (central part) valleys on the island. 

Network evolution is controlled by fault tectonics 
in many areas. This tectonic action is owed to a 
newer extensional tectonic regime forming normal 

faults with a WSW-ENE orientation (Mercier et 
al., 1989; Gautier and Brun, 1994). The drainage 
network evolution is controlled by phenomena like 
stream piracy and relief inversion. 

4. Methodology of the study 
Landscape geomorphologic analysis of the island 
was carried out with the use of the GIS software 
(MapInfo & Vertical Mapper 3.1). For the terrain 
analysis a SRTM DEM was used. The SRTM 
DEM data have been produced using radar images 
gathered from NASA’s shuttle, released in 2003 
(Jarvis et al., 2004). SRTM DEM in most cases is 
more accurate than the 1:50,000 scale cartographi-
cally derived (TOPO) DEM, as shown by compari-
son with field-based measurement of GPS points 
(Jarvis et al., 2004). 

For this study a combination of the SRTM with 
data from the topographic maps from the Hellenic 
Military Geographical Service (HMGS), at a scale 
of 1:50,000, led to a very detailed DEM compila-
tion. The 20m cell size of the DEM was satisfying 

 
Fig. 4. Cross-section and longitudinal profile of Vourkoti torrent, where an old landslide is manifest. 
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for the determination of the specific geomorphic 
features created from landslide phenomena on the 
island’s landscape. The use of the detailed eleva-
tion model (DEM) in connection with the deriva-
tive data from the GIS analysis (slope map in Fig. 
5) led to the determination of the areas with high 
susceptibility on slope failures.  

The study of the island’s morphology preceded the 
fieldwork. Thus, in the GIS environment, not only 
the high-risk areas but also the exact locations of 
the older landslides shaping the island’s relief were 
determined. The scale of these landslide phenom-
ena was medium to large. Finally, all the landslide 
locations were confirmed in the field. 

Also, the drainage network of Andros Island was 
recorded and the drainage network pattern was es-
timated. To this end, maps with a scale of 1:50,000 
from the HMGS were used. Usually, the drainage 
network evolution was favoured by the solid rocks 
of the metamorphic bedrock because of the high 
rates of the fluvial runoff. In many cases the slope 
failures are related with and very often accelerated 
by the fluvial erosion of the streams and the chan-
nel incision.  

Finally, the GIS database of Andros Island was 
completed with the creation of the geological 
background map of the island (Fig 2), by reducing 
the number of lithological units into classes with 

similar properties for better results (Jurko et.al. 
2005).  

In order to shed light on the impact of the landslide 
phenomena on the landscape evolution of Andros, 
the detailed recording and study of slope move-
ments, manifest in the various geotectonic unities 
of the island, were specified. All slope movements 
encountered were recorded on a map of proper 
scale and after relevant study, time of manifesta-
tion, the causes and triggering factors were deter-
mined.    

On the base of the above study, the classification 
of the landslide phenomena into three groups, ac-
cording to their manifestation and to their degree 
of influence on landscape evolution, was possible. 
The first class includes the old landslides, which 
are closely related to the island’s tectonic action, 
influence big rock masses and are mainly respon-
sible for the changes of the morphological relief. 
The second class includes the landslides located 
inside the disturbed rock masses of chaotic struc-
ture, resulting from the abovementioned old land-
slides. New unstable zones were created which 
caused a ladder-like slope formation and which are 
reactivated according to the action of triggering 
factors. This group of landslides includes slope 
movements that are active even now, contributing 
to the general evolution of the morphological re-
lief. Finally, the synchronous landslide phenomena 
are of small extension, which influence landscape 
evolution only locally.  

5. Landslide Phenomena 
As focus turned on the landslide phenomena on 
Andros, meticulous examination throughout the is-
land revealed that these phenomena could be 
grouped into three time-dependent categories: 

5.1. The oldest class of landslides affects very 
large parts of mountain slopes that have moved 
downwards due to driving forces connected with 
the tectonic evolution of the area and the deforma-
tion faults, as well as the action of weathering and 
erosion processes.  

The large fault shaping the western regions of An-
dros caused the submersion of the south-western 
part of the island (Fig. 3), while the remainder of 
the island tilted in the same direction. Thus, the 
erosion in the dominating hydrographic axes with a 
southwest to northeast direction became more in-
tensive. These axes are joined to a fault set of SW-
NE direction, i.e. along the main folded axes that 

 
Fig. 5. The distinction and distribution of the three land-
slide groups on Andros. 
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dominate the island. Thus, this set of faults domi-
nates Andros and also helps in turn in the forma-
tion of new watercourses in some cases, during the 
period of the rapid erosion which are sub-parallel 
to older ones. 

The aforementioned tectonic evolution and subse-
quent rapid weathering and erosion processes have 
resulted in the appearance of large slope move-
ments, which constitute the island’s oldest land-
slide phenomena. These slope movements mainly 
developed with their crown along fault lines that 
belong to the SW-NE set of faults previously men-
tioned. These movements affected the evolution of 
the main hydrographical axes, as they blocked cer-
tain parts of them. Thus, basins were created be-
hind the blocked parts, where deposition of water 
transporting soil materials took place, and perhaps 
pods or small lakes were formed, until the water 
found new outlets, namely until the complete cov-
erage of the depression and the creation of flat 
plains. Thus, a peculiar profile from steep to flat 
and again to steep was formed in most of the cen-
trally located valleys of the island (Fig. 4).    

The old landslide in the Vourkoti torrent (Photo 1) 
is a characteristic example of such phenomena. 
The part of the valley that is in the form of a small 
plain can be seen in the lower left-hand side of 
photo 2a, while before and next to it, the course of 
the current is much steeper (Photo 2). These phe-
nomena are frequent in the central part of the is-
land, as this part has been mainly affected by the 
previously described geomorphologic evolution. 
 

Photo 1. The foot of Vourkoti slide (photo looking up-
stream). 

The existence of the overthrust of the Macrotanta-
lon formations on the Agioi Saranta schist forma-
tions in the northern part of the island, and the al-
terations of Raxis marble and schists in the south, 
which are hard rocky formations (calcitic schists, 
marbles, amphibolites etc), assists in the creation 

of hydrographical axes running mainly from north 
to south or south to north directions, which re-
stricted the manifestation of the above described 
oldest landslide phenomena on the slopes of those 
parts. 

5.2. The second class of landslides   
The geological formation of the slope parts af-
fected by the historical landslides, which consist of 
schists with marble intercalations and marble bod-
ies, was intensively fractured. This, correlated to 
the rainwater action (Koukis et al., 1997), ground-
water regime, as well as continuous erosion and 
weathering processes, gave room to the creation of 
new slope failures in the zone of the previously 
displaced and disturbed parts of slopes. 

As the groundwater regime underwent changes in 
its courses due to the continuing landscape evolu-
tion, some of those places became dry, while in 
others the groundwater increased in quantity and 
was discharged in the form of continuous springs. 
Thus, the secondary factors affecting the slope 
failures in the first ones, such as groundwater 
movement and fluctuations, its additional load as 
well as the high pore water pressure, were elimi-
nated, and the landslides were ‘‘petrified’’ as those 
in the northern slope of the Petalon Mountain, 
namely between the villages of Vourkoti and Arni 
(Photo 3).  

By contrast, in the sites where the groundwater 
level rose, the landslides of the second group be-
came more intensive, resulting in active landslides 
present to this day. The most characteristic exam-
ple of such slope movements are the landslides in 
the slopes between the villages of Apoikia and 
Stenies. In that zone of older landslides, the exis-
tence of Sariza Springs with high groundwater dis-
charge intensifies the action of the factors affecting 
younger landslide manifestation (Photo 4).  

These new slope failures increase the looseness 
and disturbance of the geological formations and 
so the rock mass displaces a chaotic form in the 
whole zone of slopes from Apoikia to Stenies 
(Photo 5). 

5.3. The synchronous landside phenomena 
These landslide phenomena, which affect linear 
technical works and urban areas, are connected 
with geomorphologic conditions, climatic regime 
as well as human activities, and are present in 
many places around the island, mainly during high 
precipitation periods. 
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Small rotational slides are the main types of such 
slope movements (Photo 6). They manifest in natu-
ral or artificial slopes that are covered by rather 
thick weathering mantle, the remolded materials 
which locally cause the temporary obstruction of 
traffic (Photo 7).   

Sometimes these landslides are more serious as the 
weathering mantle is thicker and the slope steeper. 
In these cases, the effects on construction are se-
vere and remedial measures very expensive (Photo 
8 & 9).  

Another such type of failure is the earth or debris 
flows, the presence of which is mainly evident in  
Photo 4.  A general view of Apoikia village, where 
Sariza Springs exist. In the slope parts above and in the 
village area, landslide is manifest. 

periods of high precipitation. They are flows of 
weathering materials that are completely saturated 
due to heavy rainwater, as this water decreases 

 
Photo 2. Vourkoti hydrographical axis in the central part of the island.  A close view of the displaced part of the 
slope is shown in photo (a), while the change in the inclination of the current due to an old massive landslide is 
obvious in photo (b). 

Photo 3. View of ‘‘petrified’’ younger landslide, on a slope in the central part of the island. 
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their shear resistance and increases their load. The 
downward movement of these materials, mainly 
along hydrographic axes, causes the obstruction of 
the main road axes and damages their protective 
walls at locations where the road crosses their 
course (Photo 10).   

Photo 5.  The chaotic type of disturbed geological for-
mations. 
 

Photo 6.  Rotational slide in weathering mantle of schist 
formations. 

Rock falls and rockslides are also another type of 
synchronous landsides that are manifested in steep 
rock slopes. A good example of this type is the 
slope failure in Aprovatou village (Photo 11) 
where the tectonic action has favoured high frac-
ture of the rock mass. Finally, the wave erosion 
undercut the slopes in certain coastal areas where 
the formations are fractured by the tectonic, caus-
ing slab slides or rock falls (Photo 12). 

6. Landscape evolution – Discussion 
The interpretation of the DEM shows that the ele-
vations of Andros Island range between 0m and 
995m a.s.l. Also, the average elevation of the study 
area is 272 m a.s.l. According to Dikau’s (1989) 
elevation classification, 58.7% of the island’s area 
ranges between 150-600m, while 32.7% is lower 
than 150m, and 8.6% greater than 600m. In this 
hilly to mountainous terrain the most frequent 
slope values ranging from 150 – 300 cover 54.1% 

of the island, while the slope values ranging from 
50 - 150 cover 39.8% of the area (Fig. 5). The slope 
values of 150 – 300 indicate a highly inclined relief 
where high weathering processes in combination 
with mass wasting phenomena like landslides or 
mudflows (Demek, 1972) occur. In addition, the 
fluvial erosion creates a linear and elongated 
drainage network, and forms V-shaped valleys due 
to high incision rates. 

Photo 7. Rotational slide in weathering mantle of schist 
formations, with marble intercalations, affecting a road 
axis. 
 

Photo 8. Destruction of a road and small church located 
downslope, near the village of Kochilou. 

The detailed mapping of the Andros landslide phe-
nomena showed that in an area of 380 km2 more 
than 50 landslide locations were confirmed in the 
field (Fig. 5). If we accept the continuity of the 
geological formations (metamorphic rocks), the 
landslide phenomena are highly related to the relief 
inclination. The comparison between the landslide 
locations and the relief inclination showed that 
80% of the mass movements occurred on a relief 
with slope values ranging from 150 to 300. 
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Photo 9. Severe damages of a villa built downslope 
from the road connecting the villages of Batsi and 
Gavrion. The cast in situ piles for the protection of the 
road pavement are also distinguished. 

The thorough examination of landslide phenomena 
throughout Andros Island led to their distinction in 
three groups: the oldest, the intermediate and the 
synchronous group of landslides (Fig.5). Also, a 
very close influence of the landslides that belong 
to the oldest group and partly to the intermediate 
one on the landscape evolution is revealed, while 
the new landslides are mainly evident in recent 
formations such as weathering mantle and their 
upper fractured zone, and they mainly affect recent 

human construction activities.  

 So, the oldest and intermediate slope movements 
influence the geological formations of the two tec-
tonic units (lower and upper), from which Andros 
Island is built, i.e. schists, marbles and serpen-
tinites. These rock formations are fractured, as al-
ready mentioned, by two main sets of major faults. 
The main tectonic feature that caused the submer-
sion of the south-western part of the island and a 
tilt of the rest (existing part) belongs to a NW-SE 
set, while the faults from the set with NE – SW di-
rection are the initial pattern for channel incision 
and valley formation. 

The oldest landslide phenomena, that have caused 
the downward movement of huge rock masses, 
have mainly been discernible along the faults of 
the NE – SW set. The slope movements have also 
resulted in intensive fracturing of the displaced 
rock masses, which now show a chaotic structure. 
Moreover, the displaced rock masses have blocked 
the courses of the relevant hydrographic axes, in-
terrupted the erosion processes and created small 

 
Photo 10. Obstruction of road pavement (a) and destruction of its protective wall (b), near the Kipri village. 

 
Photo 11. Rock falls and rock slide in the Aprovatou village area. 
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lakes in which all the erosion materials from the 
upper part of the torrents became concentrated. 
The final products were small flat areas in certain 
places of the main hydrographic axes, with a W-E 
direction (Fig. 4). 
 

Photo 12. Rock falls and slab slide due to wave erosion, 
in a northern coast of the island. 

In a next stage, the intensive fractured rock masses 
with a chaotic structure helped in the materializa-
tion of the intermediate type of landslides, which 
contribute in turn in the recent landscape evolu-
tion. These loose and disturbed rock masses were 
very sensitive to landslide triggering factors, such 
as groundwater (additional load, high pore water 
pressure, etc). Thus, large slope movements were 
triggered inside those masses, creating ladder-like 
landscapes, some sites of which are now the found-
ing ground of main villages, because of water exis-
tence in the form of springs and the gentle inclina-
tion of the slopes (Photo 4). In some of these sites, 
a number of landslides are periodically reactive, 
causing severe problems to residential areas, while 
in others they are ‘‘petrified’’ as the landscape 
evolution has caused changes in groundwater 
courses (Photo 3). 

Finally, the synchronous landslides are manifest 
during intensive weathering phenomena in slopes 
covered by rather thick weathering mantle and/or 
scree. These slope movements have a rather small 
impact on the landscape evolution.   

7. Concluding remarks 
Referring to the above examinations, discussions, 
and mainly to the results of the landscape geomor-
phologic analysis, it is obvious that there is a close 
connection between landslide phenomena and 
landscape evolution on Andros Island, a member 
of the Cycladic island complex, through geological 
time.   
At the beginning, the exact locations of the high-
risk areas and the older landslides in the GIS envi-
ronment, and finally their confirmation in the field, 
led to the differentiation of the landslide phenom-

ena into three groups and revealed their degree of 
influence on landscape evolution. 

Fig. 5. The distinction and distribution of the three land-
slide groups on Andros.  

The oldest slope movement group, directly con-
nected to the tectonic evolution of the island, is re-
sponsible for serious changes in its morphological 
relief, but also help by formatting disturbed rock 
masses with chaotic structure and unstable condi-
tions and the manifestation of the second group of 
slope movements. The latter, some of which are in 
action even now, are responsible for a ladder-like 
slope formation, contributing to the synchronous 
morphological relief of the island. The third group, 
mainly connected with geomorphologic conditions, 
climatic regime and human activities, are evident 
during high precipitation periods. This group 
causes only restricted changes in the landscape of 
the island, but usually affect technical works. 

Concluding, the apparent close connection of the 
landslide phenomena with the landscape evolution 
on this island, which is a characteristic example of 
the geological and morphological evolution of the 
Aegean area, can be a valuable tool for the local 
authorities not only of this island but also for 
proper land use and good planning of technical 
works.  
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Abstract: The main aim of our study was to analyse local slope processes, vegetation changes and hu-
man impact during the last millennium in the Pyszniańska Valley (Western Tatra Mts.) on the basis of 
palynological and lithological analyses combined with radiocarbon datings from a small peat bog in the
Pyszniańska Valley. These data were supplemented by a lithological analysis of cirque bottom-slope
deposits from a depression within  the Pyszniański cirque. Sedimentation at the site probably began in
the 14th-15th century, which is suggested by pollen analysis. The sediments are dominated by fine grain
material (sands and silts) transported by surface and linear slope washing with the interbedding of dis-
tinctive layers of coarse clastic material, which are indicators of high-energy geomorphic processes. The
first phases of vegetation development (TZNP-1,2 zones) are characterized by visible deforestation
caused by fire clearances and/or development of mining and metallurgical centers. The high number of
hazel (Corylus avellana) pollen grains is probably the effect of the redeposition of sediments originating
in the Boreal or Atlantic period from the higher elevation of the valley. In the TZNP-3 zone the
Pyszniańska Valley was affected by a most catastrophic high-energy geomorphic event, recorded as a
continuous layer of coarse material. The upper phase (TZNP-4a subzone) signifies pasture development
based on animal husbandry. Regular determination of Ambrosia artemisifolia type pollen combined with
radiocarbon data points to the 19th-20th century. The TZNP-4b subzone reflects the succession of Carex
rostrata on the peat bog and reforestation in the vicinity of the site caused by the establishment of the
Tatra National Park in 1954. The cirque floor sediments consist of massive, 1.65 m thick, very coarse
layers of gravels and boulders, which represent dynamic sedimentation caused by the activity of high
magnitude slope processes (debris flows).

Key words: Tatra Mountains, Subatlantic period, slope processes, human impact, palynological analy-
sis, granulometry

1. Introduction
The pioneering research on Western Tatras sedi-
ments was performed by J. Dyakowska (1932),
who analyzed a peat bog core from a site in the vi-
cinity of the Smreczyński Staw Lake (the 
Kościeliska Valley) and the Molkówka glade (the
mouth of the Chochołowska Valley). Further 
works at the Molkowka site provided more de-
tailed pollen profiles, which indicated continuous
Younger Dryas - Holocene sedimentation
(Koperowa 1962; Obidowicz, 1996). Unfortu-
nately, the chronology of these sites is based on
pollen stratigraphy. Other research on lacustrine
sediments from the Smreczyński Staw Lake in the 
Koscieliska Valley revealed organic Holocene lay-
ers (Skierski, 1984). A new set of data on post-

glacial relief transformation was provided by the
research on slope-derived sediments occurring in a
high-elevated terrain depression within glacial
cirque bottoms (Libelt, 1988; 1990; 1994;
Kaszowski et al., 1988; Libelt and Obidowicz,
1994). A fossil peat bog in the Western Tatra
Mountains (1545 m a.s.l.) at the Siwe Sady site
(the upper Kościeliska Valley) provided an oppor-
tunity to reconstruct Holocene changes in the dy-
namics of slope processes and vegetation changes
near the timberline (Libelt and Obidowicz, 1994).

The first clearings (glades) in the Tatra Mountains
were effected by Walachian settlers, who migrated
from the Balkans and South Carpathians in the
15th-16th century. As time went by, they assimi-
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lated into the local community and used alpine
meadows and glades in the Tatras as natural pas-
tures during summer. In the 15th century mining
rapidly developed and the first mine was probably
located under Ornak, where copper and silver was
mined during the reign of Sigismund I (Kutaś,
2005). In 1520 a pit shaft was dug in a place called
‘Na Kunsztach’. In 1765 there was more mining
activity – a mine called ‘Czarne okno’ under Or-
nak - in the ‘Pod Banie’ gully began, the exploita-
tion of which probably lasted till the 19th century
(Jost, 1962; Kutaś, 2005). In 1927 the then owner
of this glade-Władysław Zamoyski totally banned
pasturage. In 1947 the first nature reserve in the
Tatra Mountains, Tomanowa-Smreczyny, was es-
tablished (Radwańska-Paryska and Paryski, 1995).

The main aim of this study was a reconstruction of
local slope processes, vegetation changes and hu-
man impact during the last millennium in the
Pyszniańska Valley (Western Tatra Mts.) on the 
basis of palynological (pollen and non-pollen pa-
lynomorps) and lithological analyses of a small
peat bog in the Pyszniańska glade supplemented by
radiocarbon dating.

2. Study area
The study area is located in the western Tatra
Mts.(Poland) which are the highest mountain range
within the Carpathians. The morphology of the
Pyszniańska Valley was transformed by the activ-
ity of both glacial and periglacial processes, which
are evidenced by the presence of glacial cirques, a
system of moraine ridges and relict protalus lobes/
talus rock glaciers (Romer, 1929; Klimaszewski,
1988; Kaszowski et al., 1988; Kłapyta, 2008). The
Pyszniańska Valley etches into the crystalline
basement rocks of the Western Tatra Mts., which
comprise gneisses and mylonites interbedded with
granodiorites. These rocks are tectonically dis-
turbed by the major Ornak tectonic dislocation,
which determined the course of the upper
Pyszniańska valley as well as the lowest depres-
sion within the main Tatra ridge (Pyszniańska pass 
1787 m a.s.l.) and led to the development of deep
seated slope failures (sackung) on the E slopes of
the Ornak massif. (Jaroszewski, 1965). The present
natural timberline on the northern slope of Tatra
Mts. is located at ca. 1550 m a.s.l. (Obidowicz,
1996). The present course and elevation of the up-
per timberline is highly affected by geomorphic
processes and human activity (Krzemień et al.,
1995).

The main sediment core was collected from a
small peat bog, situated at the lower edge of the
Pyszniańska glade (49°12’31”N, 19°51’10”E) at 
an altitude of 1294 m a.s.l. in the upper mountain
vegetation belt. The length of the peat bog is 45 m
with a mean width of 25 m and a maximum depth
of 2 m (Fig.1). Its surface is overgrown with Carex
rostrata and Sphagnum. The peat bog developed in
a stadial end-moraine depression, behind a pro-
nounced stadial end-moraine ridge (Halicki, 1930;
Młodziejowski, 1930; Klimaszewski, 1988, Fig.1).

Supplementary data were collected from cirque
bottom-slope deposits from a depression located
along the axis of the main debris flow track in the
E part of the Pyszniański cirque. An outcrop was
dug in the upper part of the Pyszniański cirque, 
under the Pyszniańska Pass (49°12’04”N, 
19°51’09”E) at an altitude of 1500 m a.s.l. Sedi-
ments fill out a small terrain depression, which has
been dammed by the lateral ridges of a stadial mo-
raine and a relict rock glacier (Fig.1).

3. Materials and methods
3.1. Fieldwork
The bathymetry and total thickness of sediments
from the Pyszniańska glade mire were investigated 
using an avalanche sampler in two transects, which
allowed us to find a suitable place to collect a core
(Fig. 1). A 170 cm long sediment core was col-
lected from the deepest part of the depression with
an ‘Instorf’ sampler (Russian sampler).

A 165 cm long outcrop was dug in the Pyszniański 
cirque depression and 8 sub-samples were col-
lected from the main sedimentary units exposed in
the profile.

3.2. Analytical methods
27 samples, 1 cm3 in volume, were sampled in the
laboratory and prepared using a standard labora-
tory treatment (Stockmarr, 1971, Faegri and
Iversen, 1989). In most of the samples more than
500 arboreal (if the frequency was low, 200 grains
was the minimal value) sporomorphs were counted
and identified with the assistance of special keys
(Moore et al., 1991; Beug, 2004) and the reference
collection of the Władysław Szafer Institute of 
Botany Polish Academy of Sciences.

Non-pollen palynomorphs were identified using
photos and descriptions from scientific papers (e.g.
Speranza et al., 2000; van Geel et al., 2003). Ter-
restrial plant pollen percentages were calculated on



505

the basis of the sum of AP+NAP as the basic 100%
sum, and the percentages of aquatic and wetland
plants (including Cyperaceae), spores and charcoal
particles were calculated on the basis of the sum of
AP+NAP+taxon. Pollen diagrams were plotted us-

ing the POLPAL program (Nalepka and Walanus,
2003).

A sum total of 41 samples from both profiles was
taken for lithological analysis. Sieving was used

Fig.1. The location of the site. A. Visualization of the geomorphology of the upper Pyszniańska Valley, 
localization of the sediment sites discussed in the text is marked by white circles; B. A location map of the
Tatra Mts. and places discussed in the text (M: Molkowka glade, K-Krowi Żleb, St-Starorobociański cir-
que, Sm-Smreczyńsi Staw lake; C. A sketch map of Carpathians with a location of the Tatra Mts.; 
D. A plan and cross section of the Pyszniańska glade peat bog with the location of the sediment core.
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for sediments with grains larger than 1 mm, while
for smaller grains a Fritsch laser granulometer ana-
lyser ‘Analysette 22’ was used. Lithological classi-
fication and grain size parameters were done using
Gradistad 4.0 software (Blott, 2004) based on R. L.
Folk and W. C. Ward (1957), modified from J. A.
Udden (1914) and C. K. Wentworth (1922). The
percentages of organic matter from the Pyszniań-
ska glade core were estimated using a Tiurin
method (Myślińska, 1998).

Radiocarbon datings were carried out in the
Poznań Radiocarbon Laboratory and were cali-
brated using the OxCal v 3.10 program (Bronk
Ramsey, 2005), according to the calibration curve

IntCal 04 (Reimer et. Al., 2004). The results are
presented in Table 1.

4. Results and discussion
Sediments between depths of 147-168 cm (TZNP-
1 zone) are dominated by sands (55-75%) and silts
(20-45%) with a very low (0.5-1%) percentage of
organic content. Two episodes of coarse material
deposition were identified within the analyzed sec-
tion (Fig. 2).The percentage values of herbs in the
TZNP-1 zone (Fig. 3, 4) suggest visible deforesta-
tion with patches of spruce forest in the vicinity.
Where there are streams Alnus incana and Betula
species could have occurred more frequently along

Fig. 2. Lithology and grain size parameters of sediments from the Pyszniańska glade
(A) and the Pyszniański cirque (B). 
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their banks. The presence of Abies pollen suggests
that the core is from later than the Atlantic age, be-
cause this taxon appeared in the lower part of the
Tatra Mountains about 4500 BP (4970-5320 cal.
BP) (Obidowicz et al., 2004). Continuous curves
of coprophilous fungi spores, as well as high per-
centages of Poaceae undiff., indicate grazing activ-
ity in the vicinity of the site. High values of char-
coal particles of >0.1 mm would likely be traces of
fires and/or local mining and metallurgical centers
in the last millennium. The connection between the
occurrence of layers of charcoal particles and man-
made fires is supported by the radiocarbon date
from the Starorobociańska valley (2.3 km north of
the examined site), where this kind of layer was
dated 360±50 14C BP (Liebelt, 1990). There is also
the date 345±30 14C BP from a charcoal layer de-
tected in ‘Krowi Żleb’ (5 km northern-west of the
Pyszniańska glade) (Tab. 1) The TZNP-2 zone
(147-100 cm) reflects a period of dynamic sedi-
mentation which is reflected in a series of episodes
of coarse material deposition, and lent additional
credibility by the lowest content of organic matter
in the whole profile (Fig. 2). This zone has the
lowest frequency of trees pollen, which indicates

almost total deforestation. Sorbus aucuparia thick-
ets developed on the steep debris-mantled slopes.
The sharp rise in the hazel (Corylus avellana)
curve and the increase in the Tilia cordata percent-
age values might be explained by redeposition of
sediments from the Atlantic period from the upper
part of the valley. The trend of the hazel percent-
age curve in the TZNP-2 zone is very similar to the
values it reached in the B and C1 zones from the
Siwe Sady profile, which were dated back to the
Atlantic age (Fig. 4B, Libelt and Obidowicz 1994).
Findings of Abies pollen grains below the TZNP-2
zone suggest that it evolved earlier than in the At-
lantic period (Fig. 3). Moreover profiles, previ-
ously palinologically examined do not show a
positive correlation between deforestation and a
strong expansion of hazel thickets during the last
millennium (Obidowicz, 1996; Rybníčková and 
Rybníček, 2006). Strong slope washing processes
might have accompanied an influx of pollen and
charcoal particles, which would have been the ef-
fect of human activity (forest burning and/or min-
ing and metallurgical activity).

In the TZNP-3 zone (100-69 cm) the upper
Pyszniańska Valley was affected by a most catas-

Fig. 4. Pyszniańska glade - simplified palynological diagrams. A. Non-pollen palynomorps, charcoals and pollen con-
centration vs. human activity phases; B. Similarities between pollen spectra of Corylus avellana and Picea abies from
the Pyszniańska glade and the Siwe Sady profiles (Liebelt and Obidowicz 1994), grey bars point the similar parts of di-
agrams.
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trophic high-energy geomorphic event, recorded as
a continuous layer of coarse material at a depth of
85 cm and characterized by a large amount of
gravels (38%) and sands (41%), as well as by an
increase in mean grain size, where Mz = 1.2 φ 
(22.68 ì m) (Fig. 2). The beginning of this zone has
been dated 3300±40 14C BP. The significant rise in
pollen concentration in this zone, has previously
been thought to be the effect of a decrease in the
sediment accumulation rate caused by forest ex-
pansion (Kłapyta and Kołaczek, 2009). However,
in the light of this radiocarbon dating it is better
seen as the effect of the redeposition of pollen ma-
terial from upper elevations of the valley combined
with the influx of sporomorps accompanied by that
of charcoal particles. This theory is confirmed by
similarities between the pollen spectra of this pro-
file and the one from Siwe Sady, as well as by the
fact that the core collected from the depression lo-
cated in the upper of the Pyszniański cirque was
filled with mineral material without any organic
inserts (Fig. 2B, Fig 4). This material is dominated
by poorly sorted gravels (70-85%) and sands (20-
40%) which indicate high activity of slope proc-
esses (Fig 2B).
Pollen spectra from the TZNP-4a subzone (69-3.5
cm) reveal significant deforestation with a rapid
expansion of open area communities, demonstrated
by a simultaneous increase in the percentage val-
ues of numerous herb pollen taxa. The appearance
of Rumex alpinus - species, which occurs close to
cotes, correlated with an increase in the frequency
of the coprophilous fungi spores indicates the be-
ginning of an animal husbandry period (Fig. 3, 4).
At a depth of 34 cm another strong geomorphic

episode was recorded which is shown by a higher
gravel content (14 %) in sediments was recorded,
specifically characterized by a decrease in organic
content and weak sorting with a standard deviation
σ = 3.4. In the upper part of the cirque this stimu-
lus probably led to the sedimentation of a massive
35 cm thick layer of gravels and sands (unit 1 on
Fig 2B) in the depression under the Pyszniańska 
Pass (Fig. 1).
The radiocarbon date obtained from a depth of 35
cm gives a broad indication that the TZNP-4a sub-
zone developed in the17th-20th century (Table 1).
Taking into consideration the appearance of Am-
brosia artemisifolia type which took place in the
southern Europe in the 19th century, according to
Makra et al. (2005), the age of the upper part of
this subzone might be restricted to the 19th-20th

century. This coincides with historical data, which
point to the 19th century as the period of the
strongest influence of grazing activity on the envi-
ronment in the Western Tatra Mountains (Hołub-
Pacewiczowa, 1931). The content of gravel and
sand in sediments at depths of 32-11 cm is the
lowest in the whole profile. This correlates well
with herb pollen percentages. Altogether, this indi-
cates an improvement in vegetation cover in the
vicinity of the site.
The uppest subzone-TZNP-4b (3.5-1 cm) repre-
sented by a single spectrum records a modern
phase of the basin development, and reflects the
expansion of Carex rostrata on the peat bog sur-
face. The AP pollen curve slightly increases, which
could well be the effect of reforestation probably
due to the establishment of the Tatra National Park
in 1954.

Table 1. Radiocarbon dates from the Pyszniańska glade profile and the ‘Krowi Żleb’ gully.
Lab. No. Location Depth (cm) Material 14C BP Callibrated age
Poz-30389 Pyszniańska glade 35 Twig 115±25 68.2% probability

1690AD (16.4%) 1730AD
1810AD (43.6%) 1890AD
1900AD ( 8.2%) 1930AD

95.4% probability
1680AD (27.6%) 1740AD
1750AD ( 1.1%) 1770AD

1800AD (66.7%) 1940AD
Poz-30789 Pyszniańska glade 90 Pollen concentrate 3300±40 68.2% probability

1675BC (68.2%) 1570BC
95.4% probability

1740BC (95.4%) 1540BC
Poz-30388 Krowi Żleb' gully 280 Charcoal layer 345±30 68.2% probability

1480AD (24.3%) 1530AD
1550AD (43.9%) 1640AD

95.4% probability
1460AD (95.4%) 1640AD
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5. Conclusions
1. The sediments which fill the depression at the
Pyszniańska glade site are a sensitive recorder of 
slope processes dynamics in the last millennium,
as well as of changes in vegetation patterns and
human impact in the Western Tatra Mts. The
sediments are dominated by fine grain material
(sands and silts) transported by surface and linear
slope washing with the interbedding of the distinc-
tive layers of coarse clastic material, which indi-
cates high-energy geomorphic processes in the sur-
roundings of the upper Pyszniańska Valley.

2. Sedimentation in the site probably began in the
14th-15th century. The first phase of vegetation de-
velopment is characterized by visible deforestation
caused by fire clearances and/or the development
of mining and the metallurgical centers. The high
number of hazel (Corylus avellana) pollen grains
is probably the effect of redeposition from sedi-
ments (from the Boreal or Atlantic period) that lay
above the site. Although after this episode, the pol-
len diagram has suggested a period of reforesta-
tion, radiocarbon dating suggests that this layer is
due to redeposition during high-energy slope proc-
esses. The upper phase recorded in sediments sig-
nifies pasture development based on animal hus-
bandry. The uppermost pollen spectrum records
the most recent phase of basin development re-
vealed in the expansion of Carex rostrata on the
peat bog surface and in the recovery of forest in
the vicinity of the site after the establishment of the
Tatra NP.
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Abstract: Monitoring of micro-tectonic movement in Postojna cave started in 2004 and in Polog and 
Kostanjevica caves in 2008. In Postojna cave two TM 71 extensometers, 260 m apart, are installed at the 
same fault zone, which extends about 1 km north from the Dinaric oriented (NW-SE) Predjama Fault. 
Since 2004 to the present small tectonic movements are detected, dextral horizontal movement of -0.05 
mm for Postojna 1 and extension of -0.03 mm for Postojna 2. But the highest peaks can be of 0.08 mm. 
Preliminary results in Polog cave, where TM 71 is placed in the vicinity of 1998 (Mw=5.6) and 2004 
(Mw=5.2) earthquakes on the Ravne Fault, show -0.08 mm of extension between two limestone beds 
(from October 2008 to March 2009). From March to May 2009 the movement on x-axis returned back 
to -0.02 mm. The highest trend in Kostanjevica cave was detected as vertical movement along z-axis for 
+0.035 mm from June 2008 to May 2009, representing subsidence of the NW block and uplift of SE 
block. In all three studied caves the data obtained by TM 71 monitoring are related to active tectonic 
movements of wider fault zones of Predjama (Postojna cave), Ravne (Polog cave) and Brežice Faults 
(Kostanjevica cave). 

Keywords: micro-tectonic movement, TM 71 spatial extensometer, Postojna cave, Polog cave, Kostan-
jevica cave, Slovenia. 

 
1. Introduction 
Monitoring of micro-displacement in tree Slovene 
karst caves (Postojna, Polog and Kostanjevica 
caves) is organized with four TM 71 extensome-
ters. The monitoring in Postojna cave started on 
26th May 2004 (Postojna 1) and on 26th February 
2004 (Postojna 2). Two instruments, being 260 m 
apart, are installed within Dinaric oriented (NW-
SE) fault zone. The studied fault zone is situated 
about 1 km north from regionally important Dinar-
ic oriented (NW-SE) Predjama Fault and about 5 
km south from Idrija Fault (Fig. 1). The last 
strongest earthquake (10-20 km SE from Postojna 
cave) with magnitude of 5.6 (Poljak et al. 2000) 
was Cerknica earthquake in 1926. 

In Polog cave an instrument is installed between 
two tectonically displaced limestone beds, about 
50 m inside the cave from its SE entrance. Moni-
toring has taken place since 19th June 2008. The 
cave is situated 250-800 m south from Ravne 
Fault, that was active during 1998 (Mw=5.6) and 
2004 (Mw=5.2) earthquakes (Gosar, 2007). The 
focal mechanism of both earthquakes shows al-

most pure dextral strike-slip movement (Kastelic et 
al., 2008). 

In Kostanjevica cave TM 71 is placed inside cross-
Dinaric (NE-SW) oriented fissured zone. Regular 
monthly monitoring is going on since 17th June 
2008. The cave is situated 13 km south from the 
Krško nuclear power plant and about 3 km south 
from the main northern branch of Brežice Fault, 
which is determined as active fault (Verbič, 2005). 

In Slovenia three additional TM 71 extensometers 
are placed on the surface within Idrija and Raša 
Faults and near Ravne Fault (Gosar et al., 2007; 
Gosar et al., 2009). Some temperature corrections 
are possible on surface outcrops. Karst caves and 
artificial tunnels are very suitable for TM 71 instal-
lation due to the stable temperature conditions.  

The TM 71 monitoring in Slovenia started as part 
of the COST 625 project (3D monitoring of active 
tectonic structures) and is continuing within Slo-
venia-Czech bilateral projects.  
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2. Structural geology 
Slovenia is situated at the border between Adria 
microplate and Eurasia plate and characterized by 
complex and neotectonically active geological 
conditions. The studied area including three karst 
caves is part of Adria microplate south from Peria-
driatic lineament (Fig. 1). Since the late Miocene 
to Pliocene paleomagnetic data had indicated about 
30° counterclockwise rotation of Adria microplate 
(Márton et al., 2003). 

Regarding geologic structures during Miocene to 
recent the thrust belts along the Adria margin in-
clude Dinaric thrust systems, South-Alpine thrust 
system and Dinaric faults. Dinaric thrust systems 
are post-Eocene, representing NW-SE striking 
fold-and-thrust belt that can be followed from Istra 
peninsula towards central Slovenia (Vrabec and 
Fodor, 2006). They belong to External Dinarides 
that are characterized by moderate historic and re-

cent seismicity.  

The S- to SE-verging fold-and-thrust-belt of the 
Southern Alps formed in the Miocene. Dinaric 
faults cut and displace both Dinaric and South-
Alpine fold-and-thrust structures. Many Dinaric 
faults, including Idrija Fault, formed as dip-slip 
normal faults and were only later dextrally reacti-
vated (Vrabec and Fodor 2006). 

A large part of regional deformation seems to be 
still concentrated on Periadriatic lineament as 
long-lived structural system, whereas the younger 
structures south of it, such as Dinaric faults, have a 
comparatively minor role (Vrabec and Fodor, 
2006). The GPS-based best-fitting angular velocity 
vector predicts actual convergence in Dinarides at 
≤ 5 mm/year (Weber et al., 2009). Recent seismici-
ty of Raša and Idrija Faults is of the right-lateral 
strike-slip or reverse type (Poljak et al., 2000). The 
displacement rates of up to 0.5 mm/year along Idri-

 
Fig. 1. Structural geology of Slovenia and TM 71 monitoring sites in karst caves. A-monitoring site (1-Postojna cave, 
2-Polog cave, 3-Kostanjevica cave), B-Eastern Alps, C-Southern Alps, D-Dinarides. Compiled by S. Šebela after 
Placer (2008) and Poljak (2000). 
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ja and Raša Faults were detected on surface out-
crops by TM 71 instruments (Gosar et al., 2009). 
Predjama Fault is generally not threated as one of 
important active faults in SW Slovenia. Placer 
(1999) included Predjama Fault into the outer part 
of Idrija tectonic zone. Brežice Fault in SE Slove-
nia was identified as reverse fault on the southern 
limb of Krško syncline, built up of several reverse 
faults and backthrusts. The northern branch of 
Brežice Fault is neotectonic fault with sinistral ho-
rizontal movement and vertical reverse movement, 
uplift of SE block (Verbič, 2005). 

Placer (2008) proposed the tectonic subdivision of 
Slovenia into: Adriatic-Apulian foreland (Istra on 
figure 1), Dinarides (External and Internal), South-
ern Alps, Eastern Alps, and Pannonian basin. Post-
ojna TM 71 monitoring sites are located within Ex-
ternal Dinarides. Polog cave can be found inside 
Southern Alps (Fig. 1) and Kostanjevica cave is in 
transition area between External Dinarides, Inter-
nal Dinarides and the Pannonian basin (Placer, 
2008). 

Fig. 2. Relative displacements (+x compression (-x ex-
tension), +y sinistral horizontal movement (-y dextral), 
+z subsidence of northern block (-z uplift of northern 
block)) detected with TM 71 extensometers for Postojna 
cave (Postojna 1 and Postojna 2 monitoring sites). 

3. Methodolgy 
TM 71 is a mechanical, optical and spatial exten-
someter designed for installation on narrow cracks 
to monitor relative micro-displacements between 
both walls of the crack. Instrument can be situated 
on the surface or in the underground. It can be used 
for measurement of tectonic deformations, slow 
landslide movements, stability of mine walls etc. 
The sensitivity of the instrument is 0.05-0.0125 
mm in three dimensions x, y and z (Stemberk et al. 
2003). Presented in figures 2 and 3, the value of +x 
represents compression of the observed fault (-x 
extension), +y represents sinistral horizontal 
movement (-y dextral) and z vertical movement. 

Monitoring with TM 71 extensometers has been 
practiced all over the World for more than 30 years 
(Koš'ták, 1969; Koš'ták, 1991; Koš'ták, 1998; 
Koš'ták, 2002; Koš'ták et al., 2007; Stemberk et al., 
2008a).  

In Postojna and Kostanjevica caves data are gener-
ally taken once a month or even more frequent. In 
Polog cave data are taken about 10 times per year 
due to the difficult uphill access across 1998 co-
seismic rock falls. To get representative results at 
least one-year long monitoring is requested. 

4. Results and discussion 
4.1. Postojna cave 
In the longest Slovene karst cave - Postojna cave, 
the Dinaric-oriented (NW-SE) fault zone has been 
monitored for micro-deformations with two TM 71 
instruments since 2004. The cave (20570 m long 
and 115 m deep) is developed in Upper Cretaceous 
limestones. At Postojna 1 monitoring site TM 71 is 
installed in the contact between fault plane, 
representing the Velika Gora collapse chamber's 
northern wall, and a 2x2x1 m collapse block of li-
mestone. Postojna 2 site is an artificially enlarged 
narrow (1-1.5 m wide) natural cave passage.  

The movements obtained from two, 260 m distant, 
monitoring sites in Postojna cave are small (Fig. 
2), but there are some interesting peaks (maximum 
for 0.08 mm on both monitoring sites) and very 
stable periods with almost no movements (Postoj-
na 1 and 2 y-axis from the end of 2005 to 2008) 
what supports our hypothesis of monitoring the 
real tectonic micro-displacements, excluding other 
causes as influence of karst water oscillation or 
karst collapses. 

Responses to Earth’s stress changes regarding x, y 
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and z-axes are not the same on two monitoring 
sites in the cave, even though monitoring the same 
fault zone. Generally we detect dextral horizontal 
movement of -0.05 mm from 2004 to the middle of 
2009 for Postojna 1 and extension of -0.03 mm 
from 2004 to the middle of 2009 for Postojna 2 
(Fig. 2).  
 

 
Fig. 3. Relative displacements detected with TM 71 ex-
tensometer for Polog cave (+x compression (-x exten-
sion), +y sinistral horizontal movement (-y dextral), +z 
uplift of NW block (-z subsidence of SE block)) and for 
Kostanjevica cave (+x compression (-x extension), +y 
sinistral horizontal movement (-y dextral), +z uplift of 
SE block (-z subsidence of NW block)). 
 

Within the y-axis on Postojna 1 the biggest move-
ment of –0.08 mm (dextral horizontal movement) 
from 10th November 2004 to 15th December 2004 
was registered. The movements generally relative-
ly return back to the previous position. The only 
well expressed permanent step (dextral horizontal 
movement) remained on Postojna 1 y-axis after 
August 2005. The results at Postojna 1 show that 
the collapse blocks cemented by flowstone in Ve-
lika Gora chamber are tectonically very stable. 

Postojna 2 site showed the highest movements be-
tween July and September 2008, horizontal move-
ment of 0.06 mm maximum, changing from sini-
stral to dextral and relatively returning back to null 
position, and the best expressed peak on z-axis of 

+0.08 mm (24-25th July 2008, uplift of southern 
block). 

Due to some different behavior between Postojna 1 
and 2 monitoring sites we assume that monitoring 
shows some local deformations as well. This is in 
accordance with Kontny et al. (2005) who de-
scribed probable movement of a particular rock-
block at monitoring sites in Polish Sudeten. But on 
the other hand at least one axis, although different, 
is comparable between two monitoring sites in 
Postojna cave (Šebela et al., 2009). Additionally 
we envisage the detection of general displacements 
due to changes in regional stress regime, as was 
described by Stemberk et al. (2008b) in Upper 
Rhein graben during longer period. 

Differences in displacements between two moni-
toring sites of Postojna cave can be explained by 
complex geological structure of the cave, 
representing principal Dinaric (NW-SE) and cross-
Dinaric (NE-SW) oriented Fault zones with wider 
fissured to broken zones among them (Šebela, 
1998). Between both monitoring sites the studied 
Dinaric Fault zone is cut by cross-Dinaric Fault 
zone (NE-SW) that might transmit some deforma-
tions causing differences between Postojna 1 and 2 
sites (Gosar et al., 2007). 

4.2. Polog cave 
The cave is developed in Upper Triassic bedded 
Dachstein limestone T3 

2+3 (Buser, 1986). Its upper 
entrance is situated at 1249 m and lower entrances 
at 730 m above sea on the eastern slope of Krn 
Mountains (2244 m). Cave's passages, being 10800 
m long and 704 m deep, are situated 250-800 m 
south from Ravne Fault. The TM 71 is placed be-
tween two tectonically displaced limestone beds 
dipping towards SE for 40°, about 300 m south 
from Ravne Fault and about 50 m inside the cave 
from the eastern of the lower entrances. The im-
portant regional structure of Julian Alps thrust (SE-
verging and parallel to monitored bedding-plane) 
within Southern Alps geotectonic unit (Poljak, 
2000) can be found about 200 m below the moni-
toring site. According to Poljak (2000) the contact 
between geotectonic units of Southern Alps over 
the Internal Dinarides is situated about 4.5 km 
south from our monitoring site. In the sense of 
Milanič et al. (2009) and Rižnar et al. (2007) re-
cent tectonic activity was determined for Julian 
Alps thrust and for Southern Alps thrust unit. 

Results of displacements for Polog cave are pre-
liminary. The highest displacement was detected in 
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x-axis, being of -0.08 mm (Fig. 3) and representing 
horizontal opening between two limestone beds in 
the period from October 2008 to March 2009. 
From March to May 2009 the movement on x-axis 
relatively returned back to -0.02 mm. Taking into 
account that cave temperature at the monitoring 
site varies (2nd November 2008 = 6 °C and 17th 
February 2009 = 1 °C), the observed displacement 
can be connected with temperature changes, as 
well. But on the other side the activity of bedding-
plane is well visible in the cave passage that is dis-
placed for about 5 cm. According to the position of 
Polog cave being south from Ravne Fault and 
above the Julian Alps Thrust, the results of de-
tected movements with TM 71 represent active de-
formations of the transition zone between both tec-
tonically active zones. 

4.3. Kostanjevica cave 
Kostanjevica cave is the longest cave (1871 m long 
and 47 m deep) on northern slope of morphologi-
cally well expressed Gorjanci Mountains with the 
highest peak of 1178 m. Cave entrance is at 170 m 
a.s.l. and above monitoring site there is 70 m of the 
limestone roof. The cave entrance represents the 
upper occasionally still active outflow of Studena 
stream that flows towards north to Krka River. En-
trance parts of Kostanjevica cave are developed in 
Lower Cretaceous bedded limestones (Pleničar et 
al., 1975). TM 71 instrument is installed 125 m in-
side the cave in cross-Dinaric (NE-SW) oriented 
fractured zone that is dipping towards NW for 80°. 
The monitored tectonic zone is situated about 3 km 
south from main northern branch of Brežice Fault, 
which is determined as neotectonic fault with sini-
stral horizontal movement and vertical reverse 
movement, uplift of SE block (Verbič, 2005). 

Preliminary results of micro-displacements for 
Kostanjevica cave include data since 17th June 
2008 to the middle of 2009. There are movements 
along all three axes with the highest trend for ver-
tical movement along z-axis for +0.035 mm, 
representing subsidence of the NW block and/or 
uplift of SE block (Fig. 3) what is in accordance 
with Verbič (2005). Some horizontal movement (y-
axis) and general extension (x-axis) are presented 
as well.  

5. Conclusions 
In three Slovene karst caves (Postojna, Polog and 
Kostanjevica caves) moderate active tectonic mi-
cro-displacements are detected with four TM 71 
extensometers. Both Postojna cave monitoring 

sites (Fig. 2) are very stable with small tectonic 
movements, being general dextral horizontal 
movement of -0.05 mm from 2004 to 2009 (Post-
ojna 1) and extension of -0.03 mm for Postojna 2, 
with two significant peaks of 0.08 mm (Postojna 1-
y and Postojna 2-z). Results of Polog cave and 
Kostanjevica cave (Fig. 3) are preliminary. The 
highest displacement in Polog cave represents ex-
tension (x-axis) between two limestone beds of -
0.08 mm in the period of half a year (from October 
2008 to March 2009). From March to May 2009 
the movement on x-axis relatively returned back to 
-0.02 mm. The highest trend in Kostanjevica cave 
was detected as vertical movement along z-axis for 
+0.035 mm from June 2008 to May 2009, 
representing subsidence of the NW block and/or 
uplift of SE block (Fig. 3). 

Taking into account numerous TM 71 monitoring 
studies in other countries (Koš'ták et al., 2007, 
Kontny et al., 2005) and regarding the data ob-
tained from surface TM 71 monitoring in Slovenia 
(Gosar et al., 2009), we determined that also in 
Postojna, Polog and Kostanjevica caves the data of 
TM 71 monitoring represent active micro-tectonic 
movements induced by changes in regional stress 
field.  

Paralleling well-expressed micro-movements de-
tected by TM 71 with earthquakes have been de-
scribed by several authors (Košťák et al., 2007; 
Stemberk et al., 2008a; Briestenský et al., 2007; 
Kontny et al., 2005, Shanov, 1993, Gosar et al., 
2009). According to the Košťák’s hypothesis a 
strong earthquake would respond to temporary 
changes in the Earth’s crust stress field detectable 
in the readings of sensitive extensometer instru-
ments (Košťák, 1998; Košťák, 2002). 

Although Postojna cave is not situated on a seismi-
cally very active area so far, it is close to Snežnik 
Mountain area, which is one of the most active 
zones in Slovenia. At the end of July 2008 the 
highest peak of +0.08 mm at Postojna 2 z-axis 
(Fig. 2) was detected and about 2.5 months later 
Pivka earthquakes (M=3.1, M=2.3 and M=1.7) oc-
curred only 12 km south from Postojna 2 monitor-
ing site (Gosar et al. 2009).  

The TM 71 instrument in Polog cave is placed in 
the near vicinity of 1998 (Mw=5.6) and 2004 
(Mw=5.2) earthquakes (Gosar 2007) on Ravne 
Fault and is thus important for studies of recent 
tectonic activity in the wider area of Ravne Fault. 

Monitoring of tectonic displacement in Kostanje-
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vica cave is interesting for understanding the active 
tectonic conditions in Krško valley and for Krško 
nuclear power plant being 13 km to the north from 
TM 71 monitoring site in Kostanjevica cave. 
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 Abstract: The new studies on the southeastern part of the Pannonian Depression confirm our idea con-
cerning the existence in this basin of a lake with its shores around +100 m in the Uppermost Pleistocene 
(the Relict Pannonian Lake, Belgrade – 2006). A morphologic peculiarity placed in the Cazanele Mici 
area seems to have been permitted the maintaining of the shores for some time at this elevation. The 
Relict Pannonian Lake could be the direct successor of the Middle Pleistocene Lake made evident as a 
paleogeographical reality by the Serbian scientists (Beograde, 2006) in the southeastern part of the Pan-
nonian Basin. The severe restriction of the surface of this lake has taken place at the beginning of the 
Holocene, as a result of the mega-floods, which mark the boundary between the Pleistocene and the 
Holocene. Therefore, a successor of the Relict Pannonian Lake seems to have maintained for some time 
in the Lower Holocene with its shore around the +85 m elevation. This perspective confirms the idea of 
some geomorphology researchers, which accepted a gradual retirement of the Pannonian Lake in Qua-
ternary, associated with a succession of shorelines. In this case, the finalization of the stream system of 
the Danube, as a unitary river, has very recently happened (in Upper Holocene). In addition a possible 
connection between a stream system tributary to the Black Sea and another one tributary to the Panno-
nian area along the actual Danube Gorge could be realized only in the Greben zone (most probably dur-
ing the Pasadenian phase). The existence of the Relict Pannonian Lake at the end of the Upper Pleisto-
cene seems to be confirmed by the altitude of the all pre-historical sites in the Pannonian area. In addi-
tion, important data of mythical paleogeography are consistent with all these possible paleogeographical 
realities of the Pannonian area. 

Key words: Pannonian Depression, shore alignments, Greben zone, Iron Gates, mythical paleogeogra-
phy, pre-historical site. 

 
1. Introduction 
Subsequently after the last glacial phase (Wurm 
I+II) it seems to have taken place a partial restora-
tion of the Pannonian Lake, although the Panno-
nian Depression had lost its endoreic character as 
far back as in the end of the Lower Quaternary. 
The lowest areas of the Pannonian Basin, placed in 
the southeastern part of the basin, were gradually 
covered with water that, in time, gave the last 
lacustrine surface in this intra-mountain basin. In 
our previous papers, we have used for this water 
surface the syntagm “Relict Pannonian Lake” 
(RPL) – Ticleanu et al. (2006). To the end of the 
Pleistocene, the water level of this lake seems to 
have been at the +100 m elevation. Although the 
actual Danube Gorge already existed at that time, 

separating the Carpathians and the Balkans, an im-
portant morphologic peculiarity (of karstic nature) 
made possible water accumulation upstream till the 
water level elevation in the lake reached the +100 
m value. The natural hindrance was located, in our 
opinion, in the actual area of the Cazanele Mici, 
made of Jurassic limestone. The studies in this di-
rection led us to the idea of the subsequent exis-
tence, in Lower Holocene, of a new shoreline 
placed around the +85 m elevation that meant a 
very restricted lacustrine surface with shallow wa-
ter. Only after the Lower Holocene it was possible 
the outlining of the actual stream system of the 
Danube, both in the Pannonian Depression and in 
the Romanian Plain. Such perspective reminds us 
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the opinions of some geographers that admitted the 
existence of lacustrine surfaces in the Pannonian 
Depression in the Quaternary, associated with 
gradual retirements of the shore alignments. But 
this vision makes us reconsider the data on the 
genesis of the Danube Gorge, laying stress on its 
morphologic peculiarities. The maintaining of 
some lacustrine surfaces in the south-eastern part 
of the Pannonian Basin, till the end of the Upper 
Pleistocene, could have been very favorable for the 
human habitation. In this case the confronting of 
such palegeographical picture with the geographic 
position of the archeological sites becomes urgent. 
The altitude of the sites can confirm the idea of 
successive shore alignments and the privileged an-
thropogenetic importance of the Pannonian area. 
Moreover, some date of mythical paleogeography 
were successfully confronted with possible paleo-
geographical realities of the Pannonian Depression 
(Ticleanu  et al., 1993; 2008). 

2. General geological considerations 
The conceiving of a possible lacustrine shoreline at 
+100 m elevation in the Pannonian area originated 
in the field research for correlation of the Quater-
nary deposits along the border between Hungary 
and Romania. Subsequently, the research activity 
of the Romanian part moved to the south till the 
Danube Gorge area and then, through sporadic and 
punctual observations, even in Serbia. In the same 
time, other studies pointed the Pleistocene loess 
and loess-like deposits of the eastern part of the 
Romanian Plain, Dobroudja and downstream Ba-
ziaş, and the Holocene sand deposits in Valea lui 
Mihai and downstream Turnu-Severin areas. In 
this context, the new book edited by Enciu (2007) 
can be useful. In the northern part of the Romanian 
sector of the Western Plain, shallow bores (~2.2o 
m depth) have been drilled. This drillings often 
met loess and loss-like deposits above the +100 m 
elevation and grey and yellowish clays under this 
elevation, which were considered of lacustrine ori-
gin. In the same time, it was considered the possi-
ble mixed origin (eolian in transport and lacustrine 
in the sedimentation environment) of the Pleisto-
cene loess with red levels of the Western Plain, the 
Romanian Plain and Dobroudja. In this context, the 
levels rich in carbonate concretions were consid-
ered to have been formed in lacustrine basins with 
shallow waters able to achieve at least +23˚ C. As 
a result of these studies and taking into account 
other data, we correlate the periods of loess banks 
accumulation with the inter-glacial phases and the 

red fossil soils with the glacial phases. This is a 
point of view previously belonging to other authors 
(the most important Spirescu   1970). For the bor-
der area between Hungary and Romania a new in-
terpretation of all geological sections, attached to 
the hydrogeological maps scale 1:100.000, was 
made. New images were obtained, very different 
from the erroneous old ones. They correspond to 
an alternation of rough levels (sands and gravels) 
with finer deposits (clays and sandy clays) of Qua-
ternary age, corresponding of lacustrine and flu-
vial-lacustrine environments. In this context the 
Upper Pleistocene deposits, forming the last sedi-
mentation hemicycle, are composed of one sandy 
level (with gravels) placed under the loess which 
contain red or brown thin layers. Above the loess, 
we can find the Holocene sands of the Valea lui 
Mihai-Debrecen area, whose absolute age was es-
tablished by a team of Hungarian scientists (Borsy 
et al., 1985). For the Western Plain it were often 
made paleogeographical reconstructions in gradual 
steps using the topographic maps scale 1:25.000, 
which are from the period before the great draining 
campaign begun after 1960. These reconstructions 
suggest that, not very far in the past, the water sur-
faces in the eastern part of the Pannonian Depres-
sion were much larger. We consider these areas as 
successors of much larger lacustrine surfaces, 
which can gradually lead us to the paleogeographic 
picture of the Relict Pannonian Lake (in the Upper 
Pleistocene). In this case the explanation of the ex-
tended lacustrine and marshy areas, maintained till 
in the present, through a Holocene subsidence 
process (Cotet, 1973) is not necessary anymore. 

3. Possible shore alignments of the Panno-
nian Lake 

Various authors starting with Ficheux (1928), con-
sidering the reciprocal transformations of the 
glacises into terraces in the eastern part of the Pan-
nonian Depression, admitted that there are several 
moments of stagnation of the Pannonian Lake wa-
ter, which was in a gradual retirement process dur-
ing the Quaternary. The authors quoted by Posea 
(1997) with this opinion are Ficheux (1928), Ber-
indei (1964) and Mahara (1977). The old shore 
alignments according to these authors were at the 
following elevations: +200 m (210 m, Berindei), 
+180-160 m, +155-140 m, +140-125 m and 120-
100 m. The +200 m elevation of the shore seems to 
have maintained for a long time period and after-
wards it followed a shorter stagnation period be-
tween +180 m and +160 m. Then for a longer pe-
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riod, the water maintained between +155 and 140 
m. After a lowering of the water level at 140-125 
m followed, according to Mahara (1977), a new 
water level elevation between +120 and +100 m. In 
1928, Ficheux admitted the following stages: 
+180, +160, +140 and +120 m. Posea, in 1997, 
admitted the existence of a lake with the water 
level elevation at the actual +200 m for the end of 
the Lower Quaternary. This lake extended itself 
especially in the southeastern part of the Tisza 
Plain. He accepted also the segregation of the Pan-
nonian Lake into several distinct lakes during the 
Romanian stage (i.e. the Upper Pliocene, in the ac-
tual meaning). Their surface diminished even more 
during the Willafranchian, because of the dry cli-
mate. The existence of a diminished Pannonian 
Lake which was restored at the end of the Lower 
Quaternary because of a favorable climate (tem-
perate) was also admitted by Pecs in 1960 (quoted 
by Mahara, 1973), and also by other authors. This 
lake became completely dry in the Middle Quater-
nary, according to Posea, because of the Iron Gates 
(s.str.) strike through and the penetration of the 
Danube in the Romanian Plain. However, the 
analysis of the disposition of the Quaternary de-
posits along the Danube Gorge, correlated with a 
morphological analysis suggests that a possible 
lake with its shore at such a high elevation (+200 
m) could not exist in the Lower Quaternary, along 
the future gorge, downstream the actual Moldova 
Veche depression area. The maintaining of differ-
ent shore levels in the Pannonian Depression was 
strictly controlled by the morphology of the Da-
nube Gorge between the Carpathians and the Bal-
kans. This made us reconsider the entire area in 
which the gorge is placed, through a morphologi-
cal analysis, made on the topographic maps scale 
1:25.000. From this new morphological perspec-
tive, it result easily important conclusions on the 
genesis of this impressive European defile. 

4. The genesis of the Danube Gorge (mod-
ern considerations) 

This morphologic analysis suggests that the most 
probable location in which the Gorge really began 
to form is connected with the narrow area of the 
old Danube stream at Greben-Vrani. These results 
confirm the hypothesis issued by Valsan (1919) 
which placed the connection point between the 
two-stream systems tributary to the Pannonian 
space, respectively to the Dacian space, not far-
away upstream Svinita. In the same time, this is in 
dissension with Posea’s hypothesis that places this 

critical point in the Iron Gates (s.str.) area and con-
siders a stream system tributary to the Pannonian 
space including Cerna and Bahna rivers. In our 
opinion, the Wallachian Paleo-Danube was com-
posed mainly of the old stream of Porecka and of 
Cerna. Towards the old saddle zone, in the Gre-
ben-Vrani area, pointed a left tributary of Paleo-
Porecka. Towards the Pannonian area, the stream 
system was composed of the old Bolijetin stream 
associated with the Sirinia valley and then with the 
Berzasca stream. As a matter of fact, towards the 
valley head of these rivers, a right tributary of 
Bolijetin is directed to the saddle area at Greben-
Vrani. But a strike through in this low saddle area 
didn’t ensure, by no means, the complete diverting 
of the Pannonian Paleo-Danube. The formation of 
the gorge and the contact by retrogressive erosion 
with the lowest areas of the southeastern parts of 
the Pannonian Basin was certainly a long process. 
During this several successive stream captures of 
the rivers tributary of the Pannonian space (accord-
ing to the chronology: Bolijetin, Sirinia, Berzasca, 
Orevita, Pek and Radimna, to name only the im-
portant ones). This point of view is very well sus-
tained by the position of the old Danube cataracts. 
In this way between the ex-confluence with the 
Porecka valley in the Danube stream came one af-
ter another the following rocky zones and cata-
racts: Doica, Piatra Lunga, Bivolii, Islaz, Tachtalia 
Mica, Tachtalia Mare, Greben, the narrow zone 
Greben-Vrani and the Iuti cataract (data after 
Pasarica, 1936). The strike through moment of the 
low saddle area at Greben-Vrani could be placed at 
the end of Lower Quaternary (Pasadenian phase). 
If we admit for this moment a lake with the water 
level at +200 m elevation in the Pannonian area, 
then this strike through provoked a gradual lower-
ing of the Quaternary Pannonian Lake level, asso-
ciated with a gradual formation of the gorge 
through completion of the stream system tributary 
of the Pannonian space with its simultaneous in-
clusion in the stream system tributary of the Black 
Sea. Nevertheless, the scenario is much more com-
plicated because the stream system tributary to the 
Pannonian area was in fact restored along the old 
water streams that were gradually covered by wa-
ters at the end of the Lower Quaternary by a partial 
restoration of the old Pannonian Lake. The detailed 
morphological analysis of the entire Danube Gorge 
area suggests moreover that the strike through in 
the Greben-Vrani zone was facilitated by a possi-
ble strike-slip that may have happened along a 
fault oriented NW-SE. By all means, we can admit 
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that at the end of the Upper Pleistocene, the entire 
Danube Gorge was already formed and the Panno-
nian Basin had definitively lost its specific en-
doreic character. In this case the maintaining of a 
lacustrine area (the Relict Pannonian Lake) was 
due to a karstic nature hindrance zone placed in the 
Cazanele Mici (Vechi) area. This morphologic pe-
culiarity was inherited by the Danube Gorge from 
the old river Paleo-Porecka whose stream seems to 
have contained a karstic sector including also a 
short underground passage.  

5. The Relict Pannonian Lake 
Consequently, at the end of the Upper Pleistocene, 
in the non-endoreic Pannonian Depression area it 
seems to have maintained a lacustrine area which 
water level stayed for some time at the actual +100 
m elevation. A shore alignment at this altitude ob-
served by us in 2006 (Belgrade) is in good agree-
ment with the data of Mahara (1977) which pre-
sumed a last shore alignment of the Pannonian 
Lake at the +120 – 100 m elevation. The +100 m 
elevation separates even nowadays the Middle Da-
nubian Depression in two distinct areas. The area 
above +100 m contains only few lacustrine or 
marshy zones. The area under +100 m contains 
numerous lakes, marsh and dry marsh areas, cover-
ing large surfaces. Moreover, at this elevation a 
clear breach of slope can be observed. In some 
cases, the +100 m elevation separates area with 
completely distinct morphology, like at the left 
valley side of Pek, west of Kusice (Serbia) – figure 
1. Often, above the +100 m elevation, older depos-
its outcrop: Pleistocene loess and loess-like depos-
its and under this elevation the hand drillings met 
grey, yellowish-grey clay, most likely of lacustrine 
origin. The relict lake collected the water of main 
streams coming from the Schwarzwald Massive to 
the Pannonian area, of the Paleo-Sava, Paleo-
Drava, Paleo-Tisza and other minor river, through 
oblong gulfs. It can be presumed that, in its water, 
there were underwater currents in those gulfs and 
along their prolongations. This relict lake had a 
narrow prolongation along the Danube Gorge till 
the the karstic nature hindrance placed at the 
downstream entrance in the Cazanele Mici (Vechi) 
area (fig. 2). Downstream this point a large river 
was developed (the Wallachian Paleo-Danube) 
which followed the actual Danube flow, having its 
mouth in a lacustrine area covering at least ex-
Ialomita and Braila flood plain meadows. Accord-
ing to some Serbian authors (Krstic et al., 2006), 
during a wet phase placed in the Middle Pleisto-

cene (which came after a dry phase of the Lower 
Pleistocene) it took place the restoration of a lake 
in the Pannonian area, but only in the actual Mid-
dle Danubian Deprssion. This “Middle Pleistocen 
Lake” had the greatest depth (~ 18 m) in area of 
the actual Vojvodina (between Kikinda and Zren-
janin). This depth is sustained by the ostracode 
Cytherissa lacustris found in the sediments of this 
lake for the 250 ka moment. Such a paleo-
geographical representation can be placed just in 
the middle of the Quaternary Ice Age, that is in a 
moment of highest restriction of the surface of the 
“Middle Pleistocene Lake”. The same Serbian au-
thors admit also several smaller lakes in the Pan-
nonian area during the Holocene, which were 
placed in sub-structural depressions, such a lake 
being described by Menkovic et al. in 2004. In our 
opinion, the restriction of the Relict Pannonian 
Lake took place after the mega-floods which mark 
the Pleistocene/Holocene boundary (~ 11,560 yrs 
ago). Those floods provoked a partial removal of 
the karstic hindrance and the water of the relict 
lake dropped for some time at +85 m elevation. 
 

 
Fig. 1. The possible shores with +100 and +85 elevation 
in the left bank of the river Pek near Kusiče village-
Serbia (morphological interpretation). 
 
6. The temporary successor of the Relict 

Pannonian Lake 
The extensive surfaces covered with lakes, marsh 
or dry marsh zones placed under the +85 m eleva-
tion in the eastern and southeastern part of the 
Pannonian Basin make us presume that a last, tem- 
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porary lacustrine shore alignment marked the par-
tial but severe water retirement of the Relict Pan-
nonian Lake. This successor could mark the begin-
ning of the Lower Holocene. Its possible shape can 
be schematized in a first approximation through a 
re-interpretation of the geological maps covering 
this part of the Pannonian Basin. This lacustrine 
area is very well illustrated by the marshy areas 
and the lakes between the village Satchinez and 
Timisoara (Romania) – figure 3. Here the surface 

with dry land is very restricted and not far back in 
the past, the surface covered with water was much 
larger. In any case, we presume that all surfaces 
covered now or in the past with marsh or dry 
marsh zones are ex-lacustrine surfaces, successors 
of an older, much larger lacustrine area. Only after 
the gradual removal of the hindrance in the Cazane 
area it came, during the Lower Holocene, to the 
gradual restriction of the last important lacustrine 
surface that once existed in the southeastern part of 

Fig. 2. Paleogeographical image of the Cazane area 11,5600 yars ago (Pleisto-
cene/Holocene boundary) with the shoreline at about +100m elevation and the 
Thermal Line Alexinac – Herculane – Cǎlan – Geoagiu. 
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the Pannonian Depression. This led to the outlining 
of the actual stream system of the Pannonian area, 
which has reached its present shape only in the 
Upper Holocene. Nevertheless, the water flow in 
the Danube Gorges has been marked by the re-
mains of the hindrance in the Cazanele Vechi zone 
even in historical times. During the great inunda-
tions affecting the Middle Danubian Depression, 
upstream the Danube Gorges, a lake was formed 
which advanced to the west, sometimes very far 
away. The Romans, in their time, named this par-
tial restoration of the temporary successor of the 
Relict Pannonian Lake “Mare Album” (Valsan, 
1919). Most recently, a rocky cliff appearing out 

the Danube water at Calnic point in the upstream 
entrance in the Cazanele Mari often provoked, in 
the old Danube, accumulation of floating ice. 

7. The finalization of the Danube way in 
Upper Holocene 

From all data presented before, it results that the 
Danube can be considered a unitary stream only 
starting with the Upper Holocene. The existence of 
one lacustrine surface that made a Danube stream 
in the Pannonian area and another stream down-
stream the Gorge, maybe even in the Middle Pleis-
tocene is not consistent with the idea of a unitary 
stream (river) from its source till its mouth at the 

 
Fig. 3. The possible shorelines at +100 and +85m elevation in Timişoara (to SE) – Sat-
chinez (to N) area (geo-morphological interpretation). 
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Black Sea. The actual stream system of the south-
eastern part of the Pannonian area seems to have 
been outlined only after the Lower Holocene. The 
gradual improvement of the water drainage 
through the actual Danube Gorge, especially both 
in the Cazane area and in the cataracts zones pro-
voked the gradual restriction of the lake surface 
which was the successor of the Relict Pannonian 
Lake during the Lower Holocene, in the south-
estern part of the Pannonian Depression. The 
shoreline at the +85 m elevation is step by step 
abandoned and the Danube stream and its major 
tributary streams were extended to lower and lower 
zones. In the ex-lacustrine areas, these streams are 
meandered and the lowest areas on the bottom of 
the ex-lake became marshy zones or relict small 
lakes. In time, the river way had become more and 
more stable and a lot of secondary branches of the 
rivers have become dead channels. The ex-
meanders and dead channels have become oblong 
lakes and then marshy areas. Many such areas can 
be found in the present in the valley flat of these 
rivers, often in an advanced stage of clogging. Of-
ten, small lakes can be found, which are supplied 
during the seasonal inundations. The difficulty of 
the drainage through the Danube Gorge of the en-
tire water quantity of the Pannonian Depression 
have been maintained even in the historical times 
and great water accumulation was reported during 
the Romans invasion (the beginning of our era) up-
stream the Danube Gorge. More recently (XIX 
century), great inundations have been reported on 
the Tisza stream and large dry surfaces have been 
covered by water. Such phenomena were reported 
in Banat as well, because of the Timis river. To the 
Danube mouth, its stream has been very lately fi-
nalized. It is possible that, during the Lower Holo-
cene, the entire surface of the actual Ialomita and 
Braila flood plain meadows was entirely covered 
with water. A situation close to the actual one has 
been very late achieved and, during the great inun-
dations, the surface of these lakes was temporary 
restored. In this context, the genesis of the actual 
Danube Delta could be analyzed through the same 
pattern but this subject deserves a special treating. 

8. Archaeological and mythical implications 
of this new paleogeographical perspective 

The possible existence of a lacustrine area, with 
variable surface in the Pannonian area, during the 
Quaternary and especially during the Upper Pleis-
tocene, should have played an important role in the 
habitation conditions of the human communities of 

this space. In the first place, the climate in the en-
tire Pannonian area would have been favorably in-
fluenced. This meant higher annual average tem-
peratures, with mild and shorter winters. In addi-
tion, the southern part of the Pannonian area can be  
under Mediterranean climatic influences, clearly 
favorable for human habitation. In such depression 
area, the annual average temperatures are higher 
and attract most inhabitants. In particular, the natu-
ral higher thermal gradient of the Pannonian area, 
which seems to have been even higher in the past, 
could have been very important for the habitations. 
Nevertheless, a first analysis of the archeological 
sites of the Pannonian area shows a surprising as-
pect: the oldest sites are placed in zones near the 
border of the Pannonian Basin, at higher eleva-
tions. The most recent habitation places can be 
found at lower elevations. For the Neolithic the ar-
chaeological sites are placed in the lowest areas of 
the depression, inclusively those placed in its 
southeastern part. Such reality can be consistent 
with the model with successive shore alignments 
of a Pannonian Lake in a gradual process of re-
tirement. It is not possible to find habitation traces 
in a place underwater at that time, but instead they 
are found either in places connected with succes-
sive shore alignments or which were before un-
derwater. Concerning a shore of the Relict Panno-
nian Lake placed to the end of the Pleistocene 
around the +100 m elevation it can be ascertained 
that no site of Upper Paleolithic age (equivalent in 
time with the Uppermost Pleitocene) can be found, 
in the south-eastern part of the Pannonian Basin, 
under this elevation (+100 m). In fact, the altimet-
ric position of the Upper Paleolithic sites, in the 
Pannonian area, has a great paleogeographical role. 
Very important are the so-called “loess sites” of 
the Hungarian Paleolithic which belong to the 
Eastern Gravettian. These sites are present at the 
lowest Wurm levels (Gabori, 1968). It should be 
stressed that the oldest Gravettian sites in this area 
are located in Slovakia (Hernad valley). The most 
important sites of this type are at Sagvar (eastern 
part of the Balaton Lake) and at Pilismarot (in the 
Pannonian bend of Danube). The Sagvar site is 
placed above the +100 m elevation (~ 145 m) and 
contains two cultural levels with the age ~18,900 
and ~ 17,760 years. The Pilismarot site is associ-
ated with steppe episode of the Wurm 3 glacial 
sub-phase. This is one of 15 gravettian sites in the 
Pannonian bend area of Danube. It should be men-
tioned that the only mammoth remains of the 
southern part of the so-called Great Hungarian 
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Plain is connected with the Szeged site, a seasonal 
habitation which is synchronous with the Sagvar 
and Dunafoldvar sites. It should be remembered 
here also the sites in the southern part of Mecsek 
Mountains of Uppermost Gravettian age.        

9. Conclusions 
Placing in time the principal moments in the pa-
leogeographcal evolution of the Pannonian area in 
the Late Quaternary, the following succession can 
be obtained:  
1 - The strike through of the ridge connecting the 
Carpathians with the Balkans in a low saddle zone 
in the Danube Gorge may have taken place at the 
end of the Lower Pleistocene.  
2 - The exact strike through point seems to be 
placed in the narrow part of the old Danube way 
(Greben zone).  
3 - The strike through seems to have been facili-
tated by a strike-slip along an important fault ori-
ented NW-SE.  
4 - The Pannonian Lake seems to have survived at 
least till the end of the Lower Pleistocene and then 
followed a gradual process of retirement of its 
shores.  
5 - This retirement seems to have been not smooth, 
but in steps so, in time, several successive shore 
alignments have maintained for some time, whose 
altitude can be established by the analysis of the 
glacis-terrace systems at the borders of the Panno-
nian Depression.  
6 - The formation of actual Danube Gorge begun 
in the Greben zone and continued, through retro-
gressive erosion, to the west, by successive cap-
tures of the rivers tributary to a main stream, flow-
ing to the Pannonian area.  
7 - In the Upper Pleistocene a morphologic peculi-
arities of the already formed gorge would allow the 
existence of a lacustrine area in the southeastern 
part of this basin (the Relict Pannonian Lake with 
the shoreline at about +100 m elevation).  
8 - The retirement of the shores of this lake could 
be due especially to the mega-floods, which made 
the shoreline to lower to the +85 m elevation.  
9 - This shoreline seems to be characteristic of the 
paleogeography of the Lower Holocene.  
10 - The finalization of the Danube way have taken 
place only in the Upper Holocene, conditioned by 
the gradual removal of the hindrances along impor-
tant sectors of the Danube Gorge. 
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Abstract: Samples collected from eight mineral extracting and processing sites, representing commodi-
ties of different origin and in different environments (lignite, bituminous coal, porphyry copper and gold 
extraction mines, copper flotation, metallurgic waste dump), were analyzed in the laboratory for: mine-
ralogy on thin sections, X ray diffraction (XRD), gamma spectrometry, density and spectral reflectance 
measurements. In sample locations, estimated ground reflectance spectra were extracted from Landsat-
TM images, in order to verify the OH-FeOx anomalies, obtained by processing the satellite images with 
a methodology previously developed for mapping mining wastes at regional scale. The processed satel-
lite images highlighted, by means of the extent and type of OH-FeOx anomalies, the area coverage of 
the deposited mined material and pointed out the modifications in time. Diagnostic spectral features giv-
en by iron ferric/ferrous ions, OH-metal and/or molecular water stay at the basis of the remote sensing 
OH-FeOx anomalies and the minerals which they indicated, were confirmed either by the microscopic 
observations on thin sections, or XRD, or both. A differentiation of the sites was performed by statisti-
cally analyzing the remote sensing anomalies and comparing with the results of the microscopic analys-
es and XRD.  

Keywords: Romania, satellite image, spectrum, Principal Components Analysis, mineralogy, XRD 
 
1. Introduction 
Extraction and processing of solid raw minerals in 
the Romanian territory is known before Roman 
times, and the importance and variety of mineral 
resources determined mining to be a traditional ac-
tivity of the population. At the end of 1989 in Ro-
mania there were 278 mines and open pits in oper-
ation and 70 processing plants: 30 for metal ores, 
34 for non-metal ores and 6 for coal preparation, 
spread over 41 mining basins. In that period the 
mining sector produced 150 million tons of coal, 
metal ores, non-metal ores and salt per year and 
the mining activity ensured the daily subsistence of 
10% of country population (Fodor, 2005). The ex-
tensive and intensive exploitation of ore deposits 
has been a characteristic of the mining industry in 
Romania which resulted in the occupation of large 
land surfaces by mining industry with mine facili-
ties (in operation or abandoned) as waste dumps, 
tailing ponds, access roads, specific equipments 
etc. Many of these adversely affected the environ-

ment and constituted intense sources for geo-
hazards (subsidence, terrain slides, dust and gas 
emissions, acid mining waters, erosion, heavy met-
als into the soil etc.). Passing towards the market 
economy implied the necessity of assessing the 
profitability of the mines and the problems they 
pose to the environment. Therefore, the mining in-
dustry restructuring strategy, approved by the Ro-
manian Government, stipulated that only 112 
mines were to be maintained into operation: 68 for 
coal, 34 for metal ores, 3 for uranium and 7 for salt 
(Fodor, 2005). The rest of the mines were closed 
and the reserves were put into conservation. Ac-
cording to the European Union legislation, remedi-
ation measures were mandatory to be applied for 
the closed mining facilities. 

This paper presents part of the work carried out in 
line with this policy for the Ministry of Research 
and Education within the framework of the Na-
tional Programme for Research and Development 
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part II (2008-2010). The project had the purpose of 
making up a database of mineral extraction and 
processing sites (both active and closed), characte-
rized by physical, chemical, mineralogical parame-
ters (point information), linked with remote sens-
ing-derived information, which gives the spatial 
extent of mined material, together with a qualita-
tive characterization of the sites (fig. 1). The out-
puts of the remote sensing based methodology 
consist in GIS-integrated maps of waste material 
distribution for the moment of time ti (i=1,2…n). 
These are linked with the database of sample la-
boratory measurements, which on their turn are re-
ferred to a moment of time tj (where j >= 1). An 
ideal situation would be when the samples are col-
lected in the same day with the remote sensing im-
age. In reality this can be very rarely achieved, as 
clouds and adverse meteorological conditions 
might hamper the acquisition of good quality im-
ages from optical sensors over the area of interest. 
A good approach consists in using available old sa-
tellite images from archives, which have also the 
advantage of a low cost, and satellite images of the 
same year (preferable, if possible, the same season) 
as the ground collected samples. This would allow 
a validation of the remote-sensing OH-FeOx ano-
malies and the maps of changes in waste material 
distribution. 
 

Fig. 1. Flow chart of the processing chain and outputs. 

2. Study area 
The field campaign took place in 2008, when eight 
sites (fig. 2) were visited for sample collection and 
ground observations. The first site, Rovinari, 
represents a lignite quarry, still in operation, which 
is by far the biggest as surface. It is located in the 
Subcarpathian Hills, in the Dacic Basin, Getic 
Zone. In an alternation of sands, sandy clays, clays 
and carbonaceous clays belonging to the clay hori-
zon of Dacian-Romanian age (Borcos et al., 1984), 

the lignite occur as beds. A sample (PR1) was col-
lected from the active ash storage site located be-
tween the power plant and Rovinari East quarry.  
Another sample (PR2) was collected from a waste 
dump located approximately 300 m close to an 
area in operation, belonging to the Gârla quarry, 
nearby the European road E79. The dump is made 
up of unstable material, which was deposited in 
open-pit benches, affected by weathering and gul-
lies caused by runoff. The tailings were not fixed 
and there were not noted yet signs of ecological 
measures. However, between the dump and the 
road there is an agricultural cultivated field, as this 
part of Rovinari mining district has been already 
restored (Rotunjanu et Olariu, 2009). 

In the second site, Vulcan, located in the post-
tectonic cover, in the Petrosani Depression of 
South Carpathians, the basin of Jiu Valley, the ex-
ploitation is done underground, the mine being ac-
tive. The bituminous coal is found in beds of up to 
30 m thick in the middle horizon (Upper Oligo-
cene) of the continental-lacustrine-deltaic molasse 
deposits (Borcos et al., 1984). The host rocks con-
sist of an alternation of clays, sandy marls, marls, 
bituminous marls, clay shales, carbonaceous 
shales. Two samples (PR3 and PR4) were col-
lected from Vulcan dump and decanting pond, at a 
very small distance between one another. At the 
time of field visit, the water has been evaporated in 
great part, the pond appearing as a gray-coloured 
field made up of waste, lacking vegetation and 
showing lots of drying cracks. The samples are 
made up of rock fragments representing mine 
wastes in different stages of alteration, as well as 
black bituminous coal fragments. 

The third site, Deva, represents the dump site of 
the porphyry copper mine, presently closed. It be-
longs also to the South Carpathians (Poiana Rusca 
Mts.), the volcanic zone of Mures Valley. The mi-
neralization occurs as impregnations and stock-
work hosted in the Miocene biotite amphibole an-
desites in subvolcanic facies, feldspathized, bioti-
tized, argillized, belonging to the Pades Series. A 
zonation of the mineralization was observed (Bor-
cos et al., 1984): an internal zone with alkali 
feldspar, biotite, bornite, chalcopyrite, magnetite 
(at depth with pyrite, anhydrite) and an external 
zone with clay minerals, quartz, locally pyrite. A 
sample (PR5) was collected from the dump site lo-
cated north of Deva, bordered in the West by the 
European road E68 and the railway, and in the East 
by Mures river. In order to stabilize the slopes of 
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the deposited wastes, shrubs were planted, but 
without important beneficial results due to the lack 
of cohesion of the mineral grains, which have the 
aspect of light-gray, yellowish fine-grained sand. 
The dump is now covered with patches of grass on 
its upper part, and the fine material can be seen 
only on slopes.  

The next two sites represent dumps of deposited 
material originating from the mines located nearby 
Brad, in the Brad-Sacâramb Neogene volcanic 
zone of Western Carpathians. The first dump lies 
north-west of Brad, downstream of Uibanesti, 
while the other is situated in the south-east, up-
stream of Criscior. The dumps are made up of 
mined waste coming most probably from the mines 
of Musariu, Musariu Nou, Bradisor, Valea Morii, 
Ciresata, Valea Morii Veche, Caraci-Magura Tebei 
and Magura Tebei. All these mines are presently 
closed, but till twenty-thirty years ago they were 
operated for extracting gold and silver, accompa-
nied in most of the cases by lead, zinc and copper. 
The genesis of the ores is hydrothermal, the veins, 
impregnations and stockworks of Miocene age be-
ing hosted in Badenian-Sarmatian-Pannonian  an-
desites and quartz-andesites propylitized, chlori-
tized, adularized, sericized, argillized, silicified 
(Borcos et al., 1984).  

The dump of Uibanesti has its slopes strongly af-
fected by gullies, although acacia trees had been 
planted on those. The gullies created by rain runoff 
are so deep that presently, at the leg of the slope, a 
cement channel is being built, for the purpose of 

collecting the water and the poorly consolidated 
material, carried downwards by runoff. The ma-
terial is visually very similar to that of Deva dump, 
but on the top of Uibanesti dump the vegetation is 
missing, only water with suspended material can 
be seen. The great instability of the deposited ma-
terial and its lack of cohesion (sample PR6) 

represent a real danger for the urban settlements 
located downstream.  

The dump upstream of Criscior has two water 
ponds on the top, the biggest one having on its 
shores, on about a strip of 1 m wide, some swamp 
vegetation. The deposited material is consolidated, 
but presents strong weathering. The sample (PR7) 
was collected from the upper part of the dump, in 
the first 20 cm depth from the surface. On the sur-
face of the dump, a thin layer of soil was formed, 
on which scarce grass is growing.  

The sixth site represents the quarry for gold at Ro-
sia Montana, where the exploitation is temporarily 
stopped, waiting for a decision of the government, 
as its continuation, by licensing the operation to 
Rosia Montana Gold Corporation, implies many 
environmental and social problems. The minerali-
zation of gold and silver, occurring as hydrother-
mal veins, stockworks and impregnations of Mi-
ocene age, is hosted in the Badenian dacites in-
tensely adularized, sericitized, argillized, silicified, 
pyritized, as well as in the alternations of Badenian 
marls, sandstones, pyroclastics, rhyodacites and 
Sarmatian marls and sands, mostly argillized (Bor-

 
Fig. 2. Localization of investigated sites. 
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cos et al., 1984). The big open-pit benches show 
the exposed rocks, which suffer from strong wea-
thering, their colours varying from yellow to red-
dish-brown. The sample (PR8) was collected from 
the north part of the quarry, nearby a former gal-
lery. 

The next site is the porphyry copper quarry of Ro-
sia Poieni, located, as the precedent site, in the 
Neogene volcanic zone of Rosia Montana – Bu-
cium – Baia de Aries. The ore occurs as stockwork 
and impregnations of Miocene age in the Sarma-
tian amphibolic andesites in subvolcanic facies, 
feldspatized, biotitized, argillized, propylitized 
(Borcos et al., 1984). The exploitation is active and 
two samples were collected from the site: one 
(PR9) from the slope of a median open-pit bench, 
which shows the signs of hydrothermal alteration  
and weathering, visible in the whole quarry as co-
lour variations from yellow to reddish-brown, 
sometimes grayish, and the other (PR10) from the 
flotation residues, which have a very dark colour.  

The last site is the waste dump from the mineral 
processing platform in Zlatna, located also in the 
Western Carpathians, Metaliferous Mts., southern 
of Rosia Poieni and Rosia Montana and north of 
Mures valley. The city had a long tradition both in 
mineral extracting and mineral processing, lying in 
the Zlatna – Stanija metallogenetic district. Gold 
was initially extracted, followed in time by other 
metals: lead, zinc, copper. The old mineral 
processing plant (presently closed) produced con-
centrates of gold, lead, zinc, copper and pyrite. 
Another mineral processing plant, the biggest on 
the industrial platform, was active in the field of 
copper and chemistry, possessing a smelter (active 
till 1991) and units for producing copper for con-
verters, electrolytic copper, sulfates of copper, iron 
and magnesium, aluminum dust and sulphuric ac-
id.  Some reduced sections are still active nowa-

days. Emissions of gas and heavy particles caused 
smoke and vapors in the surrounding area, the al-
most complete destruction of the vegetation and 
the pollution of Ampoi river with residues. The 
metallurgic waste dump of Zlatna (fig. 3) shows a 
strongly altered material with intense reddish-dark 
brown colours given by iron oxides (sample 
PR11), both at the surface, as well as in the depth. 
The complete lack of vegetation on the dump 
slopes is an indicator of its high toxicity. 

3. Materials and methods 
3.1. Laboratory analyses 
The samples were specially prepared in order to be 
analyzed on thin sections in polarized light using 
Jenapol microscope. The mineralogical analysis 
were completed by XRD performed with the Bruk-
er D8 Advance instrument. Density determinations 
were done using the volume displacement method 
and the samples were also analysed by gamma 
spectrometry in order to detect the content in U238, 
Th232 and K40 using a digital multi-channel analyz-
er DSPEC jr.2.0 – Ortec with 16684 channels. 
Spectral reflectance measurements were done us-
ing the GER 2600 spectroradiometer, operating in 
the 0.35–2.5 m range. The methodology con-
sisted in measuring the light reflected by the sur-
face of the sample and dividing the values to those 
reflected by a standard white material, which has a 
uniform diffuse reflection and no absorption fea-
tures in the operating range of the spectroradiome-
ter. The relative reflectance is obtained this way 
and, because the instrument is taking the mea-
surement in 640 channels of very narrow band-
width (1.5 nm for the spectral range 350-1050 nm 
and 11.5 nm for the spectral range 1050-2500 nm, 
showing practically the variation of this parameter 
with the wavelength, it is referred to as the relative 
spectral reflectance. 

 
Fig. 3. Zlatna dump site. 
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While the spectral reflectance measurements were 
performed in order to correlate the remote sensing 
anomalies with the samples mineralogy determined 
by microscopy on thin sections and XRD, the mea-
surements of density and gamma spectrometry had 
the purpose of completing the database of mineral 
extraction and processing sites (fig. 1) with addi-
tional parameters. 

3.2. Remote sensing methodology 
For this stage of the project we adopted a metho-
dology developed at the Joint Research Centre 
(JRC) of the European Commission, Institute of 
Environment and Sustainability (IES), Ispra, Italy 
within the project PECOMINES “Inventory, regu-
lations and environmental impact of toxic mining 
wastes in pre-accession countries” (Vîjdea et al., 
2004). The method was developed for the purpose 
of using multi-temporal Landsat Thematic Mapper 
(TM) images, which represent by their medium 
spatial resolution (30m) a detailed and cost-
efficient tool for mapping mining wastes at region-
al level, extending up to national and continental 
level. Due to the good time coverage of Landsat 
scenes (since 1983), TM and Enhanced Thematic 
Mapper (ETM) data have the advantage of detect-
ing the changes occurred in the mining zones and 
monitoring the material deposited in waste dumps, 
decanting ponds etc.  

Identifying mining wastes, exclusively using re-
mote sensing data, is based on the anomalously 
high concentration of the deposited material both 
in iron oxides/hydroxides (ferryhydrite, goethite, 
hematite, limonite) and in secondary alteration 
minerals containing hydroxyl group (OH). The re-
mote sensing data processing consists of applying 
the Principal Components Analysis (PCA) in a se-
lective way, on TM bands atmospherically and 
geometrically corrected. The variant of the PCA 
used was called Feature-Oriented Principal Com-
ponents Selection (FPCS), elaborated by Crosta 
and McMoore (1989), subsequently modified by 
Loughlin (1990, 1991) and adapted by Vîjdea et al. 
(2004), for processing whole satellite scenes in ve-
getation conditions specific for the climate of Cen-
tral and Eastern Europe.  

The idea of using this method came from the re-
sults obtained by applying it in exploration geolo-
gy. The anomalies obtained in areas with hydro-
thermally altered rocks and acidifications, basical-
ly reflect the same mineralogical components as in 
mining wastes, the most relevant groups belonging 

to the iron oxides/hydroxides and to those contain-
ing hydroxyl, both frequently associated to the 
process of pyrite weathering. This fact led to the 
idea of the potentiality of the method in identifying 
areas with waste dumps, tailing ponds, quarries, 
where the exposed material is much oxidized and 
frequently contains secondary minerals indicators 
of the alteration and/or acidification processes. The 
surface accumulation of these spectrally distinct 
materials is generally much higher in the case of 
waste dumps than in natural outcrops. Therefore, 
Landsat TM/ETM images have a high potential in 
detecting even small mining waste, if the exposed 
area is at least one pixel size (30 X 30m). The 
chain of processing Landsat scenes with this me-
thodology is presented in figure 4. 

The atmospherical corrections were performed 
with an open source programme developed at JRC 
and the University of Trier, which takes into ac-
count: 1) the different response of the satellite sen-
sor (at-sensor radiance) during its lifetime, due to 
the variability in the detectors sensibility; 2) the 
characteristics of the atmosphere which influence 
the propagation of incident electromagnetic radia-
tion, and after its interaction with the objects on 
Earth surface, the reflected radiation reaching the 
sensor. The programme is based on a modified 5S 
model (Simulation of Satellite Signal in Solar 
Spectrum), created by Tanré et al. (1990) with fur-
ther developments (Hill, 1993; Lacaze et al., 1996; 
Hill and Mehl, 2003). 

The geometrical corrections were done also by an 
open source program (Hill and Mehl, 2003), which 
had the advantage of speeding very much the te-
dious work of Ground Point Collection (GCPs), 
but any commercial software can be used, as is 
was the case for the PCA processing and all the 
rest of remote sensing applied methodology. 

4. Results and Discussion 
The objective of the remote sensing methodology 
was to map all oxidized areas, where there are dif-
ferent levels in OH-bearing secondary alteration 
minerals. The output anomaly OH-FeOx image has 
20 anomaly classes expressed in the image legend 
and represent combinations of high levels of iron 
oxides and various levels (from low to high) of 
OH-bearing minerals against a gray background. 
The content in FeOx increases as we go from FeOx 
class 1 to FeOx class 4 (figure 5b) due to the fact 
that two Principal Components were combined for 
giving the FeOx image, in order to keep all types 
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of oxidized surfaces, even those with very low ref-
lectance. All eight investigated sites were identi-
fied on the processed images as spots with OH-
FeOx anomalies, some having a higher proportion 
of the classes low in OH-bearing minerals and with 
high content in iron oxides (simple oxidation 
classes), while at others the classes showing high 
OH-bearing minerals dominate. For example, in 
figure 5 it is shown the tailing pond of Uibanesti 
(situation is referring to 1992, the satellite acquisi-
tion year), where 95.62% of anomalous pixels be-
long to classes 17-20. A comparison with Google 
image showed that the pond walls were much 
thicker in 2003, and the top with suspended sedi-
ments in less water. The field visit of 2009 con-
firmed the lack of the vegetation on the top and the 
big gullies on the pond slopes, despite the acacia 
trees planted as restoration measure. The arrow in-
dicates the sample collection point, while white 
vectors represent localities of GIS integrated topo-
graphic database. 

A site selected for its prevalent oxidation anoma-
lies (classes 1-8) is the metallurgical dump site of 
Zlatna (figure 6), located South-East of the locali-
ty. On the dump (ground photo in fig. 3) these oxi-
dation classes represent 79.69% of the total ano-
malies, although there are present also some pixels 
high in OH-bearing minerals (class 20), which ac-
count for 1.07%.  

It must be noted that the pixels with higher content 
in OH-bearing minerals (classes 10-12 and 17) on 
figure 6b represent the pollution, expressed as 
smoke and gaseous emissions plus particles in the 
air and on the roofs, trees etc. of Zlatna, coming 
from the units of the processing plant which were 
still in operation at image date (25.09.1992). 

In order to further check the remote sensing ano-
malies, spectra were extracted (using commercial 
software tools – in this case ERDAS IMAGINE) 
from the multispectral Landsat-TM images in the 
location of the samples. A comparison was made 

 
Fig. 4. Remote sensing processing chain. 
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with the laboratory measured spectra, resampled to 
the center bandwidth of Landsat 5 Thematic Map-
per sensor (0.485, 0.56, 0.66, 0.83, 1.65 and 2.215 

m). 

Figure 7 shows the image and laboratory spectra 
for the samples collected at Uibanesti and Zlatna 
dump sites. The high content in iron oxides is 
proved in all 4 spectra by the sharp fall of the ref-
lectance from TM band 3 to TM band 1. The im-
age spectrum of Uibanesti shows an extra spectral 
feature: an increase of the reflectance in TM2, 
which is caused by the mixture water - suspended 
minerals, as it can be seen on the top of the dump 

in fig. 5a. The combination of Fe2+ and Fe3+ ab-
sorption features in these minerals cause probably 
also the profound minimum centered between 
TM3 and TM4. 

The deep decrease of reflectance between TM5 
and TM7 caused by the absorptions in TM band 7 
are very evident on the image and laboratory 
measured spectrum of Uibanesti and explain the 
intense OH anomalies. The combined interpreta-
tion of mineralogical analyses on thin sections and 
XRD indicated the presence of sericite, illite, as 
well as carbonates, all these minerals possessing 
absorption features in TM7. For Zlatna, the micro-

 

 
Fig. 5. Uibanesti decanding pond. a) Landsat-TM image (4,5,3-RGB); b) OH-FeOx anomaly image. 
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scopic analyses and XRD indicated epidote and 
undifferentiated clay minerals, as well as oxides 
which are responsible for the almost complete 
opacity of the sample. These oxides are also the 
cause of the low reflectance of the sample, the 
lowest of all measured samples. 

In order to compare the spatial distribution of OH-
FeOx anomalies for each studied site, the percen-
tage of the anomaly class of the total anomalous 
pixels of the site was computed. This distribution 
is shown in figure 8, where the analysis done for 
the site of Vulcan at two time intervals was in-
cluded. This was the only site falling in two ad-

joining available scenes: 184/29 (15.10.1990 – 
containing the sites of Rovinari and Vulcan) and 
185/29 (25.09.1992 – containing Vulcan, Deva, 
Uibanesti, Criscior, Rosia Montana, Rosia Poieni 
and Zlatna). 

In figure 8 it can be seen that the investigated sites 
are grouped in two main categories: one with do-
minant oxidation classes (Rovinari, Vulcan at both 
dates, Deva, Criscior and Zlatna) and another 
where the anomalies, high in both iron oxides and 
OH-bearing secondary minerals (classes 17-20), 
are the majority (Uibanesti, Rosia Montana, Rosia 
Poieni). The result was confirmed by a correlation 

 

Fig. 6. Zlatna metallurgical dump site a) Landsat-TM image (4,5,3-RGB); b) OH-FeOx anomaly image. 
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analysis, computed using these percentage of ano-
malies. The correlation coefficient values are posi-
tive between members of the first group, ranging 
from 0.18 to 0.90, with a media of 0.37. Against 
members of the second group, the values are 
slightly negative, ranging from -0.09 to -0.01, with 
a media of -0.08. The second waste dump group 

(Uibanesti, Rosia Montana, Rosia Poieni) displays 
positive values of the correlation coefficients be-
tween themselves (ranging from 0.18 to 0.79, with 
a media of 0.51) and negative values against mem-
bers of the first group (ranging from -0.21 to -0.01, 
with a media of -0.08).  

 
Fig. 7. Comparison of samples reflectance for Uibanesti and Zlatna sites. 

 
Fig. 8. Percentage distribution of OH-FeOx anomaly classes in the investigated sites. 
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5. Conclusions 
The OH-FeOx anomalies that mapped the mineral 
extraction and processing sites were confirmed by 
the analyses done in the laboratory (even though 
the time difference was rather great and some 
modifications at the surface of the sites caused by 
remediation measures are to be expected). The 
samples represented one-point observation and the 
surface mapped by anomalous pixels reached in 
some cases tens of hectares. The remote sensing 
anomalies represent a useful tool for: 1) planning 
the field campaign by selecting in advance the 
sample collection points in representative anomal-
ous areas; 2) checking by using time series (multi-
temporal) satellite data the efficiency of the resto-
ration measures that were taken, by detecting the 
changes occurred in time. 
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Abstract: Coastal erosion is a gradual process that alters the distribution of sediments and modifies the 
geomorphology of the coasts. It may result in the destruction of natural coastal defences (sand dunes, 
cliffs, etc) and the increase in land instability which may in turn result in flooding of the hinterland and 
landsliding of coastal areas with steep slopes and unstable materials. The damages induced by such haz-
ards include loss of life, property, infrastructure, and land. The costs of emergency action, remediation 
and prevention can often represent a significant burden to the communities affected and to national gov-
ernments. According to predictions, climate change impacts, including sea-level rise and extreme 
weather patterns, will lead to the increase in the frequency and intensity of such hazards. Risk-based de-
cision-making is seen to provide the means of addressing the challenges put forward by climate change. 
The complexity and interrelation of the processes acting on coastal locations call for an integrated 
framework for the assessment of coastal risks and the identification of the appropriate measures for the 
prevention and reduction of erosion, flood, and landslide risks. In this paper, existing models for the 
mapping of pressures on coasts and current development practices and tools will be reviewed, before a 
holistic methodology is proposed in order to assist decision-makers in effective coastal risk manage-
ment.  

Keywords: GIS, Remote sensing, Decision Support Systems, Coastal risks. 
 
1. Introduction  
The shoreline achieves several socio-economic 
functions (tourism, industry, recreation, etc). This 
coastal heritage is however threatened. In fact, 
coasts are very sensitive natural ecosystems and 
they are facing increasing natural and anthropo-
genic pressures that result in their greater vulner-
ability. It is expected that climate change will re-
sult in Sea-Level Rise (SLR), changes in weather 
patterns, and increase in frequency and intensity of 
extreme events (e.g. storms, drought). As a result, 
erosion, flood and landslide hazards will be exac-
erbated on many coasts, leading to the depletion of 
coastal resources and exposing people and assets to 
considerable losses. 

The development of risk assessment and manage-
ment strategies to avoid the degradation of the 
coastal heritage requires a thorough understanding 
of coastal evolution and natural processes. Various 
forcing factors are involved in coastal morphologi-
cal changes in a complex manner and their interac-
tions have not yet been thoroughly explained. Dur-
ing the last decade, advances in coastal risk as-

sessment were achieved through manifold EU-
funded projects: A European initiative for sustain-
able coastal erosion management (EUROSION), 
Responding to the Risks from Climate Change in 
Coastal Zones (RESPONSE), Coastal Research 
and Policy Integration (COREPOINT), etc. How-
ever, most projects were focusing on the Northern 
and Western European coasts. Therefore, the 
coastal stakeholders from the Mediterranean and 
Balkan countries did not sufficiently benefit from 
the new knowledge acquired, nor the developed 
tools or the tested practices, whether successful or 
not.  

GIS and remote sensing technologies have great 
potential when deployed in coastal risk assessment 
(Saroglu et al., 2003; Tassetti et al., 2008). Remote 
sensing offer the advantage to capture the coastal 
processes over a large area, frequently updated 
data are available for monitoring purposes and 
several models were developed and tested provid-
ing satisfactory results. The diversification in the 
scales of the complex patterns of coastal interac-
tions in space make the use of GIS ideal for coastal 
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risk assessment purposes. The major asset of using 
a GIS system in coastal risk management is its ca-
pacity to store, handle and analyze a high number 
of spatial layers (Bartlett and Smith, 2005). The 
spatial dimension of the issue addressed is clear, 
since many of the forcing agents such as wind, 
runoff, tides, and waves are spatially distributed 
over the coastal area. The combination of different 
layers corresponding to coastal risk factors through 
spatial analysis tools and their statistical analysis 
make of GIS a necessary tool for the evaluation of 
coastal risks. However, in many cases decision-
makers can not operate GIS due to inadequate ex-
perience or interface complexity (Canessa and Kel-
ler, 2003), therefore a Spatial Decision Support 
System (SDSS) specially designed for coastal risk 
management is required. Canessa and Keller 
(2003) stresses the need to have a flexible SDSS 
that accommodates the characteristics of coastal 
decision-making and helps structuring the coastal 
management process.  

The paper aims at presenting an integrated meth-
odology for the management of coastal risks focus-
ing on the erosion, flood, and landslide risks. In 
particular, it aims at describing a Spatial Decision 
Support System adapted to the management of 
coastal risks by decision-makers. In the first sec-
tion, the existing legislation and regulation relative 
to coastal risk management is reviewed, a set of 
models for climate prediction and the assessment 
of erosion, floods, and landslides risks are pre-
sented and specific decision support tools are re-
viewed. The second section is dedicated to the 
proposed methodology. The detailed structure of a 
Spatial Decision Support System for coastal risk 
management is described. The third section dis-
cusses the limitations of the proposed approach. 
Finally, a conclusion is provided in the last section. 

This paper presents a methodology as a prelimi-
nary result of a project that will be implemented 
within the framework of the ENPI-CBC Mediter-
ranean Sea Basin programme (2007-2013). During 
this project, the proposed methodology will be ap-
plied in four study sites in Greece, Cyprus, Egypt, 
and Tunisia. 

2. Overview of methods 
2.1. Overview of existing legislation and re-

gulations  
The improvement of coastal risk management, fo-
cusing primarily on erosion, flood, and landslide 
risks,  is a crucial issue that is in line with a set of 

legislations and policies: (i) the European Floods 
Directive (2007/60/EC), (ii) the International 
Strategy for Disaster Reduction (ISDR 2000), (iii) 
the Integrated Coastal Zones Management 
(ICZM), (iv) the United Nations Convention to 
Combat Desertification (UNCCD 1997) as far as 
soil degradation through erosion and salinization is 
concerned, (v) the European Water Framework Di-
rective (2000/60/EC), regarding the management 
of coastal waters and groundwater (contributing to 
land instability) and river basin management plan-
ning, (vi) the Agenda 21 programme of Action of 
the United Nations for achieving the sustainable 
development with Chapter 17 dedicated to the pro-
tection of coastal areas among others and (vii) the 
recommendations of the Intergovernmental Panel 
on Climate Change (IPCC) on the design of Na-
tional Adaptation Plans (IPCC 2007). The devel-
opment of an integrated methodology for the man-
agement of coastal risks will permit to fulfil the 
obligations of many countries towards national, 
European, and international legislation and regula-
tions. The legal and administrative frameworks for 
managing coastal risks are further described within 
the Good Practice Guide of the RESPONSE pro-
ject (RESPONSE, 2006). 

2.2. Overview of existing models 
2.2.1. Climate modelling 

Climate change is expected to have impacts on 
coastal locations. According to IPCC’s Special 
Reports on Emission Scenarios (SRES), a positive 
(respectively negative) trend in temperatures (re-
spectively rainfall) are expected in the Mediterra-
nean basin, resulting in a decrease in annual runoff 
by 20-30% in south-eastern Europe by 2050 and a 
global mean SLR of 0.09 to 0.88 m (optimistic 
scenario) by 2100. These experiments show a lo-
calised increased storminess in parts of the Adri-
atic, Aegean and Black Seas (IPCC, 2007). 

Climate modelling consists in predicting the distri-
butions of rainfall, temperature, the frequency and 
intensity of storm surges, and the SLR. Jacob et al. 
(2007) provide an inter-comparison of several Re-
gional Climate Models (RCMs) for Europe. Also, 
within the program ENSEMBLES (Ensembles 
based predictions on climate changes and their im-
pacts), an estimate of uncertainty in future climate 
was produced by applying several RCMs to the 
Mediterranean area from the Iberian Peninsula to 
the Balkan Peninsula. Among the RCMs used are 
the CNRM-RM4.5, C4IRCA3, and KNMI-
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RACMO2 (Lenderink, 2003). These models differ 
by their level of uncertainty in the climate predic-
tions. The Aladin model was evaluated in the Bal-
kan Peninsula, providing accurate simulations 
along coastlines, where no major topographic con-
straints are affecting the simulations (Kostopoulou 
et al., 2009).  

2.2.2. Erosion risk modelling  

The EUROSION project reviewed 60 erosion case 
studies covering a big diversity of coasts. The out-
come of the project is that knowledge about the 
forcing agents of coastal erosion and their interac-
tions is fragmented and empirical. EUROSION 
also revealed that replicability of existing models 
may be hazardous, since the coastline response to 
engineered mitigation solutions may not be con-
form to model predictions (EUROSION, 2004a).  

Several empirical and semi-empirical models have 
been designed for the study of coastal erosion 
processes but the theories and assumptions they are 
based on are not often compatible. For the study of 
the long-shore sediment transport process for in-
stance, the CERC equation (1971) is widely ap-
plied but valid for a limited number of situations 
(e.g. open straight coasts, mild slope shoreline, es-
tuaries, etc.) while the Bijker formula covers a 
wider range of situations but requires considerable 
field measurements and computation resources 
(Charlier, 1998). Özhan (2002) suggests to study 
coastal sediment transport together with three other 
components of the coastal morphodynamics in or-
der to predict future erosion (wave prediction and 
transformation, wave breaking and breaker zone 
hydrodynamics, and morphological changes of the 
sea bed). Marine sediment deposition can be mod-
elled with the 3D hydrodynamic model, called 
Princeton Ocean Model (POM, 2009), linked with 
a sediment transport module. The inputs of the 
model are the sediment characteristics and distri-
butions and the hydrodynamic regime, while its 
outputs are the rates of marine erosion and deposi-
tion. Soil erosion (inland process) can be modelled 
through the Revised Universal Soil Loss Equation 
(RUSLE2 2003). This method expresses the long-
term average annual soil loss (A) as a function of 
the rainfall erosivity (R), the soil erodibility (K), 
the topographic factor (LC), the support practice 
(P), and the crop and land management factor (C).  

In general, further improvements are needed to ex-
isting models in order to really stick to the condi-
tions prevailing in a specific area: Andrews et al. 

(2002) described a model for coastal dunes while 
ESTMORF is a model more appropriate for the 
simulation of morphological changes in estuaries 
(ESTMORF, 2009). 

2.2.3. Landslide risk modelling 

Landslide activity results from the instability of the 
ground. Landslides are generally triggered by 
heavy storms and rainfall, coupled with soil ero-
sion on steep slopes. Areas with unstable materials 
and high soil moisture are at risk, and the problems 
posed by these factors are compounded by human 
activities such as deforestation and the construc-
tion of roads and buildings (RESPONSE, 2006). 
Landslide risk can be modelled within a GIS. Us-
ing as input the physical attributes of existing land-
slides, similar patterns are identified in the area 
under consideration taking into account possible 
climate changes. The output is a landslide risk as-
sessment map. Tassetti et al. (2008) have analysed 
the correlation of five instability factors with land-
slide events: geology, land use, slope, aspect, and 
precipitation for the modelling of cliff recession 
due to landslides. 

2.2.4. Flood risk modelling 
Up to an additional 1.6 million people each year in 
the Mediterranean and northern and western 
Europe might experience coastal flooding by 2080 
(IPCC, 2007). The main drivers for coastal flood 
hazards are storm surges and SLR. Flood risk due 
to SLR can be analyzed through watershed model-
ling and 3D GIS analysis. The effective runoff is 
estimated at several rain events based on the cli-
matic profile of the area, and the flooding zones 
are designed with 3D GIS analysis using a detailed 
Digital Terrain Model of the coastal area. A coastal 
inundation model, called HYDROF, was applied in 
the UK on the entire coastline. The model is a 2D 
tidal inundation model which uses a model grid 
built on merged marine and land topographic data. 
Its use for coastal flood mapping was recom-
mended in Martini and Loat (2007). Barredo et al. 
(2008) propose to estimate flood water depth using 
surge height information for each coastline seg-
ment for several return periods and a DEM at 100 
m cell size. Bates et al. (2005) developed a simpli-
fied 2D fluvial hydraulic model LISFLOOD-FP 
for the assessment of coastal flood risks in the UK.  

2.3. Overview of existing tools and develop-
ment practices 

There are several information technologies that 
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were used for coastal risk management. Local In-
formation Systems (LIS) were developed within 
the projects EUROSION (2004b) and CORE-
POINT (2007) in order to enable the organization, 
archiving, basic processing, and representation of 
coastal data. Expert Systems were also used for 
coastal data analysis. The expert system COAMES 
allowed the analysis of coastal geomorphology 
through the use of aerial photography (Moore et 
al., 1999), while SimCoastTM is a commercial 
fuzzy logic rule-based expert system designed to 
enable researchers, managers and decision-makers 
to create and evaluate different policy scenarios for 
coastal zone management (SimCoast, 2009). 

Spatial Decision Support Systems (SDSS), on the 
other hand, grant decision makers the ability to 
utilize all available information, data and knowl-
edge about overall coastal processes with an opti-
mum efficiency. In fact, scenario development, 
spatial analysis, and advanced modelling are major 
capabilities of SDSS. The leading edge of intelli-
gent SDSS is moving towards clever knowledge-
based systems and combinations of neural net-
works, fuzzy logic, genetic algorithms, and hybrid 
systems. 

Van Kouwen et al. (2008) analysed the capacity of 
manifold decision support tools to overcome a set 
of knowledge-related and process-related chal-
lenges and concluded that no tool offered the func-
tionalities that could satisfy all the challenges. This 
is a minor issue since the importance of a function-
ality is related to the application the tool is devel-
oped for. Uran (2003) compared five other tools 
for coastal zone management in order to highlight 
the reason for which SDSS that were developed for 
coastal zone, river, and water management are 
hardly used in the Netherlands. The reasons identi-
fied are: they are too detailed, time consuming and 
costly to use; they are complex systems; the uncer-
tainty of the model output; the degree of appropri-
ateness for solving the decision question; the need 
for training in the use of a particular SDSS; the 
limited involvement of users in the development 
phase. All these elements lead to unsuccessful 
SDSS.  

3. Results 
The above review reveals the existence of various 
models for the assessment of coastal risks such as 
erosion, landslides, and floods. It also points out 
the need to capitalize on existing knowledge ac-
quired on coastal processes and the best practices 

already implemented in order to avoid the produc-
tion of a methodology hardly useful to decision-
makers because it is not applicable to or inappro-
priate for the application targeted.  

3.1. Proposed methodology  
In order to ensure the effective management of 
erosion, flood, and landslide coastal risks, a meth-
odology is described hereafter. The latter has the 
following characteristics: it is an integrated ap-
proach that accounts for manifold processes at 
work on coasts, analyses them in order to generate 
separate maps of flood, erosion, and landslide risk, 
and then combines those maps into an overall 
coastal sensitivity map. In this concern the ap-
proach is holistic. The methodology is also highly 
adaptive in order to be applicable in coastal areas 
with different typologies, climate conditions, mor-
phology, vegetation cover, etc. Beyond the risk 
maps, the construction of a SDSS is also proposed 
in order to provide valuable output to decision-
makers such as suggested technically, economi-
cally, and environmentally sound measures for 
coastal risk management. 

3.1.1. Modelling coastal processes  

The proposed methodology consists in the identifi-
cation of a set of pressures on coastal areas benefit-
ing from the scientific background on coastal proc-
esses and their interactions. The processing steps 
are: the mapping of their spatial patterns, their 
qualitative and quantitative analysis, and the 
evaluation of their impacts on coastal environment. 

Pressure and impact indicators are processed and 
analysed following the principles of the DPSIR 
framework. Since coasts are at the interface be-
tween land and sea, factors are divided into land-
based factors (vegetation, geology, wind, water 
discharge and sediment supply by rivers, etc) and 
marine factors (waves, alongshore currents, rip 
currents, undertow, overwash, etc). A multi-factor 
approach is then adopted to account for the multi-
ple physical forcing agents that affect the coastal 
locations. Several socio-economic pressures on the 
coast (demography, land use/cover change, tour-
ism, industrial activities) are also mapped. In addi-
tion, the potential ecological impact on the coastal 
ecosystems is described. The ecological factor is 
defined through functional assessment of the 
coastal ecosystems, using available datasets such 
as habitat maps of the area leading to an ecosystem 
sensitivity map. 
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3.1.2. Coastal area delimitation 

 In order to define the geographical extent of 
coastal areas the RICE concept is used. RICE re-
fers to Radius of Influence of Coastal Erosion and 
was introduced by the EUROSION project. Ac-
cording to this concept, the coastal area corre-
sponds to the land that lies up to 500m from the 
coastline. The study site in Greece is the Gulf of 
Kalloni in the Island of Lesvos, as shown on figure 
1. The RICE area towards the land and towards the 
sea is also mapped on figure 1. 

 

 
Fig. 1. Study site in Greece: the Gulf of Kalloni. 
 

3.1.3. Data requirements 

The data requirements considering the modelling 
steps described above are: administrative maps, 
meteorological data, satellite images, oceanogra-
phy data (bathymetry, tide, wave, currents, etc), 
soil and topography maps, Land Use and Land 
Cover maps, and socio-economic data (demogra-
phy, tourism, industry).   

Previous results such as the erosion protection map 
in the Island of Lesvos (see fig. 1), obtained from 
the project “Integrated Monitoring System for De-
sertification Risk Assessment” (MOONRISES) 
(INTERREG III B ARCHIMED, 2007-2008), con-
stitute valuable data inputs for coastal risk assess-
ment. 

3.1.4. Spatial Decision Support System (SDSS) 

Van Kouwen et al. (2008) introduced a set of func-
tionalities that help meeting the challenges related 
to successful decision-making. The terminology 
corresponding to these functionalities will be used 
hereafter where appropriate. 

The use of a SDSS is proposed in order to improve 
the interpretability of risk-related geodata. In fact, 
when decision-makers have in front of them maps 
of spatial patterns of pressures, impacts and coastal 
risks, they are not necessarily able to analyse and 
retrieve the essential information that would help 
them select the appropriate sustainable measures 
that should be applied and decide where exactly 
they should be implemented. The SDSS therefore 
will allow supporting policy actors by “making 
complex information more understandable” (Van 
Kouwen et al., 2008). The proposed SDSS is an 
application specific tool that is tailored to the 
user’s needs. The “stakeholder participation” is be-
ing promoted at critical steps of the tool’s devel-
opment in order to identify the end-users’s needs, 
specify their perception of the tool, and help struc-
turing the coastal risk management problem. 
Among all typologies of SDSS (Bhargava et al., 
2007),   the model-driven SDSS is more appropri-
ate for coastal risk management through an inte-
grative approach (Power and Sharda, 2007). Also, 
the possibility of parameterizing the models is 
given to the user in order to take into account the 
particularities of the study area. 

3.2. Structure of the proposed SDSS 
For stakeholders, planning the necessary actions to 
prevent and mitigate coastal risks is a complex 
task. Making choices and taking clear decisions 
require the knowledge of the various sources of 
pressure on coastal ecosystems and the considera-
tion of multiple existing constraints. In order to be 
able to fulfil the functions that are expected by de-
cision-makers for effective coastal risk manage-
ment a specific SDSS structure is proposed (see 
fig. 2).  

The tool embeds the following components:  

a) Input/output components to specify the loca-
tion of the coastal pressure indicators to be im-
ported and of the produced risk maps to be ex-
ported. 

b) Validation components to check that the 
minimum dataset is provided and that the imported 
data has the required format.  

c) Pre-processing components aimed at the trans-
formation of the indicators through standardiza-
tion, classification and rating.  

d) Multi-criteria components aimed at the selec-
tion of specific weighting factors taking into ac-
count local conditions. In fact, the drivers affecting 
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erosion, flood, and landslide risks can vary from 
one site to another (fires, storms, urbanization, 
etc). For this reason, a multi-criteria analysis will 
give the possibility to SDSS’s users (through the 
use of weighing coefficients) to prioritize one fac-
tor over another according to how much it contrib-
utes to the processes under study. This component 
leads to the production of final erosion, flood and 
landslide risk maps, plus an overall coastal sensi-
tivity map.  The Analytic Hierarchy Process (AHP) 
(Saaty 1994) is a widely used Multi-criteria analy-
sis technique.  

e) Scenario components that allow the simulation 
of a change in the distribution of one or several in-
dicators. Such scenarios assist stakeholders in 
simulating potential changes in climate conditions 
and exploring their effects on the vulnerability of 
coastal ecosystems. In fact, after SDSS’s users es-
tablish the current level of risk, they can seek to 
identify the increasing level of risk resulting from 
climate change in order to implement sustainable 
policies to prevent or manage those risks.  

f) Hotspot identification components that allow 
the localization of areas with a high vulnerability. 
With the automatic identification of the hotspots, 
stakeholders get a crucial indication about the ar-
eas where measures should be implemented in pri-
ority. 

g) Graphic components. The SDSS has a graphic 
interface linking all other components together, 
thus providing a user-friendly piece of software to 
the end-user. The interface is simple and functional 
in order to avoid reluctance from decision-makers. 

The implementation of such a tool requires experi-
ence in GIS, Remote sensing, software develop-
ment and multi-criteria analysis. Components are 
tested individually and integrated in a final opera-
tional software.  

4. Discussion: limitations  
One major problem in the application of the pro-

posed methodology is the possible lack of the 
minimum data set to run the models. Therefore the 
production of a protocol for data collection and the 
use of geodatabases for the regular storage of raw 
and pre-processed data are recommended in order 
to ensure the reliability of the data and increase the 
possibility of monitoring crucial parameters in the 
long-term with the systematic collection of data se-
ries of similar quality. 

An additional issue that should be considered with 
care is that many models are coupled in the pro-
posed approach. The integrative aspect is advanta-

geous for the holistic analysis of interlinked proc-
esses. One drawback though is that uncertainty 
through modelling is increased. This may require 
from the developers to include functionalities for 
the visualization of uncertainties inherent to the 
output information. 

Even though stakeholders are consulted during the 
development cycle of the SDSS, their training, 
once the tool is operational, is one major condition 
to its successful use in the future. In particular, the 
training will ensure that decision-makers know 
how to utilize all the tool’s functionalities and are 
aware of its limitations and of the possible uncer-
tainty of its outputs.  

5. Conclusion 
The erosion, flood and landslide coastal risks are 
commonly faced by many countries of the Balkan 
Peninsula and are expected to increase due to cli-
mate change impacts. This paper contributes to the 
protection of these locations from such risks by the 
proposal of an integrated methodology specially 
designed to cope with complex processes that are 
at work on the coasts. The methodology is based 
on a highly adaptive approach (parameterization of 
models, weighting factors, and minimum dataset) 
in order to ensure its applicability in coasts of vari-
ous types.  In particular, a SDSS presenting a user-
friendly GUI and multi-criteria and scenario analy-
sis components will benefit policy-makers as they 

Fig. 2. Flowchart of the Spatial Decision Support System (SDSS). 
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will be able to run scenarios as examples of what 
can happen under particular assumptions such as 
changes (increase or decrease) of pressures on the 
coastal areas and they will be able to explore the 
vulnerability of coastal ecosystems under a 
changed climate. Based on information on the 
coastal sensitivity map, decision-makers will be 
able to decide whether and where to proceed with 
new engineering works and to prepare for possible 
damages that may occur. As a result, the proposed 
SDSS will contribute to promote the sustainable 
management of coastal risks by local and national 
decision-makers, thus helping to minimise the risks 
to life and property and achieving their balance 
against other considerations such as economic de-
velopment, conservation, and recreation. The re-
sults from the application of the proposed method-
ology will be presented in future communication. 
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Abstract: When seismic and multi-beam bathymetric data from the northern shelf and slope of the Ci-
narcik Basin are interpreted, some sub-marine landslides are observed clearly. Additionally, seismic da-
ta indicate that upper surface of the submarine extension of the Paleozoic aged rocks has NNE-SSW 
oriented basin and ridge type morphology controlled by the secondary faults of the NAFZ. Basins are 
fulfilled by Plio-Quaternary sediments, which are cut by strike-slif faults on the shelf and slope. Thick-
ness of these deposits increases up to 130 m toward the concave shaped northern slope of the Cinarcik 
Basin. A relatively recent sub-marine landslide, Tuzla Sub-marine Landslide, cuts the concave slope of 
the Cinarcik Basin. Detailed morphological investigation indicate that Tuzla Landslide is a deep-seated 
rotational landslide, which possibly triggered by the NAFZ. Morphological analyses also indicate that 
thick Plio-Quaternary deposits on the Paleozoic Basement were slided during the Tuzla Landslide event. 
This landslide is considered as a key event for modeling the future landslide potential of the northern 
shelf and slope of the Cinarcik Basin. For this reason, the main purpose of the present study is to per-
form some rheological analyses to understand the behaviour of the events. As the main results obtained 
from the analyses, the runout distances and the velocities were calculated.  

Keywords: earthquake, sub-marine landslide, the Marmara Sea, rheology 
 
1. Introduction 
The Marmara Sea and its straits (Strait of Istanbul 
and Strait of Canakkale) locating in the NW Tur-
key separate the Thrace and Anatolia peninsulas 
(Fig. 1). This waterway constitutes the unique con-
nection between the Black Sea and the Mediterra-
nean. The Marmara Sea consists of a highly com-
plex morphology including shelves, slopes, basins, 
sub-basins and ridges. Shelf areas appear at the 
southern and northern sides of the Marmara Sea. 
This very complicated basin-ridge system is called 
as Marmara Trough indicating that this very com-
plicated morphology of the Marmara Sea is strong-
ly related with the E-W oriented northern segment 
of the North Anatolian Fault Zone (NS-NAFZ) in 
the Marmara Sea. 

Gazioglu et al. (2005) reviewed the submarine-
landslides in the Marmara Sea, which were pre-
viously observed by Gazioglu et al. (2002), and 
Gokasan et al. (2002 and 2003), and they sug-

gested that five major sub-marine landslides ex-
isted in the Marmara Sea. The most impressive one 
of these landslides was observed at the northeas-
tern corner of the Cinarcik Basin, named as Tuzla 
Sub-marine Landslide (Gazioglu et al., 2002; Fig. 
2). Gazioglu et al. (2002) estimated that the surface 
area of this amphi-theatre-shaped landslide is ap-
proximately 8 km2 and slope failure originates in 
water depth about 700 m, with an average inclina-
tion of 17º and terminates at about 1140 m. Au-
thors suggested that displaced material has disinte-
grated with highly steep outcrops, thus, the type of 
Tuzla Landslide may be a rotational slide (slump). 
Occurrence of Tuzla Landslide is possibly related 
with the activity of the NAFZ (Gazioglu et al., 
2002). On seismic profiles from the northern shelf 
and slope of the Cinarcik Basin, Tur (2007) clearly 
indicated existence of a relatively thick Plio-
Quaternary deposit overlying the Paleozoic Base-
ment, which was cut by several secondary faults of 
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the NAFZ (Fig. 3a and 3b). This condition may 
provide future occurrence of sub-marine slides on 
the slopes of the Marmara Sea.  

In this study, we focused on the rheological analy-
sis of the sub-marine landsides of the northern 
slope-shelf area of the Cinarcik Basin. Existence of 
thick sediment deposits on the shelf, and occur-
rence of the Tuzla Landslide in history of the slope 
implied that this area has a high landslide potential 
in the future. Thus, we believe that this place is a 
case area for understanding the previous and future 
landslide occurrence in the Marmara Sea. For this 
purpose, northern slope and shelf area of the Ci-
narcik Basin are analyzed rheologically. During 
the analyse stage, possible volumes of slide mate-
rials are estimated due to their lithology and possi-
ble slide surfaces. This interpretation probably 

provides to make better determination of source 
mechanism and more realistic tsunami models.  

2. Materials and Methods 
The seismic data (Fig. 4) were collected by the 
Turkish Navy, Department of Navigation, Hydro-
graphy and Oceanography (TN-DNHO) during the 
cruises in 1988, 1995, and 2004. The seismic sec-
tions displayed in the figures have about 10 times 
vertical exaggeration. Parts of the seismic data 
were studied by Demirbag et al. (1994), Oktay et 
al. (2002), Eris et al. (2007), and Tur et al. (2007) 
in tectonic and sedimentologic sense. Tur (2007) 
prepared a paleo-topographic map illustrating the 
upper surface of the Paleozoic rocks, and a sedi-
ment thickness map of the basin deposits from the 
Tuzla Bay to the Marmara Sea entrance of the 
Strait of Istanbul. Multi-beam bathymetric data 
(Fig. 4) were also collected by TN-DNHO in 1999 
and 2005 cruises. Digital Elevation Models were 
generated from multi-beam data with Erdas Im-
agine and Arc View softwares. Part of these data 
was previously used by Tur (2007).  

In order to forecast the characteristics of a grain-
fluid mixture, it is, therefore, necessary to start 
with the determination of its rheological properties. 
A number of rheological models have been pro-
posed, including Bingham, Herschel-Bulkley, and 
bilinear rheologies of viscoplastic fluids. Several 
researchers have studied on the behaviour of grain-
fluid mixtures. O’Brien and Julien (1988) investi-
gated physical properties of natural mudflow depo-
sits which consist of silt and clay, by rotational 
viscometer. They depicted the Bingham model to 
describe the rheology of mudflows. Major and 
Pierson (1992) measured the rheology of slurries 
consisting of ≤2 mm sediment from a natural de-

 
Fig. 1. Location maps of the study area. a) Location of 
the Marmara Sea and major faults on digital elevation 
model of the Anatolia and surrounding areas. b) Detail 
digital elevation model of the Marmara Sea produced by 
multi-beam and single-beam bathymetric and digital to-
pographic data (modified from Gazioglu et al., 2002). 
Thin dashed line indicates the Marmara Trough, and 
dashed rectangular area is the study area focused in this 
study. AP=Armutlu Peninsula, GI=Gulf of Izmit, 
SB=Silivri-or Kumburgaz- Basin, CB=Central Basin, 
TB=Tekirdağ Basin, ER=Eastern Ridge, CR=Central 
Ridge, GMS=Ganos Mountain System, WR=Western 
Ridge NS=Northern Shelf, SS=Southern Shelf, GS= 
Gulf of Saros, PI=Prince Island, BL=Buyukcekmece 
Lagoon, KL=Küçükçekmece Lagoon, TP=Tuzla Prom-
ontory, TL=Tuzla Landslide, GG=Gulf of Gemlik, IL= 
Iznik Lake, SC=Strait of Canakkale (Dardanelles), SI= 
Strait of Istanbul (Bosphorus) (Gokceoglu et al., 2009). 

 
Fig. 2. Sub-marine fans constituting the continental 
ridge along the Cinarcik Basin and the sub-marine 
landslide subjected in this study on the northern slope of 
the basin on digital elevation model (modified from 
Rangin et al., 2001). Lines indicate the seismic profiles 
on Fig. 3 (Gokceoglu et al., 2009).  
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bris flow deposit by using a wide-gap concentric-
cylinder viscometer. They found that at shear rates 
above 5 s-1 the behavior approached the Bingham 
model; below 5 s-1, sand exerted more influence 
and slurry behaviour deviated from Bingham idea-
lization. Imran et al. (2001b) improved a 1D nu-
merical model of muddy debris flows in subaerial 
and subaqueous environment. This version incor-
porates the Herschel-Bulkley, and bilinear rheolo-
gies of viscoplastic fluids. The more familiar 
Bingham model is integrated into the Herschel-
Bulkley rheological model. Bilinear model, devel-
oped by Locat (1997), is verified by comparing 
with experimental data of O’Brien and Julien 
(1988). It showed that a good match the rheology 
of silt and clay mixtures (Fig. 5). Marr et al. (2002) 
observed differences in debris flow runout distance 
on the Isfjorden and Bear Island fans. The sub-
aqueous debris flows are composed primarily of 
silt and clay with some sand. They assumed that 
the Bingham model was the best suitable rheologi-

cal model for these debris flows. When the fine 
and clay fraction (d<40 μm) constitutes 10% of the 
grain size distribution, the material is classified as 
muddy debris (Bin et al., 2000). In addition, sedi-
ment concentration and composition play a key 
role in the choice of a rheological model (Franzi, 
2000). Locat et al. (2004) investigated the mobility 
of the Palos Verdes debris avalanche by numerical 
analysis. They assumed that the debris flow rheol-
ogy can be approximated by bilinear model. They 
obtained the peak front velocity, distance from 
slope break and depositional thickness of debris 
avalanche by BING model.  
During the Marnaut expedition in the Sea of Mar-
mara, Gorur et al. (2008) performed a number of 
dives with submersible Nautile. Their main objec-
tive was to investigate the stratigraphy of the rocks 
cropping out on the NAFZ scarp in the Marmara 
Sea. They observed on the dive traverse rocks be-
longing to the Palaeozoic of Istanbul. Also, they 

Fig. 3. a-b) Interpreted seismic profiles from the eastern portion of the northern shelf (modified from Tur, 2007). Co-
lour lines 1, 2, and 3 are potential slip surfaces of future submarine landslides. M=Multiple, (Gokceoglu et al., 2009). 
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founded that these rocks forms a steep scarp with 
beds dipping mainly toward the southern with an 
angle of approximately 60 degrees. Sampling of 
the outcrop revealed that they are made up of dark 
grey to black and thinly to medium bedded shale 
and carbonates. Ergin and Sakitas (2008) investi-
gated sediment samples which were taken at 4 sta-
tions using free fall gravity cores on the slopes of 
the Cinarcik basin by onboard the R/V MTA Sis-
mik-1. In core 2 off Yalova where is this study lo-
cation, grayish-dark green mud predominates. Se-
diments contain 90-100 % mud (silt and clay) and 
sand and gravel portions do not exceed 10 %. For 
this reason, we assumed that these sediments could 
consist of clayey silt or silt mixtures. In our anayl-
sis, based on the findings discussed above, we de-
cided to analyze the rheological properties of the 
potential submarine landslides of the northern 
slope shelf area of the Cinarcik Basin by a bilinear 
rheological model.  

3. Submarine Geomorphology of the Study 
Area 

The main geomorphologic units of the study area 
consist of shelf, abyssal plain and a continental 
slope connecting the shelf and abyssal plain (Fig. 
6). The Tuzla submarine landslide developed the 
area between continental shelf and abyssal plain 
and it deformed the morphology and the aspect of 
the northern slope of the Cinarcik Basin. The east-
ern and western neighbor slopes of the landslide 
are similar since their average slope angles resem-
ble, and these slopes were classified as steep conti-
nental slopes. This indicates that the slope was 
unique before the Tuzla Landslide.  

Morphology of the Tuzla Landslide is represented 
by convexity on the upper part of the slope and 
hummocky topography where the mass of the 
landslide deposited. Slope morphology indicates 
that the Tuzla submarine landslide is probably a 
deep-seated rotational failure. For this reason, this 
landslide should have been controlled by a deep 
discontinuity surface, such as a fault rupture, as 
well as submarine processes. In fact, Tur (2007) 
observed some NW-SE oriented strike-slip faults 
cutting the northern shelf and slope area of the Ci-
narcik Basin extending to the Tuzla Landslide 
(Fig. 7). 

4. Rheological Analysis  
In order to analyze of the post failure stage of the 
Cinarcik Basin (Figure 8a), the BING model was 
used. The one dimensional flow dynamics model 

BING is developed for simulating the flow of 
submarine debris flows by Imran et al. (2001a). 
The model incorporates the Bingham, Herschel-
Bulkley, and bilinear rheologies of viscoplastic flu-
ids. However, to run this model, the parameters of 
yield strength, strain rate and ratio of strain rate pa-
rameters are needed. For this reason, for the direct 
calculation of the yield strength in debris flows, 
Johnson’s formula (1970) was used;    

ffya H �� sin��          (1) 
where  �  corresponds to the buoyant unit weight 
of the debris flow mixture. Thickness of the depo-
sitional area (Hf) and various slope angles (βf) were 
calculated from cross-section (Figure 8b). Crosta 
(1984), distinguishes an intermediate type of flow 
called “hyperconcentrated flow”, with densities of 
1.3-1.8 g/cm3 (12.75-17.65 kN/m3). Therefore, unit 
weight of the material is accepted as 15 kN/m3. 
The Johnson’s formula (1970) was used by Locat 
et al. (2004) in the post failure analyse of the Palos 
Verdes debris avalanche. In this study, Locat et al. 
(2004)’s approach was used for the parameters of 
runout distance, depositional thickness, deposi-
tional slope angle of the submarine landslide in the 
Cinarcik Basin were determined using the cross 
section in Figure 8a. The results obtained from the 
cross section, runout distance was determined as 
5600 m, the depositional thicknesses varied be-
tween 10 and 15 m and the average depositional 
slope angles (�f) was about 30 (Fig. 8b). Using the 
Eq. 1, average yield strength, �ya, was calculated 
for the slope angles of 30 (�f=30), and depositional 
thickness of 10-15 m (Hf=10-15 m) (Fig. 9). 

The gray zone in Figure 9 indicates the range of 
the yield strength for the observed thicknesses va-
rying between 10 and 15 m. Based on this calcula-
tion, a yield strength was obtained as 10000 Pa and 

 
Fig. 4. Locations of the seismic profiles on the northern 
shelf of the Marmara Sea (Gokceoglu et al., 2009).  
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this value was used in the analyses. 

 
Fig 5. Comparision of bilinear rheological model with 
experimental data of O’Brien and Julien (1988) (Imran 
et al., 2001b). 

In the second stage of the analyses, to calculate the 
parameters of strain rate and ratio of strain rate, the 
BING model was run for the yield strength of 
10000 Pa and the unit weigth of 15 kN/m3. The ra-
tio of strain rate was fixed to 1000, and the strain 

rate was varied between 0.5 and 1000. During 
these analyses, the runout distance were investi-
gated (Fig. 10a). Then, the strain rate was fixed 
and the analyses were repeated (Fig. 10b). The ru-
nout distances obtained from both analyses were 
compared with the landslide in the Cinarcik basin. 
The main purpose of this comparision is to select 
the proper input parameters for the BING model. 

Results of the seismic studies on the easthern part 
of the northern shelf area of the Cinarcik Basin 
were indicated several faults. Plio-Quaternary de-
posits on the Paleozoic Basement have cut by these 
faults. Therefore, five cross sections are drawn as 
these fault systems (Figure 11) and according to 
submarine landslide, some cross section “west” 
and some cross section “east” were classified. The 
submarine-landslides potential of the northern 
slope-shelf area of the Cinarcik Basin have three 
different scenarios for the western and eastern 
parts (Fig. 12). These potential landslide materials 
are determined with seismological and geographic 
information system studies (Table 1).  

If the strain rate is 1 and ratio of strain rate is 1000, 
the model produced similar results with the 

Fig. 6. Sub-marine geomorphological units of the study area (Gokceoglu et al., 2009). 
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landslide in the Cinarcik basin. As a result of this 
comparison, the necessary input parameters for the 
BING model were obtained. Using these inputs, 
the BING model was run. During the analyses, 

three different scenarios for the western and east-
ern parts of the slopes in the Cinarcik basin were 
considered (Fig. 13). Consequently, total six dif-
ferent cross-sections were analysed and the results 
obtained from the analyses were summarized in 
Table 2.    

When making a close inspection on the results ob-
tained from the BING model, peak velocity values 
for three different scenarios at western parts vary 
between 12.83 m/s and 14.45 m/s. Depositional 
thicknesses of west-2 and west-3 scenarios (35.5 
m) are greater than west-1 (33.5 m). Peak velocity 
values for the east scenarios vary between 1.49 m/s 
and 6.13 m/s while depositional thicknesses of 
these scenarios are between 29 m and 35 m. Also, 
it is seen that the runout distance and velocity of 
the landslides are proportional with the amount of 
displaced material. The amounts of the possible 
displaced materials at the western and the eastern 
parts can be compared (Fig. 14). There is a good 
accordance between the amounts of the displaced 
materials, and the runout distances and the thick-
ness of the deposition. The slope angles of the toe 
of the possible landslide at the western part (600-
700) are higher than those at the eastern part (400-
500) (Fig. 14). Considering the results of the BING 
model, three maps showing the maximum runout 
distances were drawn (Fig. 15).  
 

Fig 9. Using the flow deposit thickness (Hf ) in the ru-
nout zone to estimate the yield strength using the rela-
tionship proposed by Johnson (1984). 

5. Results and Discussion 
Tuzla Landslide is a deep-seated rotational failure 
and it developed between the northern shelf and 
abyssal plain of the Cinarcik Basin. Morphological 
image of this landslide implies that it is very recent 
formation. The main slide surface of the Tuzla 
Landslide consists of two convex sub-slopes dis-
tinguished by a cape of the submarine extension of 
Tuzla  Promontory  consisting  of  Paleozoic  aged 
 

Fig. 7. Potential landslide depletion zones of the study 
area (Gokceoglu et al., 2009). 

Fig. 8. Multi-beam bathymetric map and cross-sections 
of the Tuzla sub-marine landslide (see 8a for the loca-
tions of cross-sections) (modified from Gokceoglu et 
al., 2009). 
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Fig 10. Parametric analysis on the values of the strain 
rate (r) and the ratio of strain rates (r), using the runout 
distance LR for the proper input parameters for the 
BING model. 

rocks. This cape was possibly exhumed by activa-
tion of the Tuzla Landslide with sliding of the cov-
ering Plio-Quaternary deposits. This scenario im-
plies that the Paleozoic basement may resist to the 

slidings in the area and sub-marine landslides can 
only occur in the Plio-Quaternary deposits. Thus, 
during analyses of the sub-marine landslide models 
along the northern shelf and slope of the Cinarcik 
Basin, thick Plio-Quaternary deposits locating on 
the western and the eastern sides of the Tuzla 
Landslide were considered as potential sliding 
areas.  

To forecast the post-failure behaviour of the poten-
tial landslide scenarios, a series of the bi-linear 
rheological analyses were performed. Before the 
bi-linear rheological analyses, the yield strength 
was determined by considering Johnson’s Formula 
(Johnson, 1970). However, the unit weight of the 
material was accepted as 15 kN/m3. In addition, the 
parameters of strain rate and the ratio of strain rate 
were obtained by the back-analyses of the Tuzla 
landslide. 

According to the mobility analyses, peak velocity 
values for six different scenarios change between 
1.49 and 14.45 m/s. Depending on increase in the 
amount of possible displaced material and slope 
angle, the velocity values also increase. Deposi-
tional thicknesses of the different scenarios were 
obtained as more or less similar although the poss-
ible displaced materials of the scenarios were quite 
different. The main reason for this result is that the 
runout distances were different.  
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Fig 11. A projection of some seismic profiles from study area showing the geometry of the slip surfaces of potential 
submarine landslides (Gokceoglu et al., 2009). 

 
Fig. 12. Potential landslide depletion zones of the study area. 
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Fig 13. One of the cross sections for (a) west area and (b) east area (Gokceoglu et al., 2009).  

 
Fig 14. Slope map of the potential landslide areas. 
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Abstract: The tectonic structure of the volcanic area among the islands of Kos, Nisyros and Tilos is 
analyzed using as topographic base a digital map covering both onshore and offshore areas. The classi-
fication of faults in major and secondary structures separating blocks with Alpine basement outcrops, 
post-Alpine sedimentary sequences, present-day marine basins and volcanic structures permitted the dis-
tinction of neotectonic units. Thus, several tectonic horsts are described with considerable relative uplift 
of 1-2 km manifested by the outcrops of Alpine basement rocks at high altitudes (Dikeos, Kefalos, Kon-
dellioussa, Tilos). Several tectonic grabens are distinguished by the subsidence of neotectonic blocks at 
about 600 m depth and the deposition of several hundreds of meters of Quaternary sediments (the basins 
of Eastern Kos, Western Kos, Western Nisyros, Southern Nisyros and Northern Tilos). Some intermedi-
ate transitional tectonic blocks show step-like structures with tilted post-Alpine strata in between the 
tectonic horsts and grabens (Antimachia plateau, Zipari and Kos – Knidos channel). The Quaternary 
volcanic structures occur at the central subsided area of the regional tectonic graben between Kos and 
Tilos forming a positive volcanic relief of more than 1.4 km around Nisyros. The maximum tectonic 
throw observed between the neotectonic blocks of the area is about 2.5 – 3.0 km based on the displace-
ment of the top of the Alpine rocks. 

Keywords: Morpho-tectonic structure, Kos-Nisyros-Tilos, Neotectonic Blocks, volcanic relief 
 
1. Introduction  
The Hellenic Volcanic Arc is a magmatic expres-
sion of the active northeastward-directed subduc-
tion of the East Mediterranean oceanic lithosphere 
at the northern part of the African plate below the 
European continental plate (McKenzie, 1972; Le 
Pichon and Angelier, 1979; Papanikolaou, 1993; 
Jackson, 1994) (Fig. 1). Recent volcanoes occur at 
Soussaki, Methana, Aegina and Poros to the west, 
Milos and Santorini in the centre and Kos and Ni-
syros to the east of the volcanic arc. These volca-
noes were especially active during the Late Pleis-
tocene–Holocene, with some eruptions known in 
historical times (Fytikas et al., 1976; Liritsis et al., 
1996). Volcanic activity at the eastern sector of the 
Hellenic Volcanic Arc around the islands of Kos, 
Yali and Nisyros started in the Pliocene (approx. 
2.6–2.8 my) featuring large volumes of volcanic 
products  (Pe-Piper and Piper, 2002) including the 
largest eruption in the Eastern Mediterranean, 
represented by the ‘‘Kos ignimbrite’ at about 0.16 
my ago, which produced more than 100 km3 of py-
roclastic material (Kos Plateau Tuff) whereas ash, 

pumice and pyroclastic flows devastated an area of 
more than 3000 km2 (Keller, 1969; Smith et al., 
1996; Allen et al., 1999). 

The geodynamic position of Kos-Nisyros-Tilos 
corresponds to the eastern edge of the Volcanic 
Arc and of the Back-Arc Cretan molassic basin. 
The general direction of the Hellenic Arc at its 
eastern part is ENE-WSW parallel to the morpho-
logical trend of Kos Island. NW-SE trending faults 
are delimiting the ENE-WSW structures of the arc 
towards the east along the coastal zone of Minor 
Asia.  

The neotectonic structure of the area is shown by 
the outcrops of the Alpine basement at uplifted 
blocks – neotectonic horsts separated by the recent 
and actual marine basins where subsidence has 
prevailed during the last few millions of years. The 
Alpine basement in the submarine area occurs at 
great depths below the sea bottom covered by thick 
post-Alpine sediments.  

Thus, the submarine area between Kos and Tilos 
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islands constitutes a regional neotectonic graben 
(Papanikolaou and Nomikou, 2001) (Fig. 2). Nisy-
ros and surrounding islets represent the volcanic 
structures that have intruded within this regional 
graben as this was confirmed by the geothermal 
drillings in Nisyros (Geothermika Italiana, 1983; 
1984) which detected the Alpine basement rocks at 
1800 m of depth.  

2. Combined Onshore/Offshore data 
A large data set was obtained from several multi-
beam bathymetric surveys carried out on R/W 
«Aegaeo» during 2000 in the area between Kos, 
Nisyros and Tilos islands. The resulted bathymet-
ric map was combined with onshore topographic 
maps of the islands and the result was a synthetic 
topographic map of the entire area both onshore 
and offshore with a DEM (Fig. 3). Structural 
analysis of the area both onshore and offshore 
permitted the distinction of the faults in major and 
secondary structures, based on their throw >200m 

or less (Nomikou, 2004). These faults have been 
projected on the topographic map of the area to-
gether with their main kinematic character of rela-
tive vertical motion, with dentitions on the subsid-
ing blocks (Fig. 3). 

Morphotectonic analysis of the Kos-Nisyros-Tilos 
area shows the dominance of structures in the 
ENE-WSW direction. This trend is controlling the 
overall morphology of Kos Island and also the 
three successive basins of Western Nisyros, West-
ern Kos and Eastern Kos. The same ENE-WSW 
trend is observed in the medial ridge separating the 
basins north and south of Kondellioussa and Nisy-
ros islands. More to the south towards Tilos Island 
the ENE-WSW trend is substituted by a NE-SW 
trend in the west intersected by an E-W trend in 
the east. Some characteristic ENE-WSW faults are 
those running parallel to the southern coast of Kos 
Island and especially the one along the Dikeos Mt. 
coast and also those observed on both sides of the 

Fig.1. Simplified map of the present day geodynamic structure of the Hellenic Arc. 
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Kondellioussa plateau separating the Western Ni-
syros Basin in the north from the Southern Nisyros 
Basin in the south. The throw of these ENE-WSW 
faults is more than 2 km, as this can be estimated 
by the 900 m of elevation of the deepest tectonic 
unit of Kos Island, consisting of Palaeozoic meta-
morphic rocks on Dikeos Mt. on the uplifted block 
and the subsidence of the Alpine rocks at more 
than 1200 m depth, because more than 600 m thick 
Plio-Pleistocene sediments were detected during 
the lithoseismic air-gun survey of the basin below 
the 600 m deep sea bottom of the Eastern Kos Ba-
sin.  The estimation of throw for each fault can be 
made from the elevation of the geological forma-
tions on Kos and Tilos islands using the available 
maps and tectono-stratigraphic diagrams onshore 
(Geological Map of Kos Island, sheets Kos 1998 
and Kefalos 1994; Geological Map of Tilos, 1985; 
Papanikolaou and Nomikou, 1998) and the depth 
of the geological formations offshore using the 
available bathymetric and geological maps 
(Nomikou, 2004).  

Some major faults with WNW-ESE trend run per-
pendicular to the regional Kos-Tilos graben system 
with disruption of Kos Island into three blocks. 
The central block of the Antimachia plateau forms 
a neotectonic graben between the two adjacent 
blocks of Kefalos in the west and Dikeos in the 
east. The Alpine rocks are cropping out only in the 
two horsts whereas the Antimachia plateau is made 
only of outcrops of Plio-Quaternary formations 
(Willman, 1983). Thus, the WNW-ESE faults are 
marginal faults of the Antimachia graben which 
was an area of marine sedimentation during Qua-
ternary between the two horts of Kefalos and 
Dikeos which for quite a long period were separate 
islands. It is remarkable that the WNW-ESE mar-
ginal faults of the Antimachia plateau continue to-

wards the ESE offshore, controlling the geometry 
of the marine basins of Western and Eastern Kos. 

3. Neotectonic Blocks  
The morpho-tectonic map of the area of Kos-
Nisyros-Tilos can be transformed to a neotectonic 
sketch map characterized by the distinction of neo-
tectonic blocks bordered by major faults (Fig. 4). 
Each neotectonic block is characterised by its mor-
phology which is different across its tectonic mar-
gins from that of the neighbouring blocks. The dif-
ference may comprise the intensity of the relief, 
expressed by the slope gradients and/or the relief 
orientation, and its average elevation either posi-
tive or negative. Additionally, each neotectonic 
block may present a different tectono-stratigraphy 
referring to the Alpine formations and/or the post-
Alpine sediments and eventual volcanic forma-
tions. The general dip of the strata and of the vol-
canic products may indicate the nature of vertical 
and/or tilt motions during or after the deposition of 
each geological formation.  

The neotectonic blocks are distinguished in tecton-
ic horsts, tectonic grabens and transitional blocks 
on the basis of their general character of uplift, or 
subsidence or tilt. The neotectonic blocks charac-
terised as tectonic horsts show a relative uplift to-
wards all surrounding blocks. Similarly, the neo-
tectonic blocks characterised as tectonic grabens 
show a relative subsidence towards all neighboring 
blocks whereas the neotectonic blocks character-
ised as transitional show mixed relative motion 
with uplift from one side and subsidence on the 
other. The neotectonic blocks will be described in 
the following according to the above distinction.  

3.1 Tectonic horsts  
Kos Island constitutes a synthetic tectonic mega- 

 
Fig. 2. The general structure of the regional neotectonic graben between Kos and Tilos islands.  
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horst of ENE-WSW direction including three 
successive multi-blocks:  Kefalos multi-block (1) 
in the west divided in Kefalos Peninsula (1a), 
Western Kefalos (1b) and Southern Kefalos (1c), 
Antimachia block (2) in the middle and Dikeos 
multi-block (3) in the east  divided in Dikeos mt. 
(3a) and Zipari block (3b) (Fig. 4). All these blocks 
constitute the Kos mega-horst bordering from the 
north the successive grabens/basins of blocks 4, 5 
and 6. However, the tectonic horsts showing 
relative uplift from all surrounding blocks are only 
blocks 1a of Kefalos peninsula and 3a of Dikeos 
mt.  

The tectonic horst of Kefalos Peninsula (1a) is 
made of Alpine metamorphic formations belonging 
to the lower tectonic unit covered by molassic 
sediments of lower Miocene age and small tectonic 

klippen of Tripolis nappe. Pliocene and Pleistocene 
sediments and volcanic rocks occur above the 
Alpine formations with extended outcrops mainly 
at the southern part of the peninsula. The post-
Alpine sedimentary sequences are dipping to the 
west and thus, the kinematic character includes 
uplift together with westward tilt. The marginal 
faults of the block comprise: (i) the WNW-ESE 
fault separating Kefalos Peninsula from 
Antimachia block both onshore and offshore, (ii) 
the N-S fault separating Kefalos Peninsula from 
the Western Kos Basin, (iii) the NW-SE fault 
separating Kefalos Peninsula from the Western 
Kefalos block at the western margin of Kefalos 
and (iv) the E-W fault separating Kelalos 
Peninsula from the Southern Kefalos block along 
the southern margin. 

Fig. 3. Synthetic Tectonic map of Kos-Nisyros-Tilos Volcanic field based on data obtained from multi-beam bathyme-
tric surveys and combined with onshore hypsometric data.  
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The Dikeos block (3a) shows very intense relief 
with higher elevations up to 900 m at Christos 
summit and is made mainly of  Alpine rocks, 
including the three lower tectonic units (Palaeozoic 
of Dikeos Unit, Mesozoic of Zia/Tripoolis Unit 
and Upper Cretaceous–Eocene of Eastern 
Kos/melange Unit) together with the Late Miocene 
intrusion of a monzonitic pluton. Considering that 
the depth of crystallization of the monzonite was at 
least 3-5 km a strong uplift of several km has oc-
curred since the Late Miocene.  The horst is bor-
dered by ENE-WSW major fault zones both to-
wards the Eastern Kos Basin (6b) in the south and 
towards the Zipari block (3b) in the north.  

The Kondelliousa horst (7) is made of Mesozoic 
limestones cropping out on the island covered by 

post-Alpine sediments occurring on the submarine 
plateau developed westwards. The sediments are 
tilted to the SW and thus, the general kinematic 
character is uplift together with south-westward 
tilt. The Kondellioussa horst is bordered by two 
marginal faults trending NE-SW and ENE- WSW 
which have produced a subsidence of more than 
1.3 km both towards the Western Nisyros Basin to 
the north and towards the Southern Nisyros Basin 
to the south. This subsidence is estimated by the 
depth of the two basins (about 600 m for Western 
Nisyros and more than 1000 m for Southern 
Nisyros) together with the 600 m minimum 
thickness  of  the sediments detected through the 
air-gun lithoseismic survey. 

The Tilos horst (10) is made of Alpine formations 
covered by post-Alpine sediments occurring on the 
submarine plateau developed towards the south-
west of Northern Tilos Island. The sediments of 
this plateau look very similar at the lithoseismic 
profiles with those occurring over the neighbour-
ing plateau of Kondellioussa and show the same 
tilt towards the SW. The tectonic margins of Tilos 
horst are made by a NE-SW oriented fault towards 
the Southern Nisyros Basin and another fault of E-
W direction towards the Northen Tilos Basin. Both 
faults are producing an asymmetry of the basins 
with the deepest subhorizontal parts reaching the 
margins of Tilos Horst. The fault throw is more 
than 1 km as the depths of the basins (about 600 m 
in Northern Tilos and more than 1000 m in South-
ern Nisyros) and the minimum thickness of the 
sediments (more than 600 m detected on the air-
gun profiles) imply. 

3.2 Tectonic grabens 
Five submarine basins can be distinguished within 
the regional graben of Kos - Tilos area (Nomikou 
& Papanikolaou, in press). The intermediate horst 
of Kondellioussa (10) and its northeastward 
volcanic prologation of Nisyros and surrounding 
islets  separate three basins (4,5 and 6a-6b) along 
the northern sub-graben and another two basins  
(8,9) along the southern sub-graben.  

The Eastern Kos Basin (6) comprises a main block 
of a tectonic graben (6a) with an average sea-
bottom depth of 630m and a minor block of a more 
shallow subsided area (6b) towards the northeast 
between Eastern Kos and the Peninsula of Knidos 
in the opposite coast of Minor Asia. The tectonic 
boundary between the two blocks of Eastern Kos 
Basin is a WNW-ESE oriented fault which is the 

 
Fig. 4. Neotectonic Sketch Map of the Kos-Nisyros-
Tilos area. The neotectonic blocks are shown together
with their general kinematic character of uplift, subsi-
dence or tilt as well as the volcanic structures. The main
outcrops of the Alpine formations are shown at the up-
lifted blocks whereas the basinal areas of actual marine 
basins are shown at the subsided blocks and the general
dip of the sedimentary sequences is shown at the tilted
blocks. 
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submarine prolongation of the fault separating the 
Antimachia plateau from the Dikeos mountain on 
Kos Island. The fault throw is more than 300 m as 
this is indicated by the difference in the depth of 
the two submarine blocks (about 630 m for block 
6a and about 300-350 m for block 6b). The 
tectonic boundary of both blocks of Eastern Kos 
Basin towards the north is the major  ENE-WSW 
fault which contols all the southern costal area of 
Kos Island. The throw of this fault is more than 
700 m in the sector between blocks 6a and 2 
(Marine Pleistocene sediments at 100 m of 
elevation on Antimachia plateau and 600 m depth 
plus more than 600 m thick sediments in the 
Eastern Kos Basin) and more than 1700 m in the 
sector between blocks 6b and 3a (Alpine rocks at 
900 m of elewvation on Dikeos mt and more than 
400 m of sediments bellow the 350 m deep sea 
bottom of eastern Kos block).  

The Western Kos Basin (5) comprises a volcano-
sedimentary sequence of more than 500 m 
thickness below its average depth of 520m. The 
basin is separated from the Eastern Kos Basin by a 
relatively shallow rise between Yali and Kos with 
a depth of 400m. Its western boundary towards the 
Kefalos Peninsula is an N-S fault producing an 
asymmetry of the basin with the maximum depth 
occurring near the western margin. The fault throw 
is more than 1300 m comparing the 300 m of ele-
vation of the Kefalos Peninsula with the 520 m of 
depth of the basin and the more than 500 m of vol-
cano-sedimentary thickness below the sea bottom. 
The southern part of the basin is bounded by the 
volcanic structures forming the islands of Per-
goussa, Pachia, Nisyros and Yali. 

The Western Nisyros Basin (4) is bordered 
between  the Kondelioussa tectonic block  (7) 
towards the south and the Western Kefalos 
platform (1b) towards the north. Its average depth 
is 550 m and the volcano-sedimentary thickness 
below its sea bottom exceeds 600 m. The basinal 
area of Western Nisyros Basin is characterized by 
a complex sea-bottom morphology with a number 
of flat-floored elongate basins of E-W direction 
alternating with parallel ridges which according to 
the air-gun profiles represent volcanic intrusions. 
The northern tectonic boundary of the basin is 
formed by two intersecting faults of E-W and NW-
SE direction separating the tectonic graben of 
block 4 from the intermediate marginal blocks 1b 
and 1c of the Kefalos Peninsula. The most 
important marginal fault occurs in the southern 

part of the basin with a ENE-WSW direction 
separating it from the tectonic horst of 
Kondeliousa(7).   

The Southern Nisyros Basin (8) constitutes the 
northern end of the large Karpathos Basin 
extending towards the south-southwest which 
reaches great depths of more than 2000m. It is a 
characteristic tectonic graben bordered by NE-SW 
trending marginal fault zones which separate it 
from the tectonic horst of Kondelioussa (7) in the 
west and the tectonic horst of Tilos (10) in the east. 
Towards the north-east a peculiar morphology is 
observed, result of a large deposit of volcanic de-
bris avalanches derived from Nisyros Island (Ti-
baldi et al, 2008). 

The Northern Tilos Basin  (9) forms an 
assymmetric graben of E-W direction with depths 
around 600 m. It is separated from the Southern 
Nisyros Basin (8) in the west through a shallow 
rise with less than 400 m depth observed between 
Tilos and Nisyros islands. It is bounded to the 
south by an E-W marginal fault zone with throw 
more than 1400m separating it from the Tilos tec-
tonic horst (10). The northern boundary is formed 
by a rise of about 400 depth developed between 
Nisyros and Knidos Peninsula with an ENE-WSW 
direction. 

3.3 Transitional Tectonic Blocks 
The Antimachia tectonic block (2) comprises 
outcrops only of Neogene and Quaternary 
sediments observed bellow the widespread Upper 
Pleistocene volcanic breccia and pumice of the 
“Kos Ignimbrite” which forms the planar surface 
of the Antimachia plateau. It is characterized as 
tectonic graben between the adjacent tectonic 
horsts of Kefalos (1a) and Dikeos (3a). However, it 
presents an important uplift relatively to the sub-
marine tectonic grabens of Western Kos Basin (5) 
and Eastern Kos Basin (6a). This relative uplift is 
confirmed by the occurrence of marine Pleistocene 
sediments on the Antimachia plateau at altitudes 
around 100-120 m. The lack of outcrops of Alpine 
formations as well as of Miocene continental depo-
sits (known from the adjacent horsts of Kefalos 
and Dikeos) implies a relative subsidence of more 
than 1000 m with respect to Dikeos and more than 
600 m with respect to Kefalos. The tectonic throw 
between Antimachia block and Zipari block is only 
a few hundreds of m. The post-Alpine sedimentary 
formations below the Kos Ignimbrite are tilted to 



563 
 

the NW by 10 -15 degrees around an ENE-WSW 
axis.   

The tectonic block of Zipari (3b) comprises thick 
alluvial sediments observed all along the northern 
coast of Kos and Neogene continental sediments 
tilted towards the north. Small outcrops of Alpine 
rocks belonging to the Prophitis Ilias/Pindos 
tectonic unit occur in the hills of Zipari block. 
Thus, there is strong subsidence in relation to the 
tectonic horst of Dikeos (3a) and a relative uplift in 
relation to the tectonic block of Antimachia (2).   

The two marginal tectonic blocks of Kefalos (1b 
and 1c) are subsided areas of the Kefalos Peninsula 
horst but they are uplifted blocks in relation to the 
Western Nisyros Basin (4). The tectonic block of 
Kos-Knidos channel (6c) also presents subsidence 
in relation to the tectonic horst of Dikeos (3a) and 
uplift in relation to the tectonic graben of the East-
ern Kos Basin (6a).  

4. Conclusive remarks and discussion 
The neotectonic structure of the Kos-Nisyros-Tilos 
area is a complex tectonic graben between the Kos 
tectonic horst in the north and the Tilos tectonic 
horst in the south. The complexity is produced by 
the occurrence of the intermediate Kondellioussa 
horst which towards the northeast is substituted by 
large volumes of recent volcanic rocks dividing the 
basins on both sides of Nisyros and continues up to 
the Knidos Peninsula in the coastal area of Minor 
Asia. The volcanic relief is developed both off-
shore and onshore and starts from 670 m of depth 
up to 700 m of elevation. Thus, the overall vol-
canic relief is of the order of 1400 m as this is 
shown on the Shaded relief – topographic map 
given in Fig. 5.  

The vertical motions between the neotectonic 
blocks as estimated from the throws of the mar-

 
Fig. 5. Shaded relief map of the Kos-Yali-Nisyros volcanic field showing the Neotectonic Blocks and the interme-
diate volcanic relief.
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ginal faults are about 1 – 2 km. This general subsi-
dence observed at the regional Kos – Tilos Graben 
is equilibrated by the positive relief produced by 
the   volcanic extrusions penetrating through the 
average depth of 600 m observed over all the ma-
rine basins surrounding the Nisyros volcanic field. 
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Abstract: The chemical composition of Suspended Particulate Matter (SPM) in the northern Ther-
maikos Gulf was studied during a six month experiment, carried out from June 2004 to November 2004. 
Water samples were collected from three different depths (1 m bellow sea-surface, 10 m depth, 2 m 
above sea-bottom) and filtered to obtain SPM elemental and Particulate Organic Carbon (POC) concen-
trations. The geochemical properties of SPM were determined by thin-film X-ray Fluorescence spec-
trometry. SPM and POC concentrations exhibited strong spatial and temporal variations, related to the 
different environmental characteristics such as river discharge, wind/wave-induced resuspension of bot-
tom sediment, biological productivity and anthropogenic interference. Correlation analysis showed that 
the elements Al, Si, Fe, Ti, K, Mg, V and Ba, have terrigenous origin, i.e. detrital aluminosilicates min-
erals. Chromium, Ni and Co, are of natural origin; they are derived from Axios and Aliakmon water-
sheds as mafic and ultramafic detrital material. Sulphur, Zn and Cu are derived from partly treated do-
mestic and industrial effluents. The vertical distribution of POC implies higher biological activity at the 
upper layer of the water column. A part of Ca represents the autocthonous biogenic fraction i.e. biogenic 
carbonates. Phosphorus is mainly in the form of organic phosphate.  

 
1. Introduction  
The study area is the Northern part of Thermaikos 
Gulf, situated in the northwest Aegean Sea and 
consists of the Bay and Gulf of Thessaloniki (Fig. 
1). This part of the Gulf is a shallow (<40 m), sub-
stantially tideless, semi-enclosed continental shelf. 
The geological structure of the coastal system is 
the result of active Quaternary delta progradation 
recording the imprint of river drainage basin 
weathering and denudation processes. 

The northern Thermaikos Gulf receives freshwater 
inputs mainly from Axios, Aliakmon and Gallikos 
Rivers; their mean annual discharge is ca. 270 m3 
s-1 (Poulos et al., 2000). During recent decades 
there has been significant reduction of freshwater 
inputs to the Gulf, as a result of canalizing river 
water to irrigation network, and also of a series of 
hydro-electric power dams on the Aliakmon water-
shed. Most of the particulate matter discharged 
from the rivers is deposited within the prodelta 
area and along the western coastline of the Gulf 

(Tsompanoglou et al., 2006). As regards the sur-
face sediments of the study area, these are mainly 
silty; relict sands occur at the southeastern part of 
the Thessaloniki Gulf (Karageorgis and Anag-
nostou, 2001). The SE part of the study area is 
characterized by alternate erosional and deposi-
tional coastlines with the formation of marine ter-
races and lagoons respectively (Albanakis et al., 
2005). Axios and Gallikos Rivers are compara-
tively the more polluted, as they receive fertilizers 
from agricultural effluents by Thessaloniki Deltaic 
plain (Karageorgis et al., 2005b; Skoulikidis, 
1993).  

The thermohaline circulation, mixing of different 
water masses and the prevailing wind regime, de-
termines the movement of water over the study 
area. It has been observed that water masses con-
sisting of saline and relatively dense waters enter 
from the SE, move towards the central and eastern 
areas, and finally enter the Thessaloniki Bay. 



566 

Freshwater inputs discharged from the Axios and 
Aliakmon Rivers, move south along the western 
part of the shelf (Hyder et al., 2002). 

This northwestern part of Thermaikos Gulf re-
ceives the industrial and domestic sewage of the 
city of Thessaloniki. Recent studies in this part of 
the Thermaikos Gulf have shown that there are 
significant problems of eutrophication related to 
elevated loads of nutrients and trace elements in 
the water column (Pagou, 2000). 
 

 
Fig. 1. Map of the study area showing the position of 
water sampling stations. The outfalls of Gallikos, Axios, 
Loudias and Aliakmon Rivers and the 20 m depth con-
tour are also shown. 
 

In coastal waters, POC is constituted by marine 
biological production and terrigenous min-
eral/organic material (Hedges et al., 1997). The 
former source represents living organisms (phyto-
plankton, zooplankton and bacteria), as well as 
their metabolic by-products and detritus of recently 
living organisms. The latter source is terrestrial in-
puts either by natural processes and/or by man-
generated solid or liquid wastes. Organic matter 
plays a substantial role in the biogeochemical cy-
cles of metals as it affects their partitioning and 
their bioavailability by forming either soluble 
complexes or insoluble flocks (Tankéré et al., 
2000). 

The aim of this work is to study the compositional 
variability of the SPM, during six-month period, in 
order to identify both spatial and temporal changes 
in SPM composition and concentration. We have 
investigated the distribution of particulate major 
and selected minor elements, as well as POC and 
Total Particulate Nitrogen (PNtot) in the same wa-
ters. Data will be assessed to reveal the influence 
of river inputs, sediment resuspension and anthro-

pogenic activities in the distribution of chemical 
elements in the Northern Thermaikos Gulf.  

2. Sampling and analysis 
Water samples were collected onboard a narrow 
hull fishing vessel, from 16 stations situated in the 
inner continental shelf of Thermaikos Gulf (Fig. 
1). Most of sampling stations are located in the 
area of Axios and Aliakmon prodelta. Others are 
positioned around the Gulf of Thessaloniki to 
study the transport of water in Gulf of Thessalo-
niki. Station TP-5 is influenced by discharges of 
municipal Waste Water Treatment Plant (WWTP) 
of Sindos while station TP-18 is in the area where 
effluents from municipal WWTP of Nea Michan-
iona are discharged. Station TP-13 lies above an 
area of relict sands. Sampling was carried out at 
monthly intervals from June 2004 to November 
2004.  

Water was collected by using 10 l Niskin water 
bottles; these were deployed at 2 m above bottom 
(a.b.), at 10 m depth and 1 m below surface (b.s.). 
One aliquot of water of 2.0 l and two aliquots of 
0.6 l were sampled from each Niskin bottle. The 
first was filtered onboard through polycarbonate 
membrane filters (nominal pore size 0.4 μm, di-
ameter 47 mm); this was used in elemental analy-
sis and in calculation of SPM concentration. The 
other two aliquots were filtered through GF/F fil-
ters (nominal pore size 0.7 μm, diameter 25 mm) 
which had been precombusted at 450o C; these 
were used in POC and PNtot analysis. Particular 
attention was paid in rinsing the filters several 
times with filtered deionised and pH adjusted (8.2) 
water to remove sea salts. Samples were stored 
frozen in the dark; in the laboratory, they were de-
frozen and dried at 60ο C. 

Elemental analysis was undertaken by thin-film X-
ray spectrometry, following the method described 
by Price et al. (1999). Samples were analyzed by a 
Philips PW-2400 wavelength dispersive X-Ray 
spectrometer equipped with a Rh tube. In this 
method analysis, particulate matter contained on 
the filter is regarded as a thin film and, as a result, 
mass absorption correction was not required. Care 
was taken to achieve SPM loadings of ≈1 mg to 
fulfill the critical depth criterion. 

POC and PNtot were determined by flash combus-
tion analytical methods (Verardo et al., 1990) with 
an EA 1108 CHN Fisons Instruments analyser (in-
strument calibration by acetanilide). Organic car-
bon is determined after removing carbonate car-
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bon; the filters were acidified with HCl 2 N. All 
measurements were corrected on the basis of blank 
filter measurements.  

3. Results and Discussion 
Spatial and temporal pattern of SPM concentration 
generally show high variability at the surface and 
at the bottom. At 10 m depth, SPM concentrations 
were always lower than the surface and the bottom. 
At the surface SPM concentration values varied 

between 0.2 and 11.6 mg/l, between 0.1 and 2.6 
mg/l at 10 m depth and between 0.1 and 11.7 mg/l 
at 2 m above bottom (data presented at Tsom-
panoglou et al., 2006). At the surface, higher SPM 
values were observed in the area of Axios and Ali-
akmon prodelta creating the Surface Nepheloid 
Layer (SNL); lower values were observed in the 
SE part of Thessaloniki Gulf. The distribution of 
SPM at 2 m above bottom was various creating a 
Benthic Nepheloid layer in front of Axios and Ali-

 
Fig. 2. The horizontal distribution of Al concentration (mg l-1) at 1 m bellow sea-surface, at 10 m depth and at 2 m 
above sea-bottom on July and November sampling period. 
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akmon outfalls; these high SPM loads are attrib-
uted to resuspension of loosely deposited bottom 
sediment.  

Here, we present concisely the distribution of Al 
and POC during July and November 2004 sam-
pling periods (Fig. 2 and Fig. 3). It has been recog-
nised that SPM elemental composition is con-
trolled largely by the river inputs; these are being 
higher in November than in July. We also accept 
that in these shallower waters, SPM loads and 

composition can be variable over short time inter-
vals, reflecting the regional impacts of wind/wave-
induced resuspension, fluctuating riverine inputs 
and anthropogenic activities. 

Aluminium has been used to define aluminosilicate 
concentration; its variation in water indicates the 
extent of bottom sediment resuspension and river 
input changes. Fig. 2 presents horizontal distribu-
tions of particulate Al at surface, at 10 m depth and 
at 2 m a.b. In July 2004, Al concentration values 

 
Fig. 3. The horizontal distribution of POC concentration (μg l-1) at 1 m bellow surface, at 10 m depth and at 2 m above 
bottom on July and November sampling period. 
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varied between 3.37 (station TP17, 10 m depth) 
and 92.58 mg l-1 (station TP2, 2 m a.b.). In No-
vember 2004, concentrations varied between 20.22 
(station TP8, 2m ab.) and 155.60 mg l-1 (station 
TP24, 2m ab.). The distribution of Al concentra-
tion at the bottom reflects different intensities of 
resuspension and the magnitude of Benthic 
Nepheloid Layer (BNL). The provenance of Al 
high values at the surface is the riverine inputs. 

Elements Si, Fe, Ti, K, Mg, V and Ba show ex-
tremely strong correlations with Al (R>0.92, Tab 
1). Their distributions in the waters of the Gulf are 
virtually the same as Al; they are predominantly 
held as aluminosilicates. There is no signal of ma-
rine barite formation. 

The elements Fe and Mn are usually susceptible to 
re-distribution through redox cycling (Tankéré et 
al., 2000). Iron is associated closely with Al and is 
mainly lattice-bound in minerals. The uniform 
Fe/Al ratios throughout the water column implies 
the scarce occurrence of Fe oxyhydroxides even at 
the depth of 2 m a.b. Manganese appeared more 
reactive to redox cycling than Fe. We examined 
the distribution of the concentration of Mnex, which 
is the Mn held as oxyhydroxide coatings to mineral 
grains. Mnex has been calculated from excess con-
centrations of Mn over those held with Al in alu-
minosilicates. It is the  excess concentrations of 
Mn over the value Mn/Al = 0.01; this ratio is ob-
tained from buried anoxic sediments of the Ther-
maikos Gulf (Karageorgis et al., 2005a) and is also 
similar to that of shale (Turekian and Wedepohl, 

1961). The distribution of Ex. Mn/Al ratios in the 
water column did vary exhibiting higher values at 
the bottom layer. 

The relationship between P and Fe is small while it 
shows good relationship with POC (R = 0.49); this 
suggests that the principal P species in the water 
column are organic phosphates originate from fer-
tilizer treatment.  

The vertical distribution of POC in the water col-
umn shows a decreasing trend towards the bottom; 
mean values lie at 323.78 μg l-1 (n = 117) at the 
surface, 221.49 μg l-1 (n = 105) at 10 m depth and 
215.11 μg l-1 (n = 113) at 2 a.b. The concentrations 
of POC were similar to anthropogenic affected sys-
tems (Krasakopoulou and Karageorgis, 2005). 
Higher POC concentrations in surface waters are 
associated with higher biological activity. 
POC/PNtot mass ratios unusually lie between 6 and 
8 implying a combination of terrigenous inputs and 
also freshly produced or degraded autochthonous 
organic matter. POC concentrations do not corre-
late well with non element except P and S; these 
two elements interact with suspended organic mat-
ter. Sulphur is probably derived from partly treated 
domestic effluents. A poor positive correlation of 
Ca with POC implies that a substantial concentra-
tion of biogenic Ca is present in SPM. However 
the relationship of Ca with aluminosilicate detrital 
material implies that Ca predominantly originates 
from sediment resuspension.  

Chromium, Ni and Co strongly correlate each 

Table 1. R-Correlations between particulate major and minor elements (n = 281), POC (n = 259) and PNtot (n = 220). 
 Si Al Fe Ti Ca K P Mg Na Ba Co Cu Mn S V Zn Cr Ni TC POC 

Al 0,98 1,00                   
Fe 0,98 0,99 1,00                  
Ti 0,97 0,99 0,99 1,00                 
Ca 0,63 0,62 0,63 0,63 1,00                
K 0,97 0,99 0,99 0,99 0,64 1,00               
P 0,18 0,11 0,10 0,12 0,11 0,12 1,00              
Mg 0,92 0,92 0,93 0,89 0,57 0,91 0,08 1,00             
Na 0,03 0,02 0,02 0,02 0,01 0,09 0,04 0,15 1,00            
Ba 0,94 0,96 0,95 0,96 0,60 0,95 0,16 0,85 0,04 1,00           
Co 0,95 0,95 0,96 0,95 0,58 0,95 0,03 0,90 0,05 0,91 1,00          
Cu 0,20 0,21 0,22 0,23 0,16 0,22 0,19 0,14 0,01 0,25 0,16 1,00         
Mn 0,62 0,62 0,61 0,61 0,43 0,62 0,23 0,58 -0,01 0,58 0,58 0,18 1,00        
S 0,00 -0,07 -0,08 -0,06 0,03 -0,02 0,61 -0,02 0,56 -0,01 -0,12 0,18 0,07 1,00       
V 0,96 0,98 0,97 0,98 0,62 0,97 0,09 0,88 0,02 0,94 0,93 0,21 0,58 -0,09 1,00      
Zn 0,33 0,34 0,33 0,35 0,29 0,34 0,26 0,23 -0,02 0,38 0,28 0,70 0,24 0,18 0,32 1,00     
Cr 0,46 0,48 0,54 0,51 0,33 0,49 -0,03 0,43 -0,06 0,48 0,51 0,30 0,23 -0,09 0,47 0,23 1,00    
Ni 0,54 0,55 0,61 0,56 0,36 0,55 -0,08 0,56 -0,06 0,52 0,60 0,31 0,28 -0,14 0,52 0,23 0,94 1,00   
TC 0,02 -0,05 -0,06 -0,08 0,08 -0,06 0,48 0,05 -0,01 -0,06 -0,09 -0,04 0,00 0,55 -0,09 0,12 -0,17 -0,14 1,00  
POC -0,02 -0,07 -0,08 -0,09 0,05 -0,07 0,49 0,02 0,00 -0,08 -0,10 0,01 0,02 0,54 -0,09 0,12 -0,13 -0,10 0,96 1,00 
PN 0,05 -0,02 -0,03 -0,04 0,06 -0,03 0,54 0,06 -0,01 -0,02 -0,08 -0,02 0,05 0,55 -0,05 0,13 -0,13 -0,11 0,93 0,95 
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other. It is considered that they are weathering 
products of mafic and ultramafic rocks; ophiolites 
and peridotites cover parts of Axios watershed 
(Voutsinou-Taliadouri and Varnavas, 1995).  

Zinc correlates well with Cu (R = 0.70); their dis-
tributions in the water column imply that riverine 
inputs are not their major provenance. Enhanced 
Zn and Cu concentrations appear at the Thessalo-
niki Bay area and also at the SW part of Thessalo-
niki Gulf. These elevated levels are attributes of 
anthropogenic activities carried out within the in-
dustrial part of Thessaloniki city, the by-products 
of which are actively transferred into the sea 
through atmospheric processes and influent dis-
charge through outfalls. 

4. Conclusions 
The primary sources of particulate matter in the 
Northern Thermaikos Gulf are the river freshwater 
inputs, the primary production and the sewage out-
fall from the WWTP. The highest SPM concentra-
tions were observed in the western part of the gulf, 
where Axios and Aliakmon Rivers outfall. 

The fluvial transport is the major pathway for Al, 
Si, Fe, Ti, K, Mg, V and Ba that enter the sea as  
aluminosilicate particles; their concentrations are 
enhanced during the wet period (November), when 
fluvial discharge is maximized. These particles are 
also affected by bottom sediment resuspension; the 
distribution of particulate Al concentrations 
showed increased values in bottom waters over 
those measured at the surface.  

Riverine freshwater inputs are also the sources of 
Fe and Mn although Mn distribution appears to be 
regulated by early diagenetic processes in the re-
cently deposited sediment. 
POC vertical distribution is generally characterized 
by higher values in surface waters that decrease 
gradually towards the sea-bottom. POC concentra-
tions resemble those of eutrophic coastal areas. 
Organic matter is a mixture of marine primary 
production and terrigenous organic material. 
Phosphate fertilizers are the source of particulate P 
in the water column, as revealed by its correlation 
with POC. Likewise, Zn, Cu and S concentrations 
seem to be anthropogenically enhanced. 
Chromium, Ni and Co concentrations are of natu-
ral origin, derived from the weathering of mafic 
and ultramafic rocks of the Axios and Aliakmon 
drainage basins.  
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